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Prologue 

The evident signs of the increasing prevalence of LEDs are everywhere around us. The 

so-called “LEDification” fits in perfectly with the attitude based on environmental awareness, 

which – fortunately – has increasingly determined the development directions of the past 

decades. Nowadays the modern LED light sources have been far superior to the tungsten 

filament bulbs and compact fluorescent lamps, but now gas-discharge lamps are increasingly 

being pushed into the background. The LEDs occupy a worthy place also in the automotive 

industry, besides the electric powertrains, considering the fact that their luminous efficacy is 

almost an order of magnitudes higher than that of the formerly applied incandescent light 

sources. Reliability of LEDs is also outstandingly high; with a suitable design, their lifespan 

can even exceed the lifespan of the entire vehicle. 

But what is a suitable, proper design? Achieving the longest possible life, at any cost? 

Or rather, reducing the production and operating costs? Maybe minimizing the ecological 

footprint? The decision on these issues is primarily determined by the area of use, but I would 

leave any further moral reasoning to the Reader. However, it is certain that it will require 

increasingly sophisticated and detailed design considerations, whatever the purpose of the 

development should be. The widely spread, so-called “Industry 4.0” approach is designed to 

meet these requirements precisely, by further exploiting computer-aided design and keeping 

dynamic balance between market demands and actual production. It is important to note 

however, that to perform realistic simulations, accurate input data provided by the correct 

measurement technique is essential. 

During my doctoral work, I thoroughly investigated the “state of the art” test methods 

for modern light emitting diodes. As a result, besides developing the relevant theoretical 

background, I also proposed practical additions to the existing testing and characterisation 

methods and standards. In my work first I dealt with calibration issues of the temperature 

sensitive forward voltage of LEDs. In my opinion the so-called K-factor calibration is crucial 

part of the current and of any subsequent multi-domain LED measurement procedures. With 

regards to this calibration method, the relevant standard describing the measurement procedure 

for encapsulated semiconductor devices makes only general recommendations, while the LED 

specific series of standards explicitly prescribe the determination of a constant K-factor value. 

These recommendations and regulations are partly or entirely opposed to my laboratory 

experience. My primary goal was therefore to find a suitable calibration procedure that would 

provide accurate measurement results. 

As the next step of my work, I targeted to investigate how the pn junction temperature 

could change during a standard aging test of the devices. For this purpose, I combined the 

thermal transient testing-based multi-domain LED characterisation technique with the standard 

aging method. Therefore, I intended to develop a new theory that can be used to correct the 

effects of possible chip temperature changes on test results during the device aging. 
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Előszó 

A LED-ek egyre nagyobb ütemű térhódátását és annak okait ma már szükségtelen 

hosszasan ecsetelni. Az úgynevezett “LED-esítés” remekül beleillik abba a 

környezettudatosságon alapuló gondolkodásmódba, amely – szerencsés módon – az elmúlt 

évtizedek fejlesztési irányait egyre inkább meghatározza. A korszerű LED-ek fényhasznosítása 

napjainkra már messze felülmúlja a wolframszálas izzókét és kompakt fénycsövekét, de mára 

már a gázkisülő lámpák is egyre inkább kezdenek háttérbe szorulni. Az elektromos hajtásláncok 

mellett a LED-ek a járműiparban is méltó helyet foglalnak el, tekintve akár az elődeiknél közel 

egy nagyságrenddel kedvezőbb fényhasznosításukat, de akár a nagyobb megbízhatóságukat is, 

amely megfelelő tervezés mellett ma már akár a gépjármű teljes élettartamát is felülmúlhatja. 

De vajon mi is a megfelelő tervezés? A minél hosszabb élettartam elérése, bármi áron? 

Vagy inkább a gyártási és üzemeltetési költségek csökkentése? Esetleg az ökológiai lábnyom 

minimalizálása? E kérdések eldöntését elsősorban a felhasználási terület határozza meg, de a 

további morális eszmefuttatásokat az Olvasóra hagyom. Ami bizonyos, hogy bármi is legyen a 

fejlesztés célja, az egyre kifinomultabb és egyre részletesebb tervezési szempontokat tesz 

szükségessé. A már széles körben elterjedt, úgynevezett “ipar 4.0” szemléletmód épp e 

kívánalmakat hivatott teljesíteni, a számítógéppel segített tervezés további kiaknázásával. A 

valósághű szimulációk elvégzéséhez azonban elengedhetetlenek a helyes méréstechnika által 

szolgáltatott pontos bemenetei adatok. 

A doktori munkám során a korszerű világító diódák “state of the art” vizsgálati 

módszereit dolgoztam fel. Ennek eredményeképpen, a vonatkozó elméleti háttér kidolgozása 

mellett gyakorlati kiegészítéseket javasoltam. 

Dolgozatomban tárgyalom a LED-ek nyitófeszültség-hőmérsékletfüggésének 

kalibrációját, amely véleményem szerint a termikus tranziens tesztelés egyik alapköve. A 

gyakorlatban alkalmazott módszerek - a szabványok betartása mellett is – jelentős mértékben 

torzíthatják a mérések eredményét. A szabványok által javasolt illesztési eljárásokat és a 

párhuzamos hőellenállás hatásait, valamint a gyakorlatban alkalmazott laboratóriumi rutint is 

figyelembe véve analitikus levezetés után gyakorlati ajánlásokat adtam a mérések helyes 

elvégzésre. 

A termikus tranziens teszteléssel nem csak a pillanatnyi állapota vizsgálható az adott 

struktúrának, de akár folyamatában elvégezve azt, egy öregedési trend is vizsgálható. 

Véleményem szerint szükséges lenne egy olyan átfogó mérési ajánlás, amely a fénykibocsátó 

diódák elektromos, termikus és optikai karakterizációját és az öregedés vizsgálatát együttesen 

teszi lehetővé. Doktori munkám során egy ilyen eljárás kidolgozását kezdtem el, a bemutatott 

eredményekkel indoklom a módszer szükségességét, a benne rejlő lehetőségeket. 

A bemutatott módszer kidolgozása során vizsgálni kezdtem a fehér LED-ek fénypor 

anyagának hőmérséklet- és relatívpáratartalom-függését. E két paraméter nyilvánvalóan 

befolyásolja az öregedés természetét, de jelentős mértékben meghamisíthatja az ellenőrző 

mérések pillanatnyi eredményét, így a későbbi számítások, szimulációk bemenő adatinak 

minőségét is. 
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Chapter 1  

Background and general introduction 

The main goal of the research described in this dissertation is to improve the state-of-

the-art LED characterisation techniques. These measurement methods are described in the 

corresponding standards. In order to assess such research work, it is essential to get an overview 

of these – that is the purpose of the forthcoming chapter. 

1.1 Thermal transient testing of LEDs 

The so-called thermal transient testing method is used to reveal the thermal 

characteristics of packaged semiconductor devices. The technique is based on the non-

destructive measurement of temperature sensitive electrical parameters during a thermal 

transient, induced by a stepfunction-like dissipation change. The standard Electrical Test 

Method (ETM) is described in detail in the JEDEC JESD51-1 standard [1]. According to the 

topic of my dissertation, thermal transient testing of LEDs is only discussed in the following 

sections which is referred to the JEDEC JESD51-5x family of standards [2]–[5]. 

1.1.1 Base concept 

During the whole measurement, the diode is driven by a current generator while its 

forward voltage is continuously monitored by the means of a four-wire Kelvin contact (see the 

configuration according to the classic JEDEC JESD51-1 measurement standard in Figure 1.1). 

On one pair of wires (Force in Figure 1.1) a constant forward current is forced onto the diode 

to be measured, while on the other pair of wires (Sense in Figure 1.1) the temperature-dependent 

change of the forward voltage is measured as the function of the elapsed transient time. 

 

Figure 1.1: Electrical measurement arrangement of LEDs during thermal transient testing. [3] 

The thermal transient is achieved by a sudden change of the dissipated power by an 

abrupt switching between two current levels, in a step-wise manner. First, the diode is self-

heated by a high value of 𝐼𝐻 heating current usually equal to the nominal opening current (e.g. 
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350…700 mA), then after reaching the thermal steady-state a sudden change from the 𝐼𝐻 

heating current to the so-called 𝐼𝑀 measurement current is performed. Due to the switching off 

of the heating current, the 𝑃𝐻 dissipation of the device is reduced, as a result of which the 𝑇𝐽 

temperature of the pn junction starts to decrease. This temperature transient is measured 

indirectly by the change of the 𝑉𝐹 forward voltage which – in the first approach, at least – can 

be considered to be directly proportional to the pn junction temperature. The process is 

illustrated in Figure 1.2. 

 

Figure 1.2: The thermal transient is induced by a dissipation step that causes change in the junction temperature; 

in this case a cooling transient. [3] 

1.1.2 Measuring and setting the reference point temperature 

In case of thermal transient testing, it is important to keep the temperature of the 

reference point constant during the measurement, this way ensuring that the dissipation step is 

the only cause of the captured transient signal. In addition to this, it is often desired to set the 

ambient temperature to a pre-defined value or sequence of values. The former criterion can be 

fulfilled using a heat sink of the appropriate size (and therefore heat capacity), while the latter 

requirement can be met by a cold plate with e.g. liquid or Peltier cell cooling/heating regulation 

system. In order to distinguish between these two cooling solutions, their definitions can be 

found in the JEDEC JESD51-1 standard: 

“Heat sink: an external object in contact with component package for purposes of 

removing heat from the component.” [1] 

“Cold plate: a heat absorber usually operating at some known or fixed temperature.” [1] 

One of the most commonly used methods to measure the temperature of the reference 

point is achieved by a PT100 type resistor [W1] but a calibrated high-stability measuring diode 

mounted in the cold plate can also be used [W2]. 

It is worth noting at this point that in the field of thermal transient measurement 

techniques of semiconductor devices, the reference point temperature is often simply referred 

to as ambient temperature. This is due to the fact that a one-dimensional heat conduction path 

is assumed during the process, i.e. the ambient temperature during the measurements is 

practically the temperature of the heat sink / cold plate itself (e.g. see subsection 3.3 in [1]). 

1.1.3 The temperature sensitive parameter 

The thermal transient of a light emitting diode (LED) is induced by a power dissipation 

step, and in practice, it is measured indirectly through the change of the forward voltage. In 

order to reveal the temperature response of the LED chip, the 𝑆𝑉𝐹 temperature sensitivity of the 

forward voltage needs to be determined during the so-called K-factor calibration process. 

During calibration, the 𝑉𝐹 forward voltage is measured at different 𝑇𝐴 ambient 

temperatures while the LED is driven by the 𝐼𝑀 measurement current. The slope of the line 
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fitted to the measurement results is the 𝑆𝑉𝐹 temperature sensitivity of the forward voltage of the 

diode, the reciprocal of which is the K-factor. Once these sensitivity constants are known, the 

relative change of the junction temperature can be determined. 

Assuming a linear dependence, the proportionality factor between the 𝑇𝐽 chip 

temperature and the 𝑉𝐹 forward voltage is given by the following differential ratio: 

𝑆𝑉𝐹 =
Δ𝑉𝐹

Δ𝑇𝐽
 (1.1) 

the reciprocal of which is the so-called K-factor (see the JESD51-1 and JESD51-51 standards): 

𝐾 =
1

𝑆𝑉𝐹
 (1.2) 

In case when not only the relative but also the absolute change is in question then the 

𝑉𝐹(𝑇𝐽) function should be determined (usually by fitting a first or second degree polynomial to 

the measured points) and applied during the thermal transient evaluation process. 

 

The sensitivity variation of LEDs may be very large, even between chips fabricated side 

by side on the same semiconductor wafer. In the case of LEDs before burn-in, the K-factor 

standard deviation (the σK KAvg⁄  ratio) may go above 10%, while in the case of properly burnt-

in LEDs this value is between 3-7% [3]. Therefore, in order to achieve accurate results, each 

LED requires to perform an individual calibration, and its own K-factor value must be used to 

evaluate its thermal transients. 

According to JEDEC JESD51-51, the total temperature range of the temperature-

controlled calibration chamber during calibration must be at least 50 °C or if a higher 

temperature fluctuation is expected in the real-life application, then the higher value applies. 

The standard also notes that the highest possible overall accuracy could be achieved by using 

the same current source and voltage meter during K-factor calibration and the actual 

measurements (i.e., the thermal transients). The JESD51-51 suggests measuring the TSP 

(temperature sensitive parameter) in differential mode to eliminate offset errors of the 

voltometer. 

During such measurements, wherein the order of 350 mA…1000 mA heating current is 

applied, using a 10 mA measurement current is a typical value. However, it is possible to reduce 

the measurement noise by increasing the measurement current, therefore the measurement 

current of even 20 mA could be necessary in special cases. The measuring current is limited by 

the capabilities of the measuring equipment and the JEDEC standards stipulating that no 

significant “self-heating” may occur on the device during K-factor calibration. 

Selecting the measurement current to an inappropriately low value can degrade the 

signal-to-noise ratio, making the data processing (including numerical derivation and 

deconvolution) impossible in practice. 

1.1.4 The electrical and thermal transients 

During the measurement, in principle, the switching time from the heating current to the 

measurement current is assumed to be zero. However, in practice this is not feasible for several 

reasons. 

The first and most obvious reason is the diffusion capacity of the diode. That means, 

when an LED is switched off, the diffusion charges accumulating in the pn junction 
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corresponding to the heating current must be “pulled out” of the semiconductor until the pn 

junction has a steady state corresponding to the measurement current. The measuring equipment 

also has a parasitic capacity, which also takes time to discharge. For these reasons, the switching 

transient begins with a so-called electrical transient, during which the measured signal does not 

characterize the junction temperature, only the subsequent thermal part contains useful 

information for the thermal characterisation. That means, there is a minimum point in the 𝑉𝐹(𝑡) 

forward voltage vs. time function that separates the parasitic electrical transient from the the 

thermal transient. This minimum time is denoted by the 𝑡𝑀𝐷 measurement delay time (JEDEC 

JESD51-51 [3]) or by the 𝑡𝑐𝑢𝑡 cut-off time (JEDEC JESD51-14 [6]). 

The length of the initial parasitic electrical transient is typically between 10 μs and 50 μs 

[3] during which a significant amount of junction temperature change may take place that 

cannot be neglected. Therefore, the electrical transient may cause a remarkable error in the 

initial stage of the structure function which describes the structural layers of the shortest time 

constants. In order to reduce the adverse effect, the initial, purely electrical transient must be 

discarded and replaced by a suitable extrapolation of the thermal transient back to the moment 

of switching. An appropriate extrapolation technique is well described and derived in 4.1.3 

subsection of the JEDEC JESD51-14 standard [6]. The complete waveform experienced during 

the measurement is illustrated in Figure 1.3. 

 

Figure 1.3: Electrical and thermal transients during switching and measurement. [3] 

1.1.5 Determining the stability, heating, and measurement time 

During K-factor calibration it is essential that the measurements are performed in the 

thermal steady state of the LEDs. The required stability conditions are defined in the JEDEC 

JESD51-51 standard: the thermal steady state of the LED is reached when the ambient 

temperature variation has been below 0.5 °C for at least 5 minutes and the forward voltage of 

the LED has been stable for at least 2 minutes. According to the standard, the forward voltage 
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of an LED is considered to be stable if the forward voltage remains within a 1 mV window. 

This corresponds to a temperature fluctuation of 0.5 °C with a sensitivity of -2 mV/K. In case 

of LEDs consisting of multiple pn junctions, the 1 mV range is multiplied by the number of pn 

junctions connected in series [5]. 

At the end of a switch-off (cooling) transient, the system is considered to reach the 

thermal steady state if the change in the forward voltage of the diode in the last one-third of the 

elapsed time is less than 0.5%. The 𝑡𝑀 measurement time (shown in Figure 1.3) should be 

determined according to this expectation. The largest time-constants of tipical power LEDs or 

LED assemblies attached onto the cold plates are between ~30 s to ~120 s; this is the time range 

during which the thermal transient goes down [3]. 

The thermal transient must end in a steady state, but it is also expected to start in a 

thermally stable state. Accordingly, the theoretically allowable minimum 𝑡𝐻 heating time is 

equal to the transient length, i.e., the measurement time 𝑡𝑀. However, in case of consecutive 

sequences of measurements, the recommended minimum value of the heating time is one and 

a half times of 𝑡𝑀, in order to achieve better repeatability. Otherwise, the combined effect of 

heating and cooling would be measured during the successive measurements. 

1.1.6 Determining the power step 

In the first approach, the 𝑃𝐻 dissipated power of the device can be calculated as the 

product of the forward current 𝐼𝐻 (heating current) and the corresponding 𝑉𝐻 forward voltage. 

In case of LEDs however, a significant amount of the consumed electrical power leaves the 

package in the form of light, an amount that cannot be neglected [7]. Therefore, the 𝑃𝑜𝑝𝑡 total 

radiant flux must also be taken into account. Thus, the dissipated power in the heating phase is: 

𝑃𝐻𝐻 = 𝐼𝐻 ∙ 𝑉𝐻 − 𝑃𝑜𝑝𝑡 (1.3) 

where 𝑃𝐻𝐻 and 𝑉𝐻 denote the dissipated power and the forward voltage in the heating period, 

respectively. The 𝑃𝑜𝑝𝑡 total radiant flux can also be indicated as: 

𝑃𝑜𝑝𝑡 = Φ𝑒 (1.4) 

After the current switching – assuming a cooling transient – both the forward voltage 

and the total radiant flux shall increase, although, these have very small effect on the total power 

change. Also, neglecting the total radiant flux measured at the small 𝐼𝑀 measurement current 

level, the JEDEC JESD51-51 standard recommends the following formula to determine the 

heating power step of an LED: 

Δ𝑃𝐻 = 𝐼𝐻 ∙ 𝑉𝐻 − 𝐼𝑀 ∙ 𝑉𝐹𝑖 − 𝑃𝑜𝑝𝑡(𝐼𝐻, 𝑇𝐽𝐻) (1.5) 

where Δ𝑃𝐻 is the dissipation power step, 𝑉𝐹𝑖 is the initial value of the forward voltage of the 

LED immediately after the switching, and 𝑃𝑜𝑝𝑡(𝐼𝐻, 𝑇𝐽𝐻) is the total radiant flux measured at the 

heating current in thermally steady state. 

1.1.7 Determining the thermal resistance 

The thermal resistance of a semiconductor device for an X reference point is defined by 

the JEDEC JESD51-1 standard: 
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𝑅𝑡ℎ𝐽−𝑋 =
𝑇𝐽 − 𝑇𝑋

𝑃𝐻
 (1.6) 

where 𝑇𝐽 is the junction temperature, 𝑇𝑋 is the temperature of the X reference point and 𝑃𝐻 is 

the power dissipated by the semiconductor device. Rearranging Equation (1.6) leads to obtain 

the junction temperatures during the heating and cooling phases: 

𝑇𝐽𝐻 = 𝑅𝑡ℎ𝐽−𝑋 ∙ 𝑃𝐻𝐻 + 𝑇𝑋 (1.7) 

𝑇𝐽𝐶 = 𝑅𝑡ℎ𝐽−𝑋 ∙ 𝑃𝐻𝐶 + 𝑇𝑋 (1.8) 

where the lower indices 𝐻 and 𝐶 correspond to the heating and cooling phases. Subtracting the 

above equations from each other and rearranging it the thermal resistance is obtained: 

𝑅𝑡ℎ𝐽−𝑋 =
𝑇𝐽𝐻 − 𝑇𝐽𝐶

𝑃𝐻𝐻 − 𝑃𝐻𝐶
 (1.9) 

The so-called thermal impedance function can be determined if the time function of the 

junction temperature during the thermal transient is divided by the dissipation power step: 

𝑍𝑡ℎ𝐽−𝑋(𝑡) =
Δ𝑇𝐽(𝑡)

Δ𝑃𝐻
 (1.10) 

the steady state value of which is exactly the thermal resistance value from the junction to the 

X reference point: 

𝑅𝑡ℎ𝐽−𝑋(𝑡) =
𝑇𝐽(0) − 𝑇𝐽(∞)

Δ𝑃𝐻
 (1.11) 

where the formula of determining Δ𝑃𝐻 in case of LED measurements has already been 

introduced in subsection 1.1.6. 

It is important to note that the value of the optically corrected heating power is less than 

the electrical power consumption of an LED resulting in the fact, that the value of the so-called 

real thermal resistance 𝑅𝑡ℎ−𝑟𝑒𝑎𝑙 will be greater than the value calculated without the optical 

power correction. Accordingly, the JEDEC JESD51-51 standard strongly recommends the 

calculation of the real thermal resistance for thermal characterisation of power LED packages, 

which presupposes the measurement of the total radiant flux of the LED. 

1.1.8 The structure function 

At the end of the transient formed by switching the forward current off, the temperature 

of the active layer stabilizes and shows only a negligible difference from the ambient 

temperature. If the forward voltage-junction temperature characteristic (or at least the 

temperature sensitivity of the forward voltage at the measurement current) of the device is 

known, then the junction temperature can be determined as the function of the elapsed time 

during the entire transient; this will be the unit step response of the system. This function is also 

known as the transient response function. Dividing the temperature transient of the pn junction 

by the value of the dissipation step, the thermal impedance of the package is obtained, i.e. the 

so-called 𝑍𝑡ℎ function. 



Chapter 1: Background and general introduction  7 

 

Figure 1.4: Different representations of the thermal impedance time function. [W3] 

The thermal impedance is a time function but it can be represented in a number of 

equivalent ways (indicated with grey arrows in Figure 1.4) [8], [9]. The structure function is 

one of the representations which can be determined by the so-called NID method (network 

identification by deconvolution). The main steps in general are as follows: the time scale of the 

measured unit step (green arrow) response function (purple arrow) must be changed to 

logarithmic, then its logarithmic time derivative must be generated. From this, the time-constant 

spectrum of the system can be generated by deconvolution with a given (fixed) function. From 

this continuous time constant spectrum, a Foster network of 100…200 stages can be generated 

by discretization. By converting the Foster net into a Cauer ladder net, the cumulative – or 

integral – structure function is obtained [10]–[12]. The different representations of the thermal 

impedance are as follows in Figure 1.4 from left to right indicated with grey arrows: complex 

locus (the plot demonstrates the thermal impedance in the frequency domain, on the complex 

plane; the real and imaginary part of the thermal impedance [K/W] is displayed as a function 

of the frequency parameter), structure function (the x-axis is the cumulative thermal resistance 

[K/W], the y-axis is the cumulative heat capacitance [Ws/K]), pulse thermal resistance 

(describes the behavior of the device when excited by repeated pulses of given length and duty 

cycle; the x-axis shows the pulse length [s], the duty cycle is the curve parameter; the y-axis 

shows the average temperature elevation in terms of an effective thermal resistance [K/W]). 

The structure function corresponds to a ladder network of infinite number of thermal 

resistances and capacitances of infinitesimally small resistance and capacitance values. The 

temperature response of this network to the dissipation unit step excitation on its input is the 

𝑍𝑡ℎ(𝑡) function itself. The input of this ladder network, to which the excitation is connected, 

corresponds to the pn junction, while the end of the ladder network corresponds to the 

environment with infinite heat absorption capability (e.i. infinite heat capacity). Practically, the 

structure function gives the cumulative heat capacity from the input to the ith node of the 

network (e.i. the sum of the heat capacities of each ladder stage) as a function of the cumulative 

thermal resistance from the input to the ith node (e.i. the sum of the partial thermal resistances 

of each ladder stage; this representation is illustrated in Figure 1.5. 
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Figure 1.5: Structure functions with different thermal interface materials at the package case surface; thermal RC 

network model of an LED package and of its thermal environment. [8] 

It can be seen that the structure function increases monotonically and goes to infinity, 

ending in a singularity (due to the infinite heat capacity of the environment). The distance 

between the origin and the singularity is exactly equal to the 𝑅𝑡ℎ𝐽𝐴 junction-to-ambient thermal 

resistance value. Usually there is a clear correspondence between the individual sections of the 

structure function and the thermal conduction path of the encapsulated semiconductor device. 

1.1.9 Determining the junction-to-case thermal resistance 

Each measurement performed in accordance with JESD51-1 and JESD51-51 provides 

the thermal resistance (thermal impedance) of the entire thermal conduction path from the 

active region of the LED chip to the environment in each case. In this value, however, not only 

the thermal resistance of the LED package, but also e.g., the thermal resistance of the interface 

between the cold plate used during the measurement (as a thermal measurement environment) 

and the case heat sink is also included. However, many times only the 𝑅𝑡ℎ𝐽𝐶  junction-to-case 

thermal resistance is required (e.g., to be indicated in the product datasheet or for CAD 

simulation purposes). In such cases, the goal is to recognize the extra thermal resistance carried 

by the measurement environment and to separate it from the thermal resistance of the 

semiconductor package to be measured. For this task the (cumulative) structure functions 

generated from the measured thermal impedance can be used perfectly. 

The transient dual interface (TDI) method is commonly used to determine the junction-

to-case thermal resistance. According to JESD51-14, two measurements are required [6]. In 

one case, a thermal interface material (TIM – e.g., thermal grease or oil) is applied between the 

device under test (DUT) and the cold plate of the measurement system, while in the other case 

the surfaces are left dry. Thus, the differences in the thermal conduction path creates a clear 

separation of the 𝑍𝑡ℎ𝐽𝐶  curves, therefore the structure functions corresponding to the different 

cases will diverge from the so-called separation point. The structure function below this point 

describes the semiconductor package, while the diverging parts indicate the thermal conduction 



Chapter 1: Background and general introduction  9 

path from the package to the environment. The essence of the procedure is illustrated in Figure 

1.5. 

1.2 Combined characterisation of LEDs 

The rapid development of semiconductor-based solid-state light sources [13]–[15] has 

led to the application of increasing currents, which has made it necessary to measure their 

thermal behavior. In case of LEDs the 𝑃𝑜𝑝𝑡 total radiant flux must also be taken into account, 

as it has already been discussed in subsection 1.1.6. Furthermore, not only the forward voltage 

but also the light output properties of LEDs are strongly temperature dependent, while the 

electrical and optical operating parameters fundamentally affect the self-heating of the device. 

The mutual dependences of the electrical, thermal, and optical characteristics of an LED are 

shown in Figure 1.6. Because of these strong interactions, combined characterisation techniques 

provide the only solution to achieve consistent measurement results. 

 

Figure 1.6: The mutual dependence of LEDs’s electrical, thermal, and light output characteristics. [3] 

1.2.1 Heating / cooling transient 

The changing forward voltage during heating or cooling also causes a continuous 

change in the dissipated power, even in case of constant current driving. Therefore, when 

measuring a heating transient, this will definitely cause an error since the sudden, abrupt change 

of the dissipated power cannot be achieved by any means. On the contrary, in the case of a 

cooling transient this effect is negligible if the measurement current is orders of magnitudes 

smaller than the heating current (the dissipating power remains close to zero, almost constant, 

as indicated in section 1.1.6). 

The JEDEC JESD51-51 standard recommends the measurement of cooling transients, 

while the corresponding CIE 127:2007 technical report [16] requires optical measurements in 

the thermally stable state. Thus, after the thermally steady state has been reached, the optical 

parameters can be measured, and then the nominal heating current is abruptly lowered to the 

measurement current and the cooling of the device can be measured by thermal transient testing. 

Figure 1.7 shows the electrical waveforms during the combined characterisation of LEDs. 
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Figure 1.7: Waveforms of the forced forward current and the measured forward voltage of a pn junction. The 

optical measurements are performed in the thermally steady state. [3] 

1.2.2 Radiometric and photometric measurement of LEDs 

In order to perform combined characterisation of an LED it is not necessary to reveal 

the spatial distribution of the light output parameters, but it is important to measure the absolute 

value of the total radiant flux. To perform such measurements, the related CIE and JEDEC 

standards recommend the use of a so-called integrating sphere (a.k.a. Ulbricht sphere) which is 

therefore the most widely used device among the available optical measuring instruments in 

this field of application. 

An integrating sphere is a spherical shell usually made of metal, inside which a highly 

reflective material, most commonly barium sulphate (BaSO4) is applied, that way realizing an 

almost uniform reflective layer in the visible wavelength range (the reflection factor is usually 

in the range of 0.8…0.98 in the wavelength range of 380…780 nm). The internal coating of the 

sphere is ideally a Lambertian reflector, creating a diffuse light distribution inside the sphere. 

As a result, the illumination measured at any point on the inner wall of the sphere should have 

– at least theoretically – the same value. Based on this principle, the optical power or luminous 

flux of a reference light source and therefore the irradiation and illumination produced by it at 

any point on the spherical wall will be proportional to those metrics of an unknown light source 

to be measured; for more details, see subsection 3.2.2 of reference [17]). 

In practice, optical ports are created and used to attach the DUT and any additional 

optical devices (such as detectors, fibre optics and auxiliary reference light sources) to the 

integrating sphere. The DUT is usually mounted on a temperature controlled cold plate, the size 

of which depends on the geometry of the DUT LED, the dissipated power, the type of the 

temperature controlling method etc. A buffle plate is placed between the DUT port and the 

photodetector, preventing the detector from direct illumination of the light source to be 

measured. 
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The reflectivity of the internal coating of the sphere decreases over the time, mainly due 

to environmental influences such as dust, vapor [C1], contamination etc. In order to avoid any 

measurement errors caused by such phenomena, the reflexivity should be monitored at regular 

intervals so that its effects (i.e., the change of the reflectivity) can be corrected. 

The reflectivity of the sphere internal coating depends to a small extent on the 

wavelength; therefore it is necessary to determine the spectral correction factor before 

measuring LEDs of different spectra. 

 

Figure 1.8: Suggested integrating sphere setup for total radiant flux measurement of LEDs to be applied in 

combination with thermal measurements. [4] 

These correction factors are usually determined with the help of a standard LED set used 

to calibrate the integrating sphere. The use of standard LEDs belonging to different spectral 

ranges is the so-called strict substitution, as described in the CIE Technical Committee Report 

127:2007 [16] as also illustrated in Figure 1.8. With this arrangement not only the wavelength 

dependence of the coating reflectivity but the spectral mismatch error of the entire “sphere + 

detector + filter” composition can be corrected. Further details of this topic are discussed in 

more detail in [18] and in the references cited therein. 

The photodiode-based detector has a characteristic, ever-present thermal noise (the so-

called dark current) which would cause an error during the optical measurement, therefore it 

must be measured in advance and subtracted from the results of subsequent measurements. 

Another factor influencing the accuracy is that the reflectivity of the thermostat [16] and 

the DUT LED mounted on it is far behind the reflection of the inner coating of the sphere. In 

order to count with this reflection mismatch, an auxiliary (or reference) light source with high 

stability is applied to determine the so-called self-absorption correction factor for the current 

measurement arrangement. Two measurements are needed to make the corretction. Once, 

during the factory optical calibration of the measuring system, the photocurrent of the detector 

is measured and stored while the auxiliary light source is turned on and the DUT port of the 

integrating sphere is closed with the so-called white cap, i.e. a closing a cap coated with the 

same covering paint or material as the inner surface of the sphere, this way realizing the “ideal” 

reflection environment. During the subsequent measurements, the white cap is replaced by the 

DUT LED mounted on the cold plate; the photocurrent of the detector is measured again while 

the DUT LED is switched off and the sphere is illuminated by the auxiliary light source. The 
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ratio of the two measured photocurrents gives the self-absorption correction factor of the DUT 

LED mounted on the cold plate, also containing the aging factor of the internal coating of the 

sphere. 

Various light output parameters can be measured by placing optical filters with suitable 

spectral characteristics in front of the photodetector during the measurement. On one hand, the 

usual filter characteristics are prepared in accordance with the corresponding �̅�, �̅�, 𝑧̅ color 

stimulus functions of the CIE (typically for the so-called 1931 2° field of view observer; for 

color and luminous flux measurements: �̅� = 𝑉(𝜆)), on the other hand, the total radiant flux can 

be measured using a filter with uniform transmission characteristics. The most common 

quantities that can be measured or calculated by this method are the following: 

- Total radiant flux (or sometimes referred as emitted optical power or radiated power; 

denoted as 𝑃𝑜𝑝𝑡;  Φ𝑒 = 𝑃𝑜𝑝𝑡): the change in radiant energy with time; power output in 

the form of radiation, expressed in watts (W). [W4] 

- Radiant efficiency (of a source of radiation): quotient of the radiant flux of the emitted 

radiation and the power consumed by the source: 
𝑒

= 𝑃𝑜𝑝𝑡 𝑃𝑒𝑙⁄ . [W5] 

- Total luminous flux: change in luminous energy with time; part of the total radiant flux 

visible at full solid angle to the human eye, i.e. the radiated power weighted by the CIE 

eye sensitivity function 𝑉() for daytime (photopic) vision, where �̅� = 𝑉(). Symbol: 

Φ𝑉, SI unit: lumen (lm). [W6] 

- Luminous efficacy (of a light source): quotient of the emitted luminous flux and the 

power consumed; symbol: 
𝑉

, SI unit: lm/W. [W7] 

- Scotopic flux: the value of the radiated power weighted by a scotopic (night vision) 

function usually denoted by V′(λ). Its unit is the (scotopic) lumen (lm). [W8] 

- Chromaticity coordinates: coordinates expressing the quotients of each of a set of three 

tristimulus values and their sum (calculated with color stimulus matching functions for 

the so-called 1931 standard observer with a 2° field of view, plotted in the CIE 1931 xy 

color chart). [W9] 

- Colour temperature: temperature of a Planckian radiator whose radiation has the same 

chromaticity as that of a given stimulus, expressed in kelvins, K. [W10] 

- Correlated Color Temperature (CCT): temperature of a Planckian radiator having the 

chromaticity nearest the chromaticity associated with the given spectral distribution on 

a modified 1976 UCS diagram where 𝑢′,
2

3
𝑣′ are the coordinates of the Planckian locus 

and the test stimulus. Practically saying: a quantity used to describe the visual color 

perception of light sources based on non-temperature radiation. Unit of measure: K. 

[W11] 

Schematic of the complete measurement setup containing the electrical, thermal, and 

optical branches is shown in Figure 1.9. 
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Figure 1.9: Schematic of the combined thermal and radiometric/photometric measurement setup. [4] 

1.2.3 The pn junction temperature 

During the combined characterisation process, the LED under test is mounted on a 

temperature-controlled cold plate. However, the physical operation is not directly affected by 

the ambient temperature but by the temperature of the active layer. For this reason, determining 

the junction temperature during the measurements is essential. In the case of a constant forward 

current driving, the operating temperature of the pn junction can be determined as: 

𝑇𝐽 = 𝑇𝐴 + 𝑅𝑡ℎ_𝑟𝑒𝑎𝑙 ∙ (𝑉𝐹 ∙ 𝐼𝐹 − Φ𝑒) (1.12) 

where 𝑇𝐽 and 𝑇𝐴 are the pn junction and the ambient temperature respectively, 𝑅𝑡ℎ_𝑟𝑒𝑎𝑙 is the 

optically corrected thermal resistance of the LED package, 𝑉𝐹 and 𝐼𝐹 are the forward voltage and 

forward current while Φ𝑒 is the total radiant flux of the LED. 

In specific cases it may be necessary to perform the measurements at pre-defined 

junction temperature values. In such cases a short pre-characterisation of the LED sample 

should be performed; during the measurements, the thermal resistance of the LED package can 

be considered to be constant, while the forward voltage and the total radiant flux can be 

interpolated and extrapolated with an acceptable accuracy based on the preliminary 

measurement results. Based on such approximations it is possible to estimate the necessary cold 

plate temperatures in advance that provide the pre-defined junction temperatures, however, in 

order to achieve higher accuracy, it may be advantageous to fine-adjust the estimations by 

repeating the measurements in an iterative manner. 
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1.2.4 The CIE pulse method for junction temperature setting 

Another common method is stabilizing the device at an ambient temperature (𝑇𝐴) equal 

to the desired 𝑇𝐽 and turning on the device for characterisation as short as possible (pulse 

method). This is a common way when measurement time is constrained like in volume and in-

line testing; see also [19]. 

Although the pulse method is more than enough for electrical characterisation, the 

optical measurements on LEDs are typically much more time-consuming. This limits the 

accuracy of the pulse method as the parameters are rapidly changing after turning on the DUT. 

Thus, for optical characterisation a steady-state measurement is desirable, along with methods 

that establish an accurate relationship between total flux values measured by a short forward 

current pulse [19] and under steady-state conditions with a DC forward current [20]. 

By capturing the 𝑉𝐹 forward voltage during the turn on transient, a suitable extrapolation 

back to the moment of the actual switching, results in the 𝑉𝐹 corresponding to the 𝑇𝐽 = 𝑇𝑐𝑝. 

Hereafter, 𝑇𝐽 can be set in thermal steady state by altering 𝑇𝑐𝑝 until proper 𝑉𝑓 is reached. 

Yuqin Zong et al. describe a similar method based on the same principle on AC driven 

LEDs [21]. According to their solution, after reaching thermal steady state, a specified AC 

voltage is turned on from zero phase, while the first half-cycle root mean square (RMS) forward 

current 𝐼𝐹(0) is captured. Then the LED is heated up from the AC power, while 𝑇𝑐𝑝 is altered 

until the RMS forward current 𝐼𝐹(𝑛) equals to the initial 𝐼𝐹(0). 

1.3 LED aging and reliability 

Unlike incandescent and fluorescent light sources, the common failure modes of LEDs 

are not catastrophic failures. End-of-life criteria of SSL (Solid State Lighting) products are 

usually connected to the IES LM-80-08 approved test method from the Illuminating 

Engineering Society [22] that measures total luminous flux depreciation of LEDs. At this point 

it is worth mentioning that the correct term of art is “total luminous flux maintenance”, the 

shorter version “lumen maintenance” is inappropriate and misleading, yet, nevertheless the 

latter expression is the most commonly used. The LM-80 standard provides the following 

definition: “Lumen maintenance is a luminous flux output remaining (typically expressed as a 

percentage of the maximum output) at any selected elapsed operating time. Lumen maintenance 

is the converse of lumen depreciation.” 

Measuring the continuously shifting forward voltage may be part of the life tests but it 

is still not required in all test methods (e.g., prior to the most recent update of LM-80) and 

therefore such measurements or the results reporting is often omitted. In addition, LM-80-08 

(like any other common life testing method) is defined at predetermined ambient temperatures 

and does not consider any change in the dissipated power or the degradation of the heat flow 

path, i.e., the cooling capability of the LED, though such tests were already proposed as early 

as 2011 [23]. 

The so-called L70 or L50 means that the product is declared to have reached the end of 

its lifetime when the total luminous flux maintenance reaches 70% or 50%, i.e., when the actual 

emitted total luminous flux is only 70% or 50% of its initial value. LEDs are most generally 

driven by current sources where the current value is pre-defined at the design stage and is 

constant during the whole product lifetime. In case of automotive and streetlighting applications 

the forward current should be set, in order to fulfil the minimum light output performance even 
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until the specified end-of-life criteria (like L70 or even L90) are reached. Therefore, a design 

methodology resulting in constant light output (CLO) performance throughout the whole 

product lifetime could further enhance luminous efficacy and permanence of SSL devices [C2]. 

Some SSL vendors already provide LED drivers that can be pre-scheduled; by gradually 

increasing the forward current of the LEDs, effects of the continuous total luminous flux 

degradation can be compensated. The elapsed lifetime dependent controlling scheme is defined 

for each configuration that consists of the driver, the applied heatsink and LEDs etc. The 

available CLO solutions most probably rely on extensive life testing results, however, the exact 

technical details (above the theory of the approved lifetime testing and extrapolating methods) 

are not put to public. 

The recent industrial trends are continuously pushing product development under 

digitalization to reduce time-to-market and development cost. This mostly means system level 

simulations with digital twins (simulation models that describe the whole product lifetime) of 

the real-life components, like light sources, optical parts, heatsinks etc. Power LED modelling 

is still an active research area; a recent European H2020 on LED characterisation and modelling 

[W12] undertook to fulfil the growing industrial needs and aimed to generate the measured-

data-based digital twins of power LEDs [24], [J1], [C3]. Besides many considerations like 

round-robin testing [25], [N1], product variability analysis [26], [N28], [N32], chip-on-board 

device modelling [C4], [C5] etc., the electrical, optical and thermal parameter degradation 

modelling of LEDs is also an open question. There are several analytical models for different 

stress conditions and parameter changes, e.g. mechanical stresses of the wire bonds [27], termo-

hygro-mechanical stresses inside the package [28], [29], shift of parameters in the Shockley 

diode equation [30], the course and effects of electro migration [31], [32] etc. but still there is 

a lack of a lifetime-lasting multi-physical digital pair of the LEDs. This exceeded the goals of 

the aforementioned H2020 research project, but the solution of this issue is of an increasing 

interest as it offers many new options in certain LED applications. The capability of modelling 

the parameter degradation under different environmental conditions allows to determine the 

controlling scheme that results in constant light output (CLO). Furthermore, accurate system 

level lifetime simulations could give appropriate feedback to the luminaire designers by the 

means of the operational pn junction temperatures and the suitability of the cooling assembly. 

These altogether could provide improved reliability, lower power consumption and higher 

visual comfort during the whole lifetime of streetlighting luminaires. 

1.3.1 Total luminous flux maintenance projections 

Reliability and lifetime testing of electrical components is quite a diverse field of 

research work. Different stress conditions drive different failure modes and even the interaction 

of stress conditions may indicate further failure mechanics (such as various combinations of 

low/high temperature, high humidity, temperature cycling, device on/off switching etc.; see e.g. 

the references [33]–[42]). Investigations in different ambient conditions may be required by 

different industrial needs of manufacturers or can also be sources of accelerated tests; knowing 

the accelerating factor of different stress parameters it is possible to estimate long-term lifetime 

under no or other stress parameters using typically the so-called Arrhenius-model. Industrial 

needs for testing descriptions have a wide range of various reliability testing standards and 

recommendations, like IES LM-80-08 and the JEDEC JESD22-A family of standards (e.g. [43], 

[44]). These papers describe requirements on test instrumentations and various test conditions 
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such as ambient temperature and humidity [43], parameters of thermal cycling [44], maximum 

allowed inaccuracy of measurements and ambient parameters [22] etc. 

In LED-based lighting applications the main source of any lifetime approximation is 

provided by the IES LM-80-08 approved method and the IES TM-21-11 technical 

memorandum [45]. The research work of this doctoral dissertation is closely related to these 

documents. 

1.3.2 IES LM-80 

The IES LM-80-08 description recommends a sample size that sufficiently represents 

the overall LED population in question; however, the proper sampling method and sample size 

are left to other standards. Three case temperatures are specified (55 °C, 85 °C, while the third 

is determined by the manufacturer) for which the standard allows a 2 °C tolerance. The case 

temperature shall be monitored using a thermocouple measurement system. The surrounding 

air temperature should be in the ±5 °C range of the case temperature and the relative humidity 

(RH) should be kept below 65%. 

The elapsed operating time during the life test should be recorded with an accuracy of 

at least 0.5% while taking special care not to accumulate time in case of a power failure. Optical 

parameters should be measured at the drive current applied during the aging process, at 25 °C 

±2 °C ambient temperature. Data collection should be performed at least of every 1000 hours. 

Preferred length of the whole life testing is 10,000 hours, but not less than 6,000 hours. At each 

photometric measurement interval chromaticity shift should be measured, as well as any 

possible catastrophic failure of the samples should be monitored. 

The LM-80 method also gives a recommendation on the format and content of the 

measurement report generated at the end of the life test. Nevertheless, it does not provide 

provisions to qualify the LED samples and does not state anything about their lifetimes, it 

provides a procedure only for the measurement of the total luminous flux maintenance. 

In 2015 IES published the LM-80-15 approved method [46] which is the revision of 

LM-80-08. In the new version there are additional requirements towards the optical and 

colorimetric measurements, but the prescribed three case temperatures have been reduced to 

only two and even the minimum test duration of 6,000 hours has been abolished. The LM-80-

20 latest version of the standard also states that the forward voltage must also be measured [47]. 

1.3.3 IES TM-21-11 

Over the real testing time of the LEDs, the technical memorandum TM-21-11 of IES 

provides a standardized method for lifetime estimation for the samples, based on the LM-80 

measurement data. The November/December 2011 issue of LEDs magazine provides a good 

overview [48] on the extrapolation method. 

TM-21 uses an exponential least-squares-curve fit for data collected at the LM-80 

testing temperatures and uses the Arrhenius-equation in between. The method recommends a 

sample size of 20 pcs level 1 or level 2 LED light sources (packaged LEDs, with or without 

printed circuit board); 10 more samples would not significantly increase the accuracy of the 

extrapolation, however, the uncertainty of the estimation would be significantly reduced from 

a sample size of only 10 pieces. The maximum time projection limits are proposed according 

to the sample size: 6-times for 20 samples, 5.5-times for 10 to 19 samples. Below the results of 
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at least 10 samples the extrapolation method cannot be used. TM-21 requires the data 

measurement points to be equally dispersed in time. 

Due to the increasing early tendency in the total luminous flux maintenance experienced 

in some cases, TM-21 uses only the last 5,000 hours for the extrapolation when the test duration 

is less than 10,000 hours, above which the last half of the data is used. 

The end of operating lifetime is then defined according to the LM-80 and the TM-21 

results. If the pre-defined life output degradation cannot be reached within the extrapolation 

limit then the result is the maximum extrapolation time itself marked with a “less-than” sign 

(e.g. “L70(10k) > 55,000 hours” where the ”10k” denotes that the LM-80 test lasted for 

10,000 hours and the 5.5-times rule is applied). If the life output degradation is reached using 

the TM-21 estimation, then the result is reported with “equals” sign. If the samples reach the 

minimum light output level during the LM-80 test, then the result equals to the testing time in 

the general reporting formula (e.g. “L90(5k) = 5100 hours”). 

1.3.4 Further LED testing standards and approved methods 

Besides the introduced characterisation and testing methods, there are numerous other 

accepted procedures and standards all around the globe. Different nations and industries have 

their own methods for characterisation and reliability testing, along with various stress 

conditions and parameters for each field of application. For reasons of length, this section aims 

to give only a brief overview on such standards and recommendation. 

As LED-based lighting products are complex systems including multiple levels, each of 

them suffers from their own catastrophic and degradation failures. These failures include die 

cracking, ESD damage, wire bonding failure, pad delamination, phosphor thermal quenching, 

solder cracking, electrical short, driver failure etc. Detection of such failures may require 

various environmental tests like high/low temperature life test, wet high temperature operating 

life test, power temperature cycle test, pulse life test, high/low temperature storage test, solder 

heat resistance test, solderability test, thermal shock test, mechanical test, vibration test, 

corrosion test (salt athmosphere), dust test, and electrostatic discharge test. The discussion of 

these tests is beyond the scope of this section. For more detailed information, the reader may 

refer to the relevant standards of various associations and societies like the ENERGY STAR 

program of the U.S. Environmental Protection Agency (EPA) and the U.S. Department of 

Energy (DOE), the International Electrotechnical Commission (IEC), the Illuminating 

Engineering Society of North America (IESNA) or the Japan Electronics and Information 

Technology Industry Association (JEITA). For the sake of example only, references to the 

following documents can be found in the list of references [86]–[96]. In the 2012 issue of LEDS 

MAGAZIN an “old but gold” comprehensive summary can be found on "JEDEC test standards 

and LED package reliability" [97]. 
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Chapter 2  

Proposed state-of-the-art LED 

measurement method 

This chapter provides an overview of a few theoretical and practical issues of current 

LED testing procedures along with my proposed solutions. The state-of-the-art methods are 

described in the JEDEC JESD standards that have been commonly applied for LED thermal 

testing since their publishment. CIE has also published their new technical report on optical 

testing of high-power LEDs with a special attention paid to setting the LEDs’ junction 

temperature for the measurements. The result of my research is an enhanced testing method 

based on my findings and insight into the common laboratory practice during the round-robin 

testing among the partnering industry leading optical laboratories of the Delphi4LED project. 

This also serves as a basis for a high-speed hybrid LED testing technique – currently being 

developed in AiTwillight project of the EU. [C6], [C7] 

2.1 Highlighting some issues in current state-of-the-art methods 

Measurement readings of the JEDEC JESD51-5x compliant LED characterisation 

strongly depend on the K-factor calibration results [C6]. To achieve theoretically correct 

thermal measurement data, it is a must to choose proper boundary conditions for the K-factor 

calibration and also suitable fitting of the forward voltage vs. junction temperature function. 

JESD51-51 requires the testing labs to carry out K-factor calibration in an isothermal 

environment. In practice, testing labs are tempted to carry out the K-factor calibration of the 

test LED already mounted onto the temperature-controlled fixture attached to the wall of the 

integrating sphere thus forming a 2π geometry as there is no back radiation with such light 

sources [W13]. In such an environment heat transfer toward the air represents a parallel heat-

flow path which disturbs the results of the K-factor calibration and during actual testing it also 

disturbs the process of setting the junction temperature to the desired value. Table 2.1 shows 

the JEDEC recommendations on K-factor calibration besides the common practice. 

 

 JEDEC prescription JEDEC notes Common practice 

𝑆𝑉𝐹 
measurement 

Isothermal 

(LM-80 compliant) 
– 

Also in the 

integrating sphere 

𝑆𝑉𝐹 
fitting 

Only the slope 

(K-factor) 

Best fit with linear or quadratic 

function 
Operator dependent 

Table 2.1. JEDEC JESD51-5x family of standards and JESD51-1 recommendations compared to common 

practice. 
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The way of applying the temperature sensitive forward voltage during the measurement 

evaluation is more important than it is dealt with in practice. The JEDEC standards basically 

use the so-called K-factor which is the reciprocal of 𝑆𝑉𝐹, the temperature sensitivity of the 

forward voltage, measured at a low 𝐼𝑀 measuring current. The K-factor is merely the slope of 

the linear line fitted to the 𝑉𝐹(𝑇𝐽) function; in the standard there are only remarks about applying 

even linear or quadratic functions instead. 

2.2 Proposed K-factor calibration range and fitting method 

The latest JEDEC JESD51-51 standard prescribes the following procedure for K-factor 

calibration: 

“… The data is then plotted (𝑇𝐽 vs. 𝑉𝐹) and slope of the resultant straight line becomes 

the K-factor in units of K/mV. It is recommended that at least 3 temperature values are applied 

in K-factor calibrations8). 

8) To assure consistency among different tests of LED products, case temperature values 

specified in section 4.4.2 of ANSI/IESNA IES-LM-80 (55 °C and 85 °C) and as a third 

temperature value, laboratory temperature (25 °C) – are suggested to be used during K-factor 

calibration of LEDs.” 

 

“Total temperature change of the 𝑇𝐴, ambient temperature, of the temperature 

controlled calibration chamber should be 50 °C (as prescribed by JESD51-1) or the predicted 

ambient temperature change of the LED under test in real-life application – whichever value is 

larger.” 

 

In case of particular LED chip types the temperature dependence of the forward voltage 

is not linear, a single, constant K-factor is often insufficient for accurate 𝑇𝐽 settings (see Figure 

2.1). In this regard there could be two issues misleading the results evaluation, yet allowed by 

the standard: 

- The absolute temperature range of the calibration does not cover the full temperature 

range of the thermal transients. 

- Almost in all cases linear approximation is used, regardless of the caused error. 

 

The presence of both issues is unfortunately a common technical mistake. The 

temperature-controlled cold plates have an upper operation limit due to technical (e.g. life 

safety) or physical (e.g. boiling point) reasons. 𝑇𝐽 exceeds the whole calibration temperature 

range if the thermal transient testing is performed at this maximum cold plate temperature. A 

linear extrapolation in this case may lead to wrong junction temperature readings. Figure 2.2 

shows the temperature dependent forward voltage of a power LED. For the measurement I 

chose to use 10 mA measurement current in the 25…150 °C range; the characteristics are 

extrapolated with linear and quadratic regressions fitted to only a lower temperature range of 

25…90 °C. I carried out the measurements using the Keysight 34410A Digital Multimeter with 

the averaging mode turned on while capturing the voltage values [W14]. The temperature 

readings of the real set temperature of the Peltier cell based thermostat was captured with the 

Omega HH806U multilogger thermometer using a type K thermocouple [W15]. 
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Figure 2.1: Inter- and extrapolation of the temperature-dependence of forward voltage fitted to the 25…90 °C 

measured data of a white Cree XPG LED sample. 

 

 

Figure 2.2: Temperature dependence of the forward voltage of a Luxeon Z LED sample at 10 mA measurement 

current in the 25…150 °C range. The sensitivity of the forward voltage changes from −1.48 mV/K at 20 °C to 

−1.25 mV/K at 80 °C. 

One should note that the linear extrapolation seems to fit the measured data quite well 

below 90 °C, which is a typical operation range of cold plates used for LED characterisation. 

Seemingly there is no need for higher order approximations. The main threat is that the operator 

does not even recognize the error beyond 90 °C (see the dots in Figure 2.3). A quadratic 

extrapolation fitted to the lower range leads to fair results (see the triangles in Figure 2.3) but 

still it may be insufficient if the tangent (i.e. the slope) changes severely. 
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Figure 2.3: Error of the two extrapolation methods compared to the measured data, corresponding to Figure 2.4. 

Whilst the JESD51-51 standard considers the K-factor only as a constant value 

(“…slope of the resultant straight line becomes the K-factor”), the JEDEC JESD51-1 standard 

contains prescriptions regarding the second order polynomial fit: 

“If a family of devices exhibits a more significant nonlinearity (greater than 1 °C 

deviation), then a more complicated approach involving additional data points and a 

polynomial fit is required (second order is generally sufficient). To simplify calibration, or if 

the nonlinearity in the 𝑉𝐹 – 𝑇𝐽 relationship is too extreme, it may be necessary to limit the 

Heating Power so the DUT’s junction temperature never gets into the non-linear portion of the 

curve.” 

In practice there is a lack of widely approved methods and tools to reveal the need for a 

higher order approximation. Selecting the correct fitting method usually remains the choice of 

the laboratory operator. 

The new proposal is to tighten the calibration process for LEDs with the following 

recommendations: 

- The absolute range of the calibration should be matched with the range of the transients. 

If possible, the calibration should start 5 °C below the lowest and finish 5 °C above the 

highest expected temperature of the thermal transients. It also means that there is no 

minimum 50 °C rule. 

- The number of calibration points should be at least five to achieve better fitting. 

- A quadratic approximation should be applied if the absolute error with the linear fit 

(compared to the quadratic fit) is ≥ 0.5 °C at any point of the recorded transients. 

In some specific cases the 50 °C minimum calibration range would lead to the need of 

a quadratic fit. One must also note that the proposed changes would allow calibrations in 

narrower ranges where even a linear fitting could be sufficient. 

Besides the simplicity of using a constant K-factor value it is also a great benefit that 

any self-heating during K-factor calibration is eliminated by the relative temperature scale. 

Applying the 𝑉𝐹(𝑇𝐽) function, self-heating during calibration is always present as an offset-like 

error. In case of an ordinary high-power LED with ≈30% efficiency, 3 V forward voltage and 

15 K/W junction-to-ambient thermal resistance, at 10 mA measurement current the self-heating 

is approximately 0.3 °C. Temperature sensitivity of this self-heating effect is at least one order 

of magnitude smaller, therefore this mismatch has an impact only on the 𝑇𝐽 findings but it does 

not affect the 𝑅𝑡ℎ calculations. Unfortunately, most of the commercially available practical tools 

and applications neglect it despite of the simplicity of the way it could be handled. 
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2.3 Research on the effects of the parallel heat flow path 

The method of revealing the real thermal resistance of LED packages is well established 

by the JEDEC JESD51-5x family of standards. The K-factor calibration is strictly required to 

be performed in an LM-80 aging chamber-like isothermal environment. This regulation 

supposes that the parallel heat transfer of the assembly has considerable effects, but in fact, the 

standard does not consider it during the 𝑅𝑡ℎ (and 𝑇𝐽) calculations at all, regardless of the K-factor 

interpolation technique (constant, linear, quadratic etc.). 

For some package types – such as large area packages e.g. chip on boards (CoBs) – there 

could be significant parallel heat transfer from the package top to the ambient through the top 

surface of the package. Due to this effect considerable flaw could appear in the measurement 

readings. It is possible to decrease or even get rid of these errors by adequate measurement and 

evaluation processes. In this subchapter I derive and summarize the effects of the parallel heat 

flow path when determining the real thermal resistance and the junction temperature, according 

to the common lab practice and JEDEC recommendations introduced in Table 2.1. The final 

results of my findings are summarized in Table 2.2. and in Table 2.3.  

2.3.1 Conditions of the pn junction during K-factor calibration 

The electrical circuit representation of the thermal conditions during the K-factor 

calibration process is shown in Figure 2.5. In the schematic 𝑅𝑡ℎ represents the thermal resistance 

of the main heat flow path towards the temperature controlled cold plate, 𝑅∥ represents the 

parallel thermal resistance towards the ambient air, 𝑇𝐴, 𝑇𝐽 and 𝑇𝑐𝑝 are the temperatures of the 

ambient air, pn junction and heat sink in Celsius degrees respectively, while (𝑇𝑐𝑝 − 𝑇𝐴) denotes 

the temperature difference from the controlled heat sink to the ambient air. 

 

Figure 2.5: My simplified thermal model of the mechanical assembly and environment during K-factor 

calibration. 

From Figure 2.5 the junction temperature can be expressed as: 

𝑇𝐽 = (𝑇𝑐𝑝 − 𝑇𝐴) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴 (2.1) 

As the simplest case a linear temperature dependence of the forward voltage is 

considered: 
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𝑉𝐹(𝑇𝐽) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐽 (2.2) 

where 𝑉𝐹(𝑇𝐽) is the junction temperature dependent forward voltage, 𝑉𝐹0 is the forward voltage 

at 0 °C and 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 is the real value of the temperature sensitivity of the forward voltage. One 

should keep in mind that the unit of the junction temperature is considered during the 

calculations in °C. 

K-factor calibration in isothermal environment 

In a perfectly isothermal environment recommended by the JEDEC JESD51-1 and 51-

51 standards all temperatures must be equal: 

𝑇𝐽 = 𝑇𝑐𝑝 = 𝑇𝐴
𝐼𝑠𝑜 (2.3) 

and in any other cases (even in a non-isothermal calibration chamber): 

𝑇𝑐𝑝−𝐴 = 𝑇𝑐𝑝 − 𝑇𝐴 ≠ 0°𝐶 (2.4) 

The temperature sensitivity of the forward voltage is the reciprocal of the K-factor which 

is defined by Equation (28) in the JEDEC JESD51-51 standard: 

𝐾 =
𝛥𝑇𝑐𝑎𝑙

𝛥𝑉𝐹−𝑐𝑎𝑙
 (2.5) 

where 𝛥𝑇𝑐𝑎𝑙 is the total variation of the temperature of the isothermal calibration environment 

and 𝛥𝑉𝐹−𝑐𝑎𝑙 is the difference of the forward voltage readings. 

The final result of the K-factor calibration can be derived by substituting Equation (2.1) 

into Equation (2.2) then applying Equations (2.4) and (2.3) I get: 

𝑉𝐹(𝑇𝐽) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝑇𝑐𝑝 − 𝑇𝐴) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴] (2.6) 

𝑉𝐹(𝑇𝐽) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [0 ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴] (2.7) 

𝑉𝐹(𝑇𝐽) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐴 (2.8) 

therefore, in a perfectly isothermal environment the measurement results in: 

𝑉𝐹(𝑇𝐽_𝑢𝑝𝑝𝑒𝑟) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐴_𝑢𝑝𝑝𝑒𝑟 (2.9) 

𝑉𝐹(𝑇𝐽_𝑙𝑜𝑤𝑒𝑟) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟 (2.10) 

𝑆𝑉𝐹
𝐼𝑠𝑜 =

𝛥𝑉𝐹−𝑐𝑎𝑙

𝛥𝑇𝑐𝑎𝑙
=

(𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐴_𝑢𝑝𝑝𝑒𝑟) − (𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟)

𝑇𝐴_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟
 (2.11) 

𝑆𝑉𝐹
𝐼𝑠𝑜 =

𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ (𝑇𝐴_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟)

𝑇𝐴_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟
 (2.12) 

𝑆𝑉𝐹
𝐼𝑠𝑜 = 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 (2.13) 
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where the lower indices upper and lower indicate the highest and lowest temperatures of the 

calibration process. The 𝑆𝑉𝐹
𝐼𝑠𝑜 sensitivity value determined in a perfectly isothermal environment 

therefore correspons to the real value of the temperature sensitivity of the forward voltage. 

K-factor calibration in non-isothermal environment 

In case of a K-factor calibration performed in the integrating sphere – and considering 

a constant 𝑇𝐴 and 𝑅∥ value – the temperature sensitivity is formed as: 

𝑉𝐹(𝑇𝐽_𝑢𝑝𝑝𝑒𝑟) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐴) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴] (2.14) 

𝑉𝐹(𝑇𝐽_𝑙𝑜𝑤𝑒𝑟) = 𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟 − 𝑇𝐴) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴] (2.15) 

𝑆𝑉𝐹
𝑆𝑝ℎ𝑒𝑟𝑒 =

𝛥𝑉𝐹−𝑐𝑎𝑙

𝛥𝑇𝑐𝑎𝑙

=
(𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ [(𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐴) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴])

𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐶𝑃_𝑙𝑜𝑤𝑒𝑟

−
(𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ [(𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟 − 𝑇𝐴) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴])

𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟
 

(2.16) 

where the upper index “Sphere” refers to the integrating sphere of the arrangement. After the 

rearrangements I get that: 

𝑆𝑉𝐹
𝑆𝑝ℎ𝑒𝑟𝑒 =

𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
∙ (𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟)

𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟
 (2.17) 

𝑆𝑉𝐹
𝑆𝑝ℎ𝑒𝑟𝑒 = 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.18) 

The 𝑆𝑉𝐹
𝑆𝑝ℎ𝑒𝑟𝑒

 sensitivity value determined inside an intergating sphere therefore suffers 

from a systematic error caused by the parallel heat flow path. 

If the ambient temperature is not constant (e.g. in case of a closed chamber with 

insufficient air circulation) then an intermediate state is formed. If 𝑇𝐴 changes linearly to 𝑇𝐶𝑃 

then: 

𝑆𝑉𝐹
𝐶ℎ𝑎𝑚𝑏𝑒𝑟

=
(𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ [(𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐴_𝑢𝑝𝑝𝑒𝑟) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴_𝑢𝑝𝑝𝑒𝑟])

𝑇𝐶𝑃_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐶𝑃_𝑙𝑜𝑤𝑒𝑟

−
(𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ [(𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟 − 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟])

𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟
 

(2.19) 

𝛥𝑇𝐶𝑃_𝑐𝑎𝑙 = 𝑇𝑐𝑝_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝑐𝑝_𝑙𝑜𝑤𝑒𝑟 (2.20) 
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𝛥𝑇𝐴_𝑐𝑎𝑙 = 𝑇𝐴_𝑢𝑝𝑝𝑒𝑟 − 𝑇𝐴_𝑙𝑜𝑤𝑒𝑟 (2.21) 

𝑆𝑉𝐹
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 =

𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝛥𝑇𝑐𝑝_𝑐𝑎𝑙 − 𝛥𝑇𝐴_𝑐𝑎𝑙) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

𝛥𝑇𝑐𝑝_𝑐𝑎𝑙
 

(2.22) 

where 𝛥𝑇𝐴_𝑐𝑎𝑙 and 𝛥𝑇𝐶𝑃_𝑐𝑎𝑙 is the change of the surrounding air and cold plate temperatures 

during the calibration process. Finally, after the rearrangements and simplifications I get: 

𝑆𝑉𝐹
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 = 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙

𝑅∥ + 𝑅𝑡ℎ ∙
𝛥𝑇𝐴_𝑐𝑎𝑙

𝛥𝑇𝑐𝑝_𝑐𝑎𝑙

𝑅∥ + 𝑅𝑡ℎ
 

 

(2.23) 

2.3.2 Conditions of the pn junction during transient measurement 

The equivalent circuit representation of the thermal conditions during thermal transient 

testing of the combined measurement is illustrated in Figure 2.6. In the figure 𝑃𝐻 represents the 

heat dissipated by the LED under test. According to the measurement procedure recorded by 

the JEDEC JESD51-5x standards, this heat dissipation heats up the pn junction during the 

optical measurements, then it is turned off and the thermal transient testing begins – at the end 

of the transient any self-heating effect of the device is considered to be zero. 

 

Figure 2.6: Thermal model of the mechanical assembly and environment during thermal transient testing. 

Based on the model illustrated in Figure 2.6 and derived from the above described 

considerations, the “hot” junction temperature right before the transient is: 

𝑇𝐽
𝐻𝑜𝑡 = 𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑃𝐻 ∙

𝑅𝑡ℎ

𝑅𝑡ℎ + 𝑅∥
∙ 𝑅∥ (2.24) 

𝑇𝐽
𝐻𝑜𝑡 = 𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴 + 𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.25) 

The “cold” junction temperature at the end of the transient is: 

𝑇𝐽
𝐶𝑜𝑙𝑑 = 𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.26) 

Substituting Equations (2.25) and (2.26) into Equation (2.2), the “hot” and “cold” 

forward voltages are: 
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𝑉𝐹(𝑇𝐽
𝐻𝑜𝑡) = 𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ [𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴 + 𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
] (2.27) 

𝑉𝐹(𝑇𝐽
𝐶𝑜𝑙𝑑) = 𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ [𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
] (2.28) 

For the sake of simplicity, the simplest case is demonstrated again, when a linear 

temperature dependence of the forward voltage is considered. Then the difference of the 

forward voltage values captured at the end and in the beginning of the transient is used for the 

further calculations: 

𝛥𝑉𝐹 = 𝑉𝐹(𝑇𝐽
𝐻𝑜𝑡) − 𝑉𝐹(𝑇𝐽

𝐶𝑜𝑙𝑑) (2.29) 

𝛥𝑉𝐹 = 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ { [𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴 + 𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

− [𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
] } 

(2.30) 

𝛥𝑉𝐹 = 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
] (2.31) 

It can be seen from the above equations that it is irrelevant for the determination of the 

thermal resistance whether the temperature dependence of the forward voltage is considered to 

be constant or it is modeled by a linear function since 𝑉𝐹0 drops out when calculating the voltage 

difference during the cooling transient. Subsection 2.3.5 deals with the case when the sensitivity 

of the forward voltage is approximated by a quadratic function. 

2.3.3 Thermal resistance calculation 

The validity of the thermal resistance calculations is summarized in Table 2.2, according 

to the different sensitivity measurement and fitting methods. 

 

𝑅𝑡ℎ calculation 
𝑆𝑉𝐹 measurement 

Isothermal Sphere 

𝑆𝑉𝐹 fitting 
Constant Case 1       ✖ Case 3       ✔ 

Function Case 2       ✖ Case 4       ✔ 

Table 2.2. Validity of Rth calculation results without parallel heat flow correction, depending on measurement 

setup and SVF fitting; the JEDEC recommendation is marked with yellow background (Case 1). 

After thermal transient testing the junction-to-X thermal resistance can be calculated 

according to Equation (5) of JEDEC JESD51-51: 

𝑅𝛩𝐽𝑋 =
𝑇𝐽 − 𝑇𝑋

𝑃𝐻
=

[𝛥𝑇𝐽]
𝑋

𝑃𝐻
 (2.32) 
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where 𝑇𝑋 is the temperature of the specific environment (in this case the temperature-controlled 

cold plate), initially 𝑃𝐻 = 0, 𝑇𝐽 = 𝑇𝑋 and 𝑇𝑋 is kept constant during the test. The junction 

temperature difference is defined by Equation (9) of JEDEC JESD51-51: 

𝛥𝑇𝐽 =
𝛥𝑉𝐹

𝑆𝑉𝐹
 (2.33) 

From Equations (2.13), (2.18), (2.23) and (2.31)-(2.33) one can derive the expressions 

to the thermal resistances: 

𝑅𝑡ℎ
𝐼𝑠𝑜 =

𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

𝑆𝑉𝐹
𝐼𝑠𝑜

𝑃𝐻 |

|

𝑆𝑉𝐹
𝑅𝑒𝑎𝑙=𝑆𝑉𝐹

𝐼𝑠𝑜

= 𝑅𝑡ℎ ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.34) 

𝑅𝑡ℎ
𝑆𝑝ℎ𝑒𝑟𝑒 =

𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

𝑆𝑉𝐹
𝑆𝑝ℎ𝑒𝑟𝑒

𝑃𝐻
|

|

𝑆𝑉𝐹
𝑆𝑝ℎ𝑒𝑟𝑒

=𝑆𝑉𝐹
𝑅𝑒𝑎𝑙∙

𝑅∥
𝑅∥+𝑅𝑡ℎ

= 𝑅𝑡ℎ (2.35) 

𝑅𝑡ℎ
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 =

𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ [(𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

𝑆𝑉𝐹
𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝑃𝐻 |

|

𝑆𝑉𝐹
𝐶ℎ𝑎𝑚𝑏𝑒𝑟=𝑆𝑉𝐹

𝑅𝑒𝑎𝑙
𝑅∥+𝑅𝑡ℎ∙

𝛥𝑇𝐴_𝑐𝑎𝑙
𝛥𝑇𝑐𝑝_𝑐𝑎𝑙

𝑅∥+𝑅𝑡ℎ

= 𝑅𝑡ℎ ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ ∙
𝛥𝑇𝐴_𝑐𝑎𝑙

𝛥𝑇𝑐𝑝_𝑐𝑎𝑙

 

(2.36) 

where the upper indices “Iso”, “Sphere” and “Chamber” indicate that the calculated 𝑅𝑡ℎ
𝐼𝑠𝑜, 

𝑅𝑡ℎ
𝑆𝑝ℎ𝑒𝑟𝑒

 and 𝑅𝑡ℎ
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 come from K-factor measurements performed in the isothermal 

environment, inside the 2π geometry integrating sphere or in an intermediate chamber, in order; 

𝑅𝑡ℎ is the actual and real thermal resistance of the device. The validity of the results in case of 

the different test methods is summarized in Table 2.2. 

With my derivation I revealed that the final readings calculated according to the JEDEC 

standard recommendations suffer from a systematic error, due to calibrating in an isothermal 

environment and performing the thermal transient testing in non-isothermal environment (e.g. 

in an integrating sphere). Equation (2.34) clearly shows that in order to get the correct result, a 

posterior correction to the parallel heat flow path should be done if the K-factor calibration was 

performed in an isothermal environment. This correction has already been in practice long ago 

in case of non-radiative semiconductor devices, but for LEDs it is still not a common practice. 



Chapter 2: Proposed state-of-the-art LED measurement method 28 

Otherwise, if the K-factor calibration and thermal transient testing is performed in the 

same environment, then the specified calculations lead to the real, correct thermal resistance 

value of the main heat flow path as indicated by Equation (2.35). In this case any posterior 

correction to the parallel heat flow path would bring a systematic error into the calculations. 

Figure 2.7 shows the theoretically obtained and uncorrected thermal resistance results 

of a sample with real thermal resistance 𝑅𝑡ℎ = 15𝐾/𝑊, as a function of the parallel thermal 

resistance. 

 

Figure 2.7: Theoretical thermal resistance results of a sample with a real thermal resistance of 15 K/W, as a 

function of the parallel thermal resistance; the dotted blue (upper) and dashed red (lower) lines correspond to the 

K-factor calibrations performed in the sphere and in the isothermal environment, respectively. 

2.3.4 Operating junction temperature calculation 

The JEDEC standards neither consider the parallel thermal conduction when calculating 

the junction temperature, also considering a constant K-factor value (Case A and Case C in 

Table 2.3). The validity of the junction temperature calculations is summarized in Table 2.3, 

according to the different sensitivity measurement and fitting methods. 
 

𝑇𝐽 calculation 
𝑆𝑉𝐹 measurement 

Isothermal Sphere 

𝑆𝑉𝐹 fitting 
Constant Case A       ✖ Case C       ✖ 

Function Case B       ✔ Case D       ✖ 

Table 2.3. Values of 𝑇𝐽  calculation results depending on measurement setup and 𝑆𝑉𝐹  fitting; the JEDEC 

recommendation is marked with yellow background (Case A). 

The “hot” junction temperature is calculated according to Equation (3) of JEDEC 

JESD51-51: 

𝑇𝐽 = 𝑃𝐻 ∙ 𝑅𝛩𝐽𝑋 + 𝑇𝑋 (2.37) 

where, in our case, 𝑇𝑋 is the temperature of the temperature-controlled cold plate 𝑇𝐶𝑃, and 𝑅𝛩𝐽𝑋 

is the thermal resistance value coming from the measurement results. I specify the error of the 

𝑇𝐽 calculations as: 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟 = 𝑇𝐽

𝐶𝑎𝑙𝑐 − 𝑇𝐽
𝐻 (2.38) 

where the upper index “Calc” refers to the value calculated according to Equation (2.37). 
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In case of the K-factor calibration in an isothermal environment, according to Equations 

(2.25), (2.34), (2.37) and (2.38) the error can be calculated as: 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝐼𝑠𝑜
= (𝑃𝐻 ∙ 𝑅𝑡ℎ ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝)

− (𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴 + 𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
) 

(2.39) 

By simplifying and rearranging the above expression I get: 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝐼𝑠𝑜
= (𝑇𝑐𝑝) − (𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
) (2.40) 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝐼𝑠𝑜
= (𝑇𝑐𝑝 − 𝑇𝐴) ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
 (2.41) 

where (𝑇𝐶𝑃 − 𝑇𝐴) is the temperature difference between the heat sink and the environment (i.e. 

usually room temperature in the sphere) during the thermal transient testing. 

However, it is important to note that only the non-corrected 𝑅𝑡ℎ readings of Equation 

(2.34) result in the above error. If the junction temperature calculations are done after the 

parallel heat flow path corrections, then the systematic calculation error is the same as it is in 

case of K-factor calibration performed in the integrating sphere, applying Equation (2.35) 

instead of (2.34): 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝑆𝑝ℎ𝑒𝑟𝑒
= (𝑃𝐻 ∙ 𝑅𝑡ℎ + 𝑇𝑐𝑝)

− (𝑇𝐴 + (𝑇𝑐𝑝 − 𝑇𝐴 + 𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
) 

(2.42) 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝑆𝑝ℎ𝑒𝑟𝑒
= (𝑃𝐻 ∙ 𝑅𝑡ℎ + 𝑇𝑐𝑝) − 𝑇𝐴 − (𝑇𝑐𝑝 − 𝑇𝐴 + 𝑃𝐻 ∙ 𝑅𝑡ℎ) ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.43) 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝑆𝑝ℎ𝑒𝑟𝑒
= (𝑃𝐻 ∙ 𝑅𝑡ℎ + 𝑇𝑐𝑝 − 𝑇𝐴) ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
 (2.44) 

Equations (2.41) and (2.44) indicate that such way determined 𝑇𝐽 values are only correct 

if the calibration was performed in an isothermal chamber and the measurement assembly is 

also isothermal during the thermal transient testing, i.e. the LED mounting assembly is at the 

lab air temperature, 𝑇𝐶𝑃 = 𝑇𝐴. Figure 2.8 demonstrates the degree of error when the difference 

between the cold plate and the room temperature is 60 °C. 

Even though the corresponding JEDEC standards suggest to use a constant K-factor 

value to cope with the temperature sensitive forward voltage, still there is a common practice 

to apply the forward voltage – junction temperature function instead of the constant K value. 

With the help of this technique the pn junction can be used as a thermometer and the junction 

temperature readings of the thermal transient testing will appear on an absolute scale which 

may further assist the investigations and offer a higher verifiability of some measurement 

parameters. The following part of this subchapter outlines this approximation with respect to 

the effects of the parallel heat flow path. 
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Figure 2.8: Theoretical junction temperature results of a sample with a real thermal resistance of 15 K/W, as a 

function of the parallel thermal resistance; the dotted blue (upper) and dashed red (lower) lines correspond to the 

K-factor calibrations performed in the sphere and in the isothermal environment, respectively. 

As it can be seen in Equations (2.32) and (2.33) in case of linear temperature dependence 

of the forward voltage, any absolute temperature value drops out from the thermal resistance 

calculations and only the relative changes are determinative. Therefore, the obtained thermal 

resistance values are the same when calculating with constant K-factor and when applying the 

linear function. However, the junction temperature readings may differ significantly and the 

systematic error described in the previous section can be reduced or even eliminated. 

The slope of the theoretical linear function is the same 𝑆𝑉𝐹 as expressed in (2.11)-(2.23) 

but the interception 𝑉𝐹0 of Equation (2.2) holds only in perfectly isothermal environment, 

otherwise a new reference should be assigned. A good choice for the new reference temperature 

𝑇𝐴_𝑟𝑒𝑓 is the room temperature forward voltage value since at this temperature Equation (2.3) 

reliably holds under usual laboratory environment. Then the real linear function is: 

𝑉𝐹(𝑇𝐽) = (𝑉𝐹0 + 𝑆𝑉𝐹
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐴_𝑟𝑒𝑓) + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ (𝑇𝐽 − 𝑇𝐴_𝑟𝑒𝑓) (2.45) 

which is also the result of a calibration process in a perfect isothermal chamber. If 𝑇𝑐𝑝 ≠ 𝑇𝐴 

then the slope changes according to (2.23): 

𝑉𝐹
𝑀𝑒𝑎𝑠 = (𝑉𝐹0 + 𝑆𝑉𝐹

𝑅𝑒𝑎𝑙 ∙ 𝑇𝐴_𝑟𝑒𝑓) + 𝑆𝑉𝐹
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 ∙ (𝑇𝐽

𝐶𝑎𝑙𝑐 − 𝑇𝐴_𝑟𝑒𝑓) (2.46) 

where 𝑇𝐽
𝐶𝑎𝑙𝑐 will be a calculated value from the measured 𝑉𝐹

𝑀𝑒𝑎𝑠 forward voltage readings. 

From Equation (2.46) I express 𝑇𝐽 and I substitute expression (2.23) into 𝑆𝑉𝐹
𝐶ℎ𝑎𝑚𝑏𝑒𝑟. After the 

simplifications I express the junction temperature as follows: 

𝑇𝐽
𝐶𝑎𝑙𝑐 = 𝑇𝐽

𝑅𝑒𝑎𝑙 + (𝑇𝐽
𝑅𝑒𝑎𝑙 − 𝑇𝐴𝑟𝑒𝑓

) ∙
𝑅𝑡ℎ − 𝑅𝑡ℎ ∙ 𝑀

𝑅∥ + 𝑅𝑡ℎ ∙ 𝑀
 (2.47) 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝐶ℎ𝑎𝑚𝑏𝑒𝑟
= (𝑇𝐽

𝑅𝑒𝑎𝑙 − 𝑇𝐴_𝑟𝑒𝑓) ∙
𝑅𝑡ℎ − 𝑅𝑡ℎ ∙ 𝑀

𝑅∥ + 𝑅𝑡ℎ ∙ 𝑀
 (2.48) 

where 𝑀 is the measure of the calibration environment: 

𝑀 =
𝛥𝑇𝐴_𝑐𝑎𝑙

𝛥𝑇𝑐𝑝_𝑐𝑎𝑙
 (2.49) 

The real junction temperature 𝑇𝐽
𝑅𝑒𝑎𝑙 can be expressed by the Equation (2.25), with which 

Equation (2.48) can be rearranged to a more general form: 
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𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝐶ℎ𝑎𝑚𝑏𝑒𝑟

=
[1 − 𝑀] ∙ [𝑇𝐴 ∙ 𝑅𝑡ℎ

2 + 𝑇𝑐𝑝 ∙ 𝑅∥ ∙ 𝑅𝑡ℎ + 𝑃𝐻 ∙ 𝑅∥ ∙ 𝑅𝑡ℎ
2 − 𝑇𝐴𝑟𝑒𝑓

∙ 𝑅𝑡ℎ ∙ (𝑅∥ + 𝑅𝑡ℎ)]

(𝑅∥ + 𝑅𝑡ℎ) ∙ (𝑅∥ + 𝑅𝑡ℎ ∙ 𝑀)
 

(2.50) 

If the calibration is performed in the integrating sphere, then 𝛥𝑇𝐴−𝑐𝑎𝑙 ≈ 0 and 𝑀 = 0 

(Case D in Table 2.3. ). One should note, that if 𝑇𝐴 = 𝑇𝐴𝑟𝑒𝑓
 and 𝑀 = 0 then Equation (2.50) 

simplifies back to Equation (2.44). 

In a perfect isothermal environment 𝛥𝑇𝐴−𝑐𝑎𝑙 = 𝛥𝑇𝑐𝑝−𝑐𝑎𝑙 and 𝑀 = 1 (Case B in Table 

2.3. ) meaning that the junction temperature calculation results in the real value with no 

systematic error caused by the parallel heat flow path of the device. One should note however, 

that even if 𝑇𝐴 = 𝑇𝐴𝑟𝑒𝑓
 and 𝑀 = 1 then still Equation (2.50) does not correspond to Equation 

(2.41) which is due to the reason that in the previous case a constant K-factor was applied, 

whereas in the second case the sensitivity of the forward voltage was taken into consideration 

as a function, that way enabling a clear correspondence between the forward voltage and the 

junction temperature. 

Figure 2.9 illustrates the junction temperature calculation errors for linear function 

approximation of the previous example from Figure 2.8. Table 2.3.  summarizes the validity of 

the results in case of the different test methods. 

 

Figure 2.9: “Hot” junction temperature calculation error of a theoretical sample, as a function of the parallel 

thermal resistance and the 𝑀 measure of the calibration environment. 

2.3.5 Sensitivity of the forward voltage as a quadratic function 

The above calculations can also be performed if the sensitivity of the forward voltage is 

approximated by a quadratic function. In that case the sensitivity of the forward voltage can be 

expressed as: 

𝑉𝐹(𝑇𝐽) = 𝑉𝐹0 + 𝑆𝑉𝐹_1
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐽 + 𝑆𝑉𝐹_2

𝑅𝑒𝑎𝑙 ∙ 𝑇𝐽
2 (2.51) 

where 𝑆𝑉𝐹_1
𝑅𝑒𝑎𝑙 and 𝑆𝑉𝐹_2

𝑅𝑒𝑎𝑙 are considered to be the first and second order coefficients of the 

quadratic approximation for the sensitivity of the forward voltage. 

Equation (2.1) still holds for calculation of the real 𝑇𝐽 junction temperature value. 

Rearranging (2.1) and substituting the result into Equation (2.51) one can reveal the 𝑉𝐹(𝑇𝐶𝑃) 

forward voltage captured during K-factor calibration, in a general form: 
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𝑉𝐹(𝑇𝐶𝑃) = 𝑉𝐹0 + 𝑆𝑉𝐹_1
𝑅𝑒𝑎𝑙 ∙ [𝑇𝐴 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝 ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

+ 𝑆𝑉𝐹_2
𝑅𝑒𝑎𝑙 ∙ [𝑇𝐴 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝 ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

2

 

(2.52) 

One should note that in a perfectly isothermal environment Equation (2.3) still holds 

according to which 𝑇𝐽 = 𝑇𝑐𝑝 = 𝑇𝐴
𝐼𝑠𝑜 and therefore applying Equation (2.3) to Equation (2.52), 

it can be simplified resulting into Equation (2.51). Regarding the thermal transient testing, the 

junction temperature can be calculated according to Equations (2.25) and (2.26) again, which 

can be rearranged in the following form: 

𝑇𝐽
𝐻𝑜𝑡 = 𝑇𝐴 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝 ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑃𝐻 ∙

𝑅∥ ∙ 𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
 (2.53) 

𝑇𝐽
𝐶𝑜𝑙𝑑 = 𝑇𝐴 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝 ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.54) 

In order to determine the value of the thermal resistance, Equation (2.32) is used again 

and the difference of the junction temperature observed during a thermal transient is divided by 

the value of the heat dissipation. However, during the transient testing, the time function of the 

forward voltage is measured directly, which can be converted using the forward voltage vs. 

cold plate temperature function recorded during the K-factor calibration process. Accordingly, 

those cold plate temperatures must be determined at which the captured forward voltage values 

are equal to that of measured in the beginning and at the end of the transient (i.e. the “hot” and 

“cold” states of the pn junction). 

Thus, on one side of the equation is the forward voltage recorded as a function of the 

cold plate temperature, and on the other side is the forward voltage resulting from the actual 

temperature of the pn junction during the transient and the real value of the temperature 

dependence of the forward voltage: 

𝑉𝐹0 + 𝑆𝑉𝐹1

𝑅𝑒𝑎𝑙 ∙ [𝑇𝐴
𝐶𝑎𝑙𝑖𝑏 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝐻𝑜𝑡 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
] + 𝑆𝑉𝐹2

𝑅𝑒𝑎𝑙

∙ [𝑇𝐴
𝐶𝑎𝑙𝑖𝑏 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝐻𝑜𝑡 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

2

= 𝑉𝐹0 + 𝑆𝑉𝐹_1
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐽

𝐻𝑜𝑡 + 𝑆𝑉𝐹2

𝑅𝑒𝑎𝑙 ∙ (𝑇𝐽
𝐻𝑜𝑡)

2
 

(2.55) 

𝑉𝐹0 + 𝑆𝑉𝐹_1
𝑅𝑒𝑎𝑙 ∙ [𝑇𝐴

𝐶𝑎𝑙𝑖𝑏 ∙
𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝐶𝑜𝑙𝑑 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
] + 𝑆𝑉𝐹2

𝑅𝑒𝑎𝑙

∙ [𝑇𝐴
𝐶𝑎𝑙𝑖𝑏 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝐶𝑜𝑙𝑑 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
]

2

= 𝑉𝐹0 + 𝑆𝑉𝐹_1
𝑅𝑒𝑎𝑙 ∙ 𝑇𝐽

𝐶𝑜𝑙𝑑 + 𝑆𝑉𝐹2

𝑅𝑒𝑎𝑙 ∙ (𝑇𝐽
𝐶𝑜𝑙𝑑)

2
 

(2.56) 
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where 𝑇𝐴
𝐶𝑎𝑙𝑖𝑏 is the ambient temperature during the K-factor calibration, while 𝑇𝑐𝑝

𝐻𝑜𝑡 and 𝑇𝑐𝑝
𝐶𝑜𝑙𝑑 

correspond to those cold plate temperatures during K-factor calibration at which the same 

forward voltages were captured as in the hot and cold thermal steady states of the pn junction 

during thermal transient testing. Simplifying Equations (2.55) and (2.56) and substituting 

Equations (2.53) and (2.54) into I get: 

𝑇𝐴
𝐶𝑎𝑙𝑖𝑏 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝐻𝑜𝑡 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
= 𝑇𝐽

𝐻𝑜𝑡

= 𝑇𝐴
𝑇𝑟𝑎𝑛𝑠 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑃𝐻 ∙

𝑅∥ ∙ 𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
 

(2.57) 

𝑇𝐴
𝐶𝑎𝑙𝑖𝑏 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝐶𝑜𝑙𝑑 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
= 𝑇𝐽

𝐶𝑜𝑙𝑑

= 𝑇𝐴
𝑇𝑟𝑎𝑛𝑠 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 

(2.58) 

where 𝑇𝑐𝑝
𝑇𝑟𝑎𝑛𝑠 is the fixed cold plate temperature during the thermal transient testing. In a 

perfectly isothermal calibration environment 𝑇𝑐𝑝 = 𝑇𝐴 Therefore: 

𝑇𝐶𝑃_𝐼𝑠𝑜
𝐻𝑜𝑡 = 𝑇𝐴

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑃𝐻 ∙

𝑅∥ ∙ 𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
 (2.59) 

𝑇𝐶𝑃_𝐼𝑠𝑜
𝐶𝑜𝑙𝑑 = 𝑇𝐴

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.60) 

which then results in the thermal resistance value calculated by the following expressions: 

𝑅𝑡ℎ
𝐼𝑠𝑜 =

𝑇𝑐𝑝_𝐼𝑠𝑜
𝐻𝑜𝑡 − 𝑇𝑐𝑝_𝐼𝑠𝑜

𝐶𝑜𝑙𝑑

𝑃𝐻
 (2.61) 

𝑅𝑡ℎ
𝐼𝑠𝑜 = 𝑅𝑡ℎ ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 (2.62) 

which is the same as obtained in Equation (2.34) meaning that a correction to the parallel 

thermal resistance should be performed in this case, too. 

If the K-factor calibration is performed in the integrating sphere, then in practice the 

ambient temperature can be considered to be constant, therefore: 

𝑇𝑐𝑝_𝑆𝑝ℎ𝑒𝑟𝑒
𝐻𝑜𝑡 = 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 + 𝑃𝐻 ∙ 𝑅𝑡ℎ (2.63) 

𝑇𝑐𝑝_𝑆𝑝ℎ𝑒𝑟𝑒
𝐶𝑜𝑙𝑑 = 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 (2.64) 

𝑅𝑡ℎ
𝑆𝑝ℎ𝑒𝑟𝑒 =

𝑇𝑐𝑝_𝑆𝑝ℎ𝑒𝑟𝑒
𝐻𝑜𝑡 − 𝑇𝑐𝑝_𝑆𝑝ℎ𝑒𝑟𝑒

𝐶𝑜𝑙𝑑

𝑃𝐻
 (2.65) 

𝑅𝑡ℎ
𝑆𝑝ℎ𝑒𝑟𝑒 = 𝑅𝑡ℎ (2.66) 
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where the index “Sphere” indicates that the calculated 𝑅𝑡ℎ
𝑆𝑝ℎ𝑒𝑟𝑒

 comes from K-factor calibration 

performed inside the 2π geometry integrating sphere and 𝑅𝑡ℎ is the actual and real thermal 

resistance of the device. 

Regarding the case of an intermediate state when the ambient temperature is not constant 

(e.g. in case of a closed chamber with insufficient air circulation) and 𝑇𝐴 changes linearly to 

𝑇𝐶𝑃 then the measure of the calibration environment can be written as: 

𝑀 =
𝛥𝑇𝐴_𝑐𝑎𝑙

𝛥𝑇𝑐𝑝_𝑐𝑎𝑙
=

𝑇𝐴_𝐻𝑜𝑡
𝐶𝑎𝑙𝑖𝑏 − 𝑇𝐴_𝐶𝑜𝑙𝑑

𝐶𝑎𝑙𝑖𝑏

𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐻𝑜𝑡 − 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝐶𝑜𝑙𝑑  (2.67) 

𝑇𝐴_𝐻𝑜𝑡
𝐶𝑎𝑙𝑖𝑏 = 𝑀 ∙ (𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝐻𝑜𝑡 − 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐶𝑜𝑙𝑑 ) + 𝑇𝐴_𝐶𝑜𝑙𝑑

𝐶𝑎𝑙𝑖𝑏  (2.68) 

where 𝑇𝐴_𝐻𝑜𝑡
𝐶𝑎𝑙𝑖𝑏 and 𝑇𝐴_𝐶𝑜𝑙𝑑

𝐶𝑎𝑙𝑖𝑏  are the air temperatures of the calibration chamber at the 

highest and lowest test temperatures, while 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐻𝑜𝑡  and 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝐶𝑜𝑙𝑑  are the cold plate 

temperatures of the calibration chamber at the highest and lowest test temperatures. 

Substituting Equation (2.68) into (2.57) I get: 

[𝑀 ∙ (𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐻𝑜𝑡 − 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝐶𝑜𝑙𝑑 ) + 𝑇𝐴_𝐶𝑜𝑙𝑑
𝐶𝑎𝑙𝑖𝑏 ] ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝐻𝑜𝑡

∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ

= 𝑇𝐴
𝑇𝑟𝑎𝑛𝑠 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
+ 𝑃𝐻 ∙

𝑅∥ ∙ 𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
 

(2.69) 

𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐻𝑜𝑡 =

=
𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙ 𝑅∥ + 𝑃𝐻 ∙ 𝑅∥ ∙ 𝑅𝑡ℎ + 𝑀 ∙ 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐶𝑜𝑙𝑑 ∙ 𝑅𝑡ℎ − 𝑇𝐴𝐶𝑜𝑙𝑑

𝐶𝑎𝑙𝑖𝑏 ∙ 𝑅𝑡ℎ + 𝑇𝐴
𝑇𝑟𝑎𝑛𝑠 ∙ 𝑅𝑡ℎ

𝑀 ∙ 𝑅𝑡ℎ + 𝑅∥
 

(2.70) 

The lowest cold plate temperature of the calibration chamber can be expressed from 

Equation (2.58): 

𝑇𝐴_𝐶𝑜𝑙𝑑
𝐶𝑎𝑙𝑖𝑏 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝐶𝑜𝑙𝑑 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ

= 𝑇𝐴
𝑇𝑟𝑎𝑛𝑠 ∙

𝑅𝑡ℎ

𝑅∥ + 𝑅𝑡ℎ
+ 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅∥

𝑅∥ + 𝑅𝑡ℎ
 

(2.71) 

𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐶𝑜𝑙𝑑 = 𝑇𝐴

𝑇𝑟𝑎𝑛𝑠 ∙
𝑅𝑡ℎ

𝑅∥
+ 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 − 𝑇𝐴_𝐶𝑜𝑙𝑑
𝐶𝑎𝑙𝑖𝑏 ∙

𝑅𝑡ℎ

𝑅∥
 (2.72) 

Applying rearranging and simplifying Equations (2.70) and (2.72) the thermal resistance 

can be calculated as: 

𝑅𝑡ℎ
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 =

𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐻𝑜𝑡 − 𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟

𝐶𝑜𝑙𝑑

𝑃𝐻
 (2.73) 
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𝑅𝑡ℎ
𝐶ℎ𝑎𝑚𝑏𝑒𝑟 = 𝑅𝑡ℎ ∙

𝑅∥

𝑅∥ + 𝑅𝑡ℎ ∙ 𝑀
 (2.74) 

which is identical to the general Equation (2.36). 

The junction temperature calculation error can also be determined by using Equation 

(2.57) and defining again a reference ambient temperature 𝑇𝐴𝑟𝑒𝑓
 at which the ambient and cold 

plate of the K-factor calibrating environment have the same temperature (i.e. in practice room 

temperature). By doing this the measure of the calibration environment can be expressed as: 

𝑀 =
𝛥𝑇𝐴_𝑐𝑎𝑙

𝛥𝑇𝑐𝑝_𝑐𝑎𝑙
=

𝑇𝐴_𝐻𝑜𝑡
𝐶𝑎𝑙𝑖𝑏 − 𝑇𝐴𝑟𝑒𝑓

𝑇𝑐𝑝_𝐶ℎ𝑎𝑚𝑏𝑒𝑟
𝐻𝑜𝑡 − 𝑇𝐴𝑟𝑒𝑓

 (2.75) 

After all, the 𝑇𝐽 calculation error can be expressed in a general form: 

𝑇𝐽
𝐸𝑟𝑟𝑜𝑟|

𝐶ℎ𝑎𝑚𝑏𝑒𝑟

=
[1 − 𝑀] ∙ [𝑇𝐴

𝑇𝑟𝑎𝑛𝑠 ∙ 𝑅𝑡ℎ
2 + 𝑇𝑐𝑝

𝑇𝑟𝑎𝑛𝑠 ∙ 𝑅∥ ∙ 𝑅𝑡ℎ + 𝑃𝐻 ∙ 𝑅∥ ∙ 𝑅𝑡ℎ
2 − 𝑇𝐴𝑟𝑒𝑓

∙ 𝑅𝑡ℎ ∙ (𝑅∥ + 𝑅𝑡ℎ)]

(𝑅∥ + 𝑅𝑡ℎ) ∙ (𝑅∥ + 𝑅𝑡ℎ ∙ 𝑀)
 

(2.76) 

One should note that Equation (2.76) is exactly the same as (2.50) which is not 

surprising, since the effect of the parallel heat flow path proportionally distorts the K-factor 

calibration results, regardless of the nature of the temperature dependence of the forward 

voltage. 

The hereby proposed function – be it linear or second order – based fitting method 

served as the base concept of the LED modelling in the Delphi4LED project of the European 

Union. In the new multi-domain model, the temperature dependence of the forward voltage is 

realized by a pn junction temperature controlled voltage source [J1]. 

2.4 New method for flawless junction to case Rth measurement for 

LEDs 

The JEDEC JESD51-14 [6] transient dual interface test method (TDIM) is used to 

determine the junction-to-case thermal resistance of semiconductor device packages. For LED 

packages, the recommendations of JESD51-14 regarding the text fixture and the DUT 

attachment should be further tailored. According to the standard, “The first measurement … 

shall be performed without any thermal interface material between DUT and cold plate. For 

the second measurement … a thin layer of thermal grease or oil shall be applied at the 

interface”. Also considering my observations upon the LED assembly contamination with 

water (will be described in detail in subsection 4.2.2), I proposed that using “wet” interface 

material at thermal characterisation of LED packages arise some issues: 

- Potential contamination of the lens affects the complete measured LED characteristics. 

- If the aforementioned issue is avoided with good care and proper handling, grease 

getting into mounting holes and thermal vias may still affect the repeatability of further 

measurements. 

- The JEDEC JESD51-51 excludes any liquid bath environments during the K-factor 

calibration: “In order to avoid contamination of the lens of the LED device, liquid (oil) 
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bath as temperature controlled test environment must be avoided.” So, inspite the 

standard banns the procedure of submerging the LED sample into a liquid bath during 

calibration as an ideal isothermal environment, the JESD51-14 still proposes the usage 

of thermal grease or oil as an interface material between the sample and the coldplate 

during thermal transient testing. 

In accordance with the above for LED TDIM measurements I recommended the use of 

dry, solid thermal interface materials instead [C7]. In the Delphi4LED project [49], [50], I 

prescribed my guidelines [51] to follow during the round-robin testing [25]. A robust LED type 

from a well-recognized vendor went through all the testing in the round-robin laboratories while 

not showing significant deviances during the control measurements. The total radiant flux 

deviances varied between 0.5 – 1.4% (at a nominal 700 mA forward current). The measured 

forward voltages deviated less than 2 mV in average which indicates that the LED chips did not 

age significantly during the round-robin tests [25]. These findings contributed to the arised need 

of an LED specific extension for the thermal dual interface method [52]. 

My base idea for defining the proposal of performing the thermal dual interface method 

with solid interface materials is also supported by the measurements described later on in 

subsection 4.2.2. There, I will show the adverse affect on the characterisation of not only high 

relative humidity levels but also that of the total contamination of the LED assembly with water. 

Therefore, I concluded LED assembly contamination with greases or oils should be avoided at 

all, along with calling for consistent TDIM measurement instructions for LEDs. 

2.5 Highlighting issues in the proposal of CIE 225:2017 TJ setting 

method 

The measurement method of the CIE 225:2017 technical report [19] offers the 

advantage of real-time junction temperature monitoring during the characterisation. Contrary 

to the JEDEC thermal transient testing, the CIE method does not aim to gather information on 

the thermal performance of the LED package and/or the further mechanical assembly. 

Therefore, the methodology seems to be simpler with less resource requirements, making it 

feasible for optical laboratories with general purpose instrumentation; regarding these points 

there are some open issues with the new CIE recommended method. 

2.5.1 Necessary instrumentation 

The CIE method itself does not need any investigation on the thermal performance of 

the package; this idea is intended to be one of the greatest benefits of the technique. 

Independently from the measurement technique, the same LED is characterized with its 

specific time constants and electrical characteristics. Therefore, the cooling and heating 𝑇𝐽 

transients decay on the same time scale (see in Figure 2.10). The temperature sensitivity of the 

forward voltage is also in the same order of magnitudes at high nominal operating and low 

measurement forward currents (see in Figure 2.11). 

An early transient correction is needed in case of cooling transients, after switching from 

high nominal operating to low measurement current (see in Figure 1.3 in subsection 1.1.4). 

According to the JEDEC JESD51-51: “The duration of the electrical transient is typically 

between 10 μs and 50 μs. … There are LED devices which are thermally much faster than 

electrically, therefore significant junction temperature change may take place during the 𝑡𝑀𝐷 
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measurement delay time even if it is in the order of magnitude of 10 μs. Therefore, data 

correction should not be restricted to discarding the parasitic electrical transient but the 

junction temperature transient should be extrapolated back to the time instance of switching. 

The extrapolation technique detailed in JESD51-14, 4.1.3 should be applied for this.” In case 

of the CIE method, the same nature of time decay can be expected during the heating transient. 

In addition, a high-current fast power-on circuitry is necessary to drive the LED during 

testing, which may cause more significant and therefore longer electrical transients. Calibration 

process of the novel CIE method relies on the early part of the switching-on forward voltage 

curve therefore back extrapolation and adequate time resolution are at least as important as in 

case of the JEDEC method. Furthermore, to be able to set the range of the early transient 

correction, at least one full-length transient should be recorded. 

 

Figure 2.10: Measured heating and cooling transients of the same LED at 1 A forward current; the dotted 

averaging line indicates symmetry (the average of the two transient types). 

 

Figure 2.11: K-factor at different IF for various LED types. 

Not only the time resolution of the measurement device is a key, but the voltage 

measurement uncertainty should not cause a junction temperature variation above 0.5 °C, 

according to the JEDEC JESD51-51. Applying an approximate –2 mV/K sensitivity of the 

forward voltage at 𝐼𝑀 measurement current this restriction inflicts an upper limit of 1 mV 

voltage measurement inaccuracy. The standard also requires an at least 0.1 mV measurement 

resolution for the steady state forward voltage measurements. 
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Measuring such small voltages usually calls for special instrumentation: low noise 

amplifier with offset cancellation circuitry and high bit count analog-digital converter. Most 

general purpose digital storage oscilloscopes (DSO) have 8 bits of ADC resolution for the full 

scale on the display. Some high definition ones do have 10 bits but these are rather flagship 

products than standard equipment in optical laboratories. However, it is hard to push the 

effective number of bits beyond 8 bits with such equipment. Averaging could only enhance the 

number of effective bits if the excitation is periodic (i.e. another requirement to the above 

mentioned application specific power-on circuitry). The real limiting factor in using DSOs is 

their vertical accuracy. This consists of mainly two factors: offset and gain accuracy. 

The offset accuracy is the main contributor to the total error of the voltage measurement 

because of the 1% of the set offset value that is ~3000 mV in this case – a typical 𝑉𝐹 for a white 

power LED. 

𝜀𝑜𝑓𝑓𝑠𝑒𝑡 = ±0.1 ∙ 𝑑𝑖𝑣 ± 2𝑚𝑉 ± 1% 𝑜𝑓 𝑠𝑒𝑡 𝑣𝑎𝑙𝑢𝑒 (2.77) 

As a case study, the following table (Table 2.4) summarizes the accuracy calculations 

based on various oscilloscope series from a well-recognized vendor [W16]. The 

voltage/division was selected so that the fullscale would cover the whole transient. 

A ±30 mV accuracy in the voltage measurement yields ±15 °C during the transient 

measurement – considering the –2 mV/K sensitivity from the example above. It is clear that 

such accuracy is not allowable during transient recording. This application calls for special 

techniques or measurement tools where not only the offset compensation is highly precise but 

also the gain accuracy is kept low while maintaining the effective number of bits beyond 8. 

 

Horizontal division [mV/div] 5 10 20 50 

Fullscale [mV] 40 80 160 400 

LSB [mv] 0.15625 0.3125 0.625 1.5625 

Gain accuracy [± mV] 0.8 1.6 3.2 8 

Offset accuracy [± mV] 32.5 33 34 37 

Table 2.4. Accuracy of generalized DSOs of different best horizontal resolution values. 

2.5.2 Measurement time 

The new CIE technique can be utilized as an enhanced 𝑇𝐽 setting method during 

combined LED measurements [C8]. In the paper [C8] assumptions are made for the required 

time of such temperature control, compared to an iterative method based on thermal transient 

testing according to the JEDEC JESD51-5x standards. The calibration process of the CIE and 

the JEDEC methods can be performed even at the same time in case of only one heating current. 

However, if two or more heating currents are to be measured, then additional calibration steps 

are needed to perform the CIE type temperature setting. A continuous 𝑇𝐽 controlling scheme 

according to the CIE method is still faster and could even compensate the additional time of the 

calibration overhead in case of higher number of heating currents. 

Strictly focusing on the CIE method and following the current regulations in power, the 

total stabilization time of the cold plate and that of the device should elapse before a new 

setpoint could be chosen. One must note again, that the CIE method itself neither includes nor 
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needs any thermal resistance characterisation (as an intended benefit of the technique). If only 

one 𝑇𝐽 setpoint is needed then no information is revealed regarding the temperature sensitivity 

of the forward voltage. This way the first cold plate temperature to achieve the needed 𝑇𝐽 is 

hard to select and it is even harder to guess the next cold plate temperature. If the thermal steady 

state must be reached after each change and the forward voltage sensitivity is significantly 

nonlinear then selecting the proper 𝑇𝑐𝑝 cold plate temperature will be time consuming. 

Calibration on more than one 𝑇𝐽 values could provide information on the TSP (temperature 

sensitive parameter) which – with proper interpolating techniques – can speed up setting the 

𝑇𝑐𝑝. Continuous 𝑇𝑐𝑝 setting even without waiting for the thermal steady state could be realized 

by a suitable control-loop system. 

Time consumption of the characterisation depends on the optimization of the actual 

measurement hardware and software as well. Since there is no commonly used automated 

system for the CIE method there can be no benchmark test to compare one another. 

Furthermore, a composite, hybrid solution may lead to benefits that individually none of the 

two would offer. 

2.5.3 Measurement temperature range 

The acquired junction temperature dataset of the CIE proposal covers a smaller range. 

During the calibration step the 𝑇𝑐𝑝 is set to the target 𝑇𝐽 value. During the measurement step the 

cold plate temperature must be decreased by the self-heating of the LED. Thus, the upper 

operation limit of temperature controlled cold plate (also mentioned in subsection 2.2) sets the 

upper border of the calibration process. To exceed this limitation one needs extrapolation 

techniques if applicable, with the same issues that are described in subsection 2.2. 

The opposite is true for the lowest possible temperature limit. The calibration can be 

performed even at the lowest achievable cold plate temperature but it will not be possible to 

achieve that in thermal steady state of the junction temperature. This means that the optical 

parameters can be measured only at a cold plate temperature increased by the LED self-heating. 

2.6 Proposed highspeed LED testing method 

As it was discussed in subsection 2.5.1, both the JEDEC and the CIE methods would 

require similar measurement hardware. Therefore, once the required instrumentation is present, 

a composite solution utilizing their advantages can be realized by a correct methodology and 

controlling software. A possible combination is the 𝑇𝐽 setting by forward voltage measurement 

in hot steady state during JEDEC-based combined LED characterisation. In this case the CIE 

technique is speeded up by preliminary thermal transient testing, providing approximate 

guesses for the needed 𝑇𝑐𝑝 values. After setting the 𝑇𝑐𝑝 to reach the needed 𝑇𝐽 the rest of the 

measurement proceeds according to the JEDEC JESD51-5x. 

The CIE method applies short power-on pulses to specify the 𝑉𝐹(𝑇𝐽) values at any given 

𝐼𝐻 heating current as a calibration step, and then during the measurement it reaches the 

previously measured 𝑉𝐹 values to set the target 𝑇𝐽. However, it would also be possible to 

calibrate the LED according to the current JEDEC standards at 𝐼𝑀 measurement current and 

then during the measurement at any 𝐼𝐻, using short power-off pulses to reach the pre-defined 

𝑉𝐹(𝑇𝐽) values at the given 𝐼𝑀. The disadvantage of this proposed method is that the real-time 
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𝑇𝐽 monitoring during measurement is only possible by the short power-off pulses (instead of 

direct 𝑉𝐹 measurement at 𝐼𝐻) but in return only one calibration at 𝐼𝑀 is applicable for any 𝐼𝐻. In 

contrary, the CIE method needs calibration at each 𝑇𝐽 and each 𝐼𝐻 values. Neither of these 

solutions need thermal transient testing to achieve complete isothermal current-voltage-light 

output characterisation, so – if needed – a JEDEC JESD51-14 compliant TDIM measurement 

can be performed individually even in a single operating point to get accurate thermal data. If 

this simplified thermal investigation is performed in advance it could quicken the 𝑇𝑐𝑝 setting 

up. 

2.7 Conclusions 

Based on the JEDEC JESD51-5x recommendations for combined LED testing and 

considering the common laboratory practice, I presented the effects of different boundary 

conditions during TSP calibration on the 𝑅𝑡ℎ and 𝑇𝐽 readings. The results are also heavily 

affected by the order of the function fitted to the 𝑆𝑉𝐹 curve. With the derived equations I 

demonstrated the impact of the often overlooked parallel heat flow path in detail. A set of 

guidelines were presented to enhance the calibration and measurement process to get 

theoretically correct results. The temperature range of the calibration should be set according 

to that of the thermal measurements; appropriate function fitting should be applied on at least 

five data points. 

Currently the thermal characterisation of LED packages follows the recommendations 

of the JEDEC JESD51-14 standard, which is based on considerations for general integrated 

circuits. Tightened precautions on the boundary conditions ensure that the samples will not 

suffer irreversible structural changes – maintaining repeatability. 

The second part of this chapter discussed the CIE-based 𝑇𝐽 targeting method. It does not 

aim to give thermal performance data on the device, in contrary, acquiring the early 𝑉𝐹(𝑇𝐽) 

transient is fundamental. Be it a heating or a cooling transient, the voltage and time resolution 

is the very same; the same accuracy results invoke the same instrumentation or even more 

complicated. The chapter also contains considerations on the technical difficulties of the device 

realizing power-on pulsing measurements. 

After comparing the JEDEC and CIE methods, I introduced a hybrid procedure that 

combines their benefits. In this proposal, short turn-off pulses are used to monitor the junction 

temperature. This requires only one calibration at a low measurement current where the self-

heating of the device is neglectable, while monitoring the 𝑇𝐽 during the measurement with 

continuous power-off pulsing and automated extrapolation of the early transient. 
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Thesis I. 

I have elaborated an enhanced method to determine the pn junction temperature upon the 

basis of the JEDEC JESD51-51 standard. 

I have demonstrated that using the K-factor calibration method described by the standard 

above (slope of the linear approximation of the temperature sensitivity of the forward voltage), 

the pn junction temperature readings of the entire operating temperature range of a power LED 

may suffer from an error even up to 10 °C. This K-factor calibration error distorts the overall 

electrical, optical, and thermal characterisation. I have shown that by approximating the 

temperature dependence with a quadratic polynomial, the measurement error of the pn junction 

temperature can even be kept below 0.5 °C within the calibration temperature range. 

I have proposed the use of dry, solid thermal interface materials instead of “wet” types, as 

new boundary conditions for performing the transient dual interface test method on LEDs, in 

order to prevent irreversible structural changes and to enhance repeatability of the 

measurements. This way keeping the lens, phosphor layer and the whole structure from 

contamination. 

 

Related publications: [J1], [C3], [C6], [C7], [C8] 
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Chapter 3  

Proposed state-of-the-art LED lifetime 

testing method 

3.1 Experimental reliability testing combined with thermal 

performance monitoring 

My main purpose with this preparatory experiment, inter alia, was to investigate the 

applicability of the new method and to assess the ranges of changes in thermal resistance that 

could occur during a lifetime test. The requirements and boundary conditions of the study were 

greatly influenced by the objectives of the NANOTHERM project [W17], but nevertheless it 

provided a good opportunity to prepare my thesis on life cycle tests of LEDs and to examine its 

viability. 

Die attach delamination in power electronic devices is a common failure mode besides 

bond wire damage. The beginning of this chapter describes the chip and packaging level effects 

of my elaborated custom power cycling test on mid-power automotive MOSFETs. My new 

approach was pilot tested using a recently developed test environment. My idea was to combine 

the existent guidelines of the most relevant semiconductor characterisation and cycling 

standards while saving time and resources during testing. Thermal transient measurements 

during the actively mimicked temperature cycling reliability test were evaluated along with K-

factor calibration to identify different failure modes. This approach allowed me to distinguish 

between electrical and thermal related structural failure modes. For the project, my target was 

to test the reliability of a new thermal interface material which was used in the MOSFETs under 

test. The new material was found to be able to withstand the 150 °C temperature amplitude 

beyond 100,000 cycles without critical failures. The changes of the thermal performance of the 

complete assembly were tracked from the pre-stress state until a sample reached critical 

condition [J2], [C10]. 

 

3.1.1 Background 

Power electronics such as diodes, MOSFETs, IGBTs and integrated circuits are getting 

more complex with increasing dissipated power density. They often work in harsh 

environmental conditions. As transferred energy is on a rise both in commercial and industrial 

applications, every year the challenge is getting bigger for the manufacturers to increase the 

power rating and load current capability of their devices without sacrificing reliability. Also, 

the designers have to develop new thermal interface materials facing the high power dissipation 

of such devices, and reliable bonding techniques. Thermal-aware design and selecting the 

proper thermal interface material for the application is mandatory to avoid premature failures 
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[53]. At the stage of product development, it is mandatory to have data on the estimated lifetime 

in a certain application. These estimations can be supported by reliability test data. 

Based on the combined reliability test method for light emitting diodes, an experimental 

method will be introduced for discrete MOSFET devices [C9], [C10]. The core of the reliability 

test environment was the Versatile Reliability Tester a.k.a. Viking Reliability Tester (VRT) – 

a set of appropriate hardware and software components built around the T3Ster equipment 

[W18] of Siemens Digital Industries (at that time Mentor Graphics) by a Nanotherm project 

partner called Viking in cooperation with the Department of Electron Devices. As the device 

never reached the commercialized product state, it does not have a publicly available datasheet 

or such. Though the corresponding public project newsletters also introduce it [W19], [W20]. 

There are standard testing methods to reveal the aging phenomena of electrical devices. 

These standards usually define the test environment, the measurements to be performed, and 

the requirements towards the test equipment. 

The JEDEC JESD22-A family of standards (e.g. [43], [44]) deals with 

lifetime/reliability testing issues of semiconductor devices in general. The commonly used 

method for testing the long-time behavior of die-attach materials is temperature cycling. These 

tests may be carried out on dummy samples in high volumes; however, such tests are time-

consuming and require special environmental chambers [54]. 

The commonly derived methods from such standards typically use directly measurable 

electrical parameters to monitor the device aging. They usually do not provide data about the 

rootcauses of aging, such as increased thermal resistance of a given section of the junction-to-

ambient heat flow path. 

Actual details or changes of the mechanical properties due to degradation of the main 

heat flow path can be mapped by the structure function of the device package. In case of 

semiconductor power electronics this can be revealed by the well-established thermal transient 

testing method [10]–[12]. 

Thermal transient testing during a special power cycling is the basis of the method I 

elaborated and used to carry out my investigations at the Department of Electron Devices. 

3.1.2 Experimental setup 

The system to utilize the described method was designed for flexible operation in 

various reliability testing environments, especially for long term power and temperature 

cycling. As the related tests could last for several weeks, special requirements had to be 

fulfilled. The system had to operate continuously, even in case of test environment 

rearrangement or temporal failures in the measurement equipment used for monitoring the 

relevant characteristics of the devices under test. The operation of the test system had to be 

independent of the physical nature of the sample sets and it should have been possible to define 

different timing and powering schemes during the active cycling. Sample sets of identical 

physical nature had to be operated synchronously using same timing and powering settings. 

The system had to operate smoothly, without interruption at sample change or fault. 

3.1.3 Test environment 

The block diagram and photo of the integrated and fully automated reliability test 

environment is shown in Figure 3.1 and Figure 3.2, respectively. The core of the system is a 

microcontroller-based module which is responsible for the control of the external hardware 
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components, for the signal conditionings of the device under tests (DUTs) and for the 

management of the measurement data storage to assure no data loss during the tests. 

In the actual configuration the T3Ster Thermal Transient Tester, a general-purpose 

power supply unit and a large area cold plate with a Julabo F25-MC temperature-controlled 

circulator were connected externally. 

I mounted the MOSFET samples subject of the study onto the cold plate in the displayed 

setup. Between the DUTs and the cold plate, I decided to use a special high thermal resistance 

interface film in order to achieve substantial level of temperature elevation in the devices under 

tests. (Next to the samples a custom-built 24 relay measurement point selector can be seen in 

the photograph in Figure 3.2.) 

 

Figure 3.1: General scheme of the VRT. 

 

Figure 3.2: Customized reliability tester for MOSFET power cycling. 

3.1.4 Test method and specimens 

The passive temperature cycling is a heavily time and resource consuming procedure 

time and resource consuming procedure, as the all the prepared samples with their fixtures shall 

be put into a temperature, - and in some cases even humidity- controlled climate chamber, 
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instead of just using the DUT itself to heat its inner structure. For speeding up the test, I used 

active power cycling in a way that mimics temperature cycling with triggering only defined 

failure modes. 

To achieve this, two main guidelines were followed. First, the temperature gradient in 

the whole package was minimized while maximizing the temperature amplitude. Second, the 

load current was minimized while using soft ramp up. This way the bond wires and the inner 

layers were stressed only together with the whole package structure. These ensure that the 

devices under test experienced a passive temperature cycling, triggering only thermally induced 

failure modes. 

To maximize the dissipated power while keeping the forward current low, I shorted the 

gate and the drain forming a two-pole device with a forward voltage close to the threshold 

voltage of the MOSFET. This setup needs minimal control hardware (no need for external gate 

voltage setup circuitry) while gives maximal forward voltage, thus maximal power dissipation 

during low forward currents. 

I minimized the load current (under 2 A in all modes) compared to the absolute 

maximum current ratings of the device (beyond 5 A). The forward voltage for this 2-pole device 

was 2.3 V, thus the total power dissipation was around 4.6 W. This yielded almost 150 °C 

temperature elevation for cycling with the mentioned high thermal resistance foil under the 

devices. This interface film had low thermal conductivity but proved to possess outstanding 

(thermal) stability in the preliminary measurements, thus not affecting the measured results of 

the actual DUTs. With the water-cooled cold plate, the temperature was set to 𝑇𝑐𝑝 = 25 °C, the 

maximum temperature of the junction and of the whole package was 𝑇𝐽 ≈ 175 °C at the 

beginning of the cycling test. I set it to reach the absolute maximum operating temperature of 

the device. 30 s on and off times were used during the cycling. I determined this by the time 

constants from the first few thermal transient measurements during pre-stress testing, so that 

the whole package can reach the maximum and minimum temperatures in every cycle (see the 

timing illustration in Figure 3.3). 

 

Figure 3.3: Specimen temperature during cycling. 

The MOSFETs shown in Figure 3.4 were manufactured with a newly developed high 

reliability and low thermal resistance Ag sinter paste from Infineon (20% porosity). I carried 

out blind tests in the sense that the manufacturer did not provide any detail regarding the inner 

structure of the package, though, with thermal transient measurements followed by structure 
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function analysis during active cycling, I examined in-situ not only the chip – die attach – 

leadframe etc. layer structure (without interrupting the cycling and moving the samples to an 

analytic laboratory) but I could also make assumptions on the location of the degradations. 

 

Figure 3.4: Discrete Power MOSFETs from a recognized vendor with novel Ag sinter paste. 

3.1.5 Results – Package level degradation 

From preliminary measurements I revealed that the package had an extreme low thermal 

resistance, less than 1 K/W. The total ~32 K/W thermal resistance of the assembly ensured that 

the package experienced an even temperature distribution once the steady state was reached in 

every cycle. This way the active cycling acted as an efficient alternative for passive temperature 

cycling with lower resources used. 

Thermal transient measurements were carried out in every 5 thousand cycles until 

30,000 cycles (see in Figure 3.5) in order to have a more detailed view of the possible initial 

burn-in period. Such effects were not visible. Hereafter the standard step for thermal 

measurements was 10 thousand cycles. From these transient measurements, the overall 

junction-to-coldplate thermal resistance was determined. The time evolution of this can be seen 

in Figure 3.6. 

 

Figure 3.5: Timeline of the reliability testing. 
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Figure 3.6: Increase of the overall thermal resistance of the DUTs during power cycling. 

Until 20,000 cycles I observed no remarkable degradation and a stable trend was 

recorded. At 25,000 cycles device #2 showed a 4% decrease and the same phenomenon was 

observed at two other samples 5000 cycles later. This could be due to the thermal expansion 

induced void size changes of the porous silver die-attach layer. This phenomenon indicated the 

start of the consecutive thermal resistance increase for all samples. From 30,000 to 90,000 

cycles all samples showed a trend with higher rate of degradation. Beyond 100,000 cycles a 

saturation effect was recorded at devices #3 and #2. Beyond 128,000 cycles, the test was 

terminated with the critical failure of sample #4. The sample was no longer measurable, as its 

forward voltage became unstable. The other samples remained functional while their thermal 

resistance increased by 26–50%. 

I used K-factor calibration to achieve absolute 𝑅𝑡ℎ values carried out at the beginning 

and at the end of the test, and at an additional time instance at 70,000 cycles. I did this to detect 

any semiconductor material related aging. 

The temperature sensitivity of the forward voltage (𝑆𝑉𝐹 that is reciprocal of the K-factor) 

of sample #5 is shown in Figure 3.7. 

 

Figure 3.7: SVF of a sample before, during and after cycling. 

Using linear approximation in accordance with the JEDEC JESD51-51 standard [14], 

the difference between the pre-stress and the final sensitivity is below 1.7%. This percentage 

appears directly in the 𝑅𝑡ℎ values as 𝑆𝑉𝐹 is a multiplier in the thermal resistance calculations. 
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This low value is not even noticeable on the practical scales of 𝑅𝑡ℎ plots (see in Figure 3.6). 

Such a good match between 𝑆𝑉𝐹 plots can be stated as an indication that no semiconductor 

material related aging was triggered. 

The chip level failures, if there are any, are not visible in this joint diagram. There can 

be several orders of magnitude differences between chip and package related thermal resistance 

changes. Structure function analysis was used to separate chip (die-attach layer) and package 

level (soldering, FR4, thermal interface film) degradations. 

3.1.6 Results – Chip level degradation 

The chip level aging mechanisms are visible at the very beginning of the structure 

functions – as it is also the location of the heat generation – so it is below the first few tenths of 

K/W. For examining such deviations, a very high voltage resolution is needed during transient 

testing to capture even smaller differences in the heatpath. However, voltage amplification does 

not increase the signal to noise ratio. The other option to capture such small deviations is to use 

assemblies with as low thermal resistances as possible. I artificially set 𝑅𝑡ℎ to a high value to 

enable device heating with a decent power level. This, however, lowers the resolution. One 

could easily take the DUTs out of the sample holder to test them in accordance with the JEDEC 

standard JESD51-14 transient dual interface test method to get a detailed insight into the chip, 

but this would affect the heatpath, not to mention the lack of automation. Thus, the maximum 

allowed temperature was selected during thermal transient testing, so the heating current value 

used for testing was the same as the active cycling forward current. This gave maximum 

resolution during testing without disassembling the whole assembly used for aging. 

 

Figure 3.8: Structure function time evolution for device #5. 

Figure 3.8 shows the structural degradations for a single sample, after the structure 

function evaluation. The two circles in the figure indicate the observed structural changes at the 

chip (red solid circle) and the package level (blue dashed circle). The aging induced structural 

change at the chip region is relatively small compared to the whole aging of the entire assembly. 

The effect of the chip level fatigue can be better seen in Figure 3.9. This plot was based on my 

idea of the aforementioned dual interface test method. The deviation point was determined not 
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by comparing the results of two different interface materials, but by comparing the pre-stress 

and the cycled ones. For device #1 the first 40,000 cycles did not cause significant chip level 

fatigue, unlike the forthcoming 10,000 cycles when the majority of the degradation was 

observed. This trend was similar for all the other chips, all of them degraded in the 30–50,000 

cycle range. 

 

Figure 3.9: Chip level structural degradation after various cycle numbers for device #1. 

The chip level thermal resistance increase was in the range of 0.5–0.6 K/W for all 

samples. As the junction-to-case thermal resistance was in the range of 0.9–1 K/W, in real life 

conditions where adequate cooling would minimize the peak junction temperature, slower 

performance degradation could be expected. 

My proposed method combines in-situ thermal testing and passive cycling in a feasible 

solution. A conventional climate chamber like the one that is available at the Department of 

Electron Devices – the Weiss WK-340 70 chamber [W21] – is not capable of such rapid 

ramping. Even though, thermal shock chambers are slower and cycle numbers like 100,000 are 

simply not applicable. The brief advantages of the proposed method compared with a typical 

passive cycling solution could give a rough estimate on resource and cost savings (Table 3.1). 

 

 Ramp rate 
Total time 

(128 k cycles) 

Power during 

ramping 

In-situ thermal 

characterisation 

Proposed actively 

mimicked Temperature 

cycling 

300 °C/min 90 days ~5 W/sample Yes 

Passive Temperature 

Cycling (thermal shock 

chamber) 

Typical 

15 °C/min 
Not feasible 

In the range of 

kW 
No 

Improvement 
1 order of 

magnitudes 
– 

Up to 3 orders 

of magnitudes 

Online 

heatpath 

monitoring 

Table 3.1. Benefits of the proposed testing method. 
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By testing these MOSFET samples with my elaborated reliability testing method I 

proved that in-situ thermal transient measurement during power cycling combined with 

structure function analysis can be applied for fatigue tracking and for reliability test evaluation. 

3.1.7 Conclusions of the experiment 

In this test experiment, I introduced a novel in situ reliability testing method for the 

characterisation of TIM and chip level aging effects in medium power MOSFET devices. The 

method uses minimal time and resource for mimicking temperature cycling with power cycling 

on samples with artificially prepared heatpath. The high thermal amplitude and the low 

electrical stress during cycling triggers only selected failure modes that can be proved and 

tracked with the subsequent thermal transient tests. The used reliability testing hardware and 

software utilizes the thermal transient testing method to analyze the stress-induced deviations 

in the heat flow path from the pre-stress reference results. Measurement results collected during 

the active cycling of the DUTs at regular intervals served as basis for my comparison. The 

details of the degradation process can be used as input for life-time prediction and for physics 

of failure modelling. 

As a next step in my research, I proposed a novel method combining the corresponding 

CIE and IESNA measurement and life testing recommendations with thermal transient testing, 

in order to extend the LED reliability testing possibilities. 

3.2 Analytical approach to determine the pn junction 

temperature during LM-80 tests 

The pn junction temperature of LEDs may change significantly during an LM-80 testing 

procedure due to the increased electrical power consumption, to the decreased energy 

conversion efficiencies and even due to the possible degradation of the thermal interfaces [J2], 

[C10]–[C12]. Of course, this is also true during the normal operation of the final product [J2], 

[B1], [B2] which is not considered by the corresponding IESNA LED life testing methods. 

3.2.1 Pn junction temperature changes during life testing 

The temperature increase can range from only a few Celsius degrees to as high as 20-

30 Celsius degrees. Its exact value depends mostly on the testing forward current, the overall 

thermal resistance, the zero-hour radiant efficiency and on the luminous flux maintenance value 

reached during the test. Figure 3.10 shows a theoretical approximation for a high- (a) and a 

mid-power (b) LED, as the function of the main causes of the increase, assuming at this point, 

that the 3 V forward voltage and the thermal resistance remain constant. During the calculations 

I neglected any effects of the temperature sensitive radiant efficiency; the extremely high 

temperature dependence in case of red and amber LEDs is well-known and acts as a positive 

loopback to the junction temperature, further increasing the discussed effect. [J4] 
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(a) 

 

(b) 

Figure 3.10: Theoretical pn junction temperature increase during an LM-80 test in case of (a) a high-power and 

(b) a mid-power LED, as the function of the forward current, the thermal resistance, the zero-hour radiant 

efficiency and the reached luminous flux decay (assuming a constant thermal resistance and a fixed 3 V forward 

voltage). 

It is obvious, that a few Celsius degrees change in the junction temperature is not an 

issue. In my research I dealt with the >10 °C increases caused by high testing currents, high 

initial efficiency, poor thermal conductivity, significant increase of the forward current and/or 

the thermal resistance [J2], [C10], etc. Figure 3.11 (a) and (b) indicate the effects of the increase 

in the forward voltage and in the thermal resistance. 

 

 

(a) 

 

(b) 

Figure 3.11: Effects of the increase in the forward voltage and thermal resistance on the pn junction temperature 

increase during an LM-80 test. The initial parameters are: 1 A forward current, 40% radiant efficiency, 15 K/W 

thermal resistance, 3 V forward voltage. The figures show the junction temperature increase during the test as the 

function of the end of test thermal resistance and forward voltage. The end of test relative light outputs are (a) 

95% and (b) 80%. The black crosses indicate values corresponding to that of in Figure 3.10 (a). 

During the calculations I considered a power LED with a test current of 1 A. The initial 

values of the radiant efficiency, the forward voltage and the thermal resistance were 40%, 3 V 

and 15 K/W in order and I calculated the relative junction temperature increase as the function 

of the end of test thermal resistance and forward voltage. I regarded the end of test relative light 

output to be 95% and 80%. Practically saying, Figure 3.11 (a) and (b) are the extensions of 
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Figure 3.10 (a); the indicated black crosses in the figures correspond to each other. As an 

example for the parameter increase, Figure 3.12 shows the aging related forward voltage shift 

of a Luxeon Z power LED; all the measurement points in the figure belong to the 80 °C junction 

temperature. 

 

Figure 3.12: Shift of the forward voltage – forward current characteristics during the first 9,000 hours of a 

Luxeon Z LED sample (aged at 85 °C case temperature and 1 A forward current). 

Most of the root causes of LED aging is closely connected to the pn junction 

temperature. The temperature on which the die-, the interconnection-, the phosphor- and the 

lens-related aging processes undergo is practically much closer to the pn junction temperature 

than the case- or the soldering point temperature. Therefore, in my research I made an attempt 

to analytically determine the parameter set of the Arrhenius-equation as the function of the 

changing junction temperature. To do that first the elapsed test-time dependent function of the 

junction temperature should be determined. 

3.2.2 Calculation of the pn junction temperature 

I calculate the 𝑇𝐽 pn junction temperature from the 𝑇𝐴 ambient temperature, the optically 

corrected real 𝑅𝑡ℎ thermal resistance and the 𝑃𝑑𝑖𝑠 dissipated power: 

𝑇𝐽 = 𝑇𝐴 + 𝑅𝑡ℎ ∙ 𝑃𝑑𝑖𝑠 (3.1) 

The dissipated power is the difference of the consumed electrical power and the radiant 

flux. For simplicity I considere 𝑅𝑡ℎ to be constant over the time, therefore: 

𝑇𝐽(𝑡) = 𝑇𝐴 + 𝑅𝑡ℎ ∙ (𝐼𝐹 ∙ 𝑉𝐹(𝑡, 𝑇𝐽, 𝐼𝐹) − Φ𝑒(𝑡, 𝑇𝐽, 𝐼𝐹)) (3.2) 

where 𝐼𝐹 and 𝑉𝐹 are the forward current and the forward voltage, while Φ𝑒 is the total radiant 

flux. The latter two parameters depend on the elapsed operation time 𝑡, and the actual junction-

temperature and forward current. I assume an exponential decay model for the radiant flux 

function over time, as the TM-21-11 defined extrapolation of the total luminous flux 

maintenance curve: 

Φ(𝑡) = β ∙ 𝑒𝑥𝑝(−α ∙ 𝑡) (3.3) 

where the normalized light output is Φ at the time 𝑡, while α and β are a fitting parameters. The 

parameter α describes the speed of such aging processes, which is an exponential function of 

the absolute temperature. The exact formula is described by the Arrhenius-equation: 
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α = 𝐴 ∙ 𝑒𝑥𝑝 [
−𝐸𝑎

𝑘𝐵 ∙ 𝑇
] (3.4) 

where 𝐴 is a pre-exponential factor, 𝐸𝑎 is the activation energy, 𝑘𝐵 is Boltzmann’s constant and 

𝑇 is the absolute temperature in kelvins. Concerning the TM-21 interpolations, values of 𝐴 and 

𝐸𝑎 can be calculated if datasets of two or more temperatures are available. 

The Arrhenius-equation is typically used to express the 𝐴𝐹 acceleration factor of α at 

elevated temperatures: 

𝐴𝐹 = 𝑒𝑥𝑝 [(
−𝐸𝑎

𝑘𝐵
) ∙ (

1

𝑇2
−

1

𝑇1
)] (3.5) 

where 𝑇2 is the elevated temperature. 

Upon taking into account the speeding-up effect of higher temperatures, the Arrhenius-

equation has various expansions describing the effects of other stress conditions as well, like 

humidity or other non-thermal stresses. In case of LEDs, with respect to the LM-80 testing the 

most important non-thermal impact corresponds to the forward current [55]. The forward 

current dependent reaction rate coefficient can be described as: 

α = 𝐴 ∙ 𝑒𝑥𝑝 [
−𝐸𝑎

𝑘𝐵 ∙ 𝑇
] ∙ 𝐼𝑛 (3.6) 

where 𝐼 is the forward current and 𝑛 is the so-called life-stressor slope [55]. With the help of 

Equation (3.5) one can perform the necessary interpolations between the measurement results 

belonging to the different case temperatures and forward current values captured during an LM-

80 life testing of LEDs. 

At this point, Equations (3.3) and (3.6) are applied, also taking into account the 𝑆𝛷𝑒
 

temperature sensitivity of the radiant flux. For simplicity I consider 𝑆𝛷𝑒
 to be constant over the 

time. Therefore: 

Φ𝑒(𝑡, 𝑇𝐽, 𝐼𝐹) = Φ𝑒0 ∙ 𝑒𝑥𝑝 [−𝑡 ∙ 𝐴Φ𝑒
∙ 𝐼𝐹

𝑛Φ𝑒 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

Φ𝑒

𝑘𝐵 ∙ 𝑇𝐽
)]

∙ [1 + 𝑆Φ𝑒
∙ (𝑇𝐽 − 𝑇𝑟𝑒𝑓)] 

(3.7) 

where Φ𝑒0 and 𝑇𝑟𝑒𝑓 are the initial radiant flux and the reference operating junction temperature 

of the LED in the test environment at the zero-hour condition. Next, I assume a linear model 

for the increase of the forward voltage and I also consider the 𝑆𝑉𝐹 temperature sensitivity of the 

forward voltage. For simplicity I consider 𝑆𝑉𝐹 to be constant over the time: 

𝑉𝐹(𝑡, 𝑇𝐽, 𝐼𝐹) = [𝑉𝐹0 + 𝑡 ∙ 𝐴𝑉𝐹
∙ 𝐼𝐹

𝑛𝑉𝐹 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

𝑉𝐹

𝑘𝐵 ∙ 𝑇𝐽
)]

∙ [1 + 𝑆𝑉𝐹
∙ (𝑇𝐽 − 𝑇𝑟𝑒𝑓)] 

(3.8) 

After all, the overall elapsed test-time dependent junction temperature can be written as: 
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𝑇𝐽(𝑡) = 𝑇𝐴 + 𝑅𝑡ℎ ∙ 𝐼𝐹 ∙ [𝑉𝐹0 + 𝑡 ∙ 𝐴𝑉𝐹
∙ 𝐼𝐹

𝑛𝑉𝐹 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

𝑉𝐹

𝑘𝐵 ∙ 𝑇𝐽
)]

∙ [1 + 𝑆𝑉𝐹
∙ (𝑇𝐽 − 𝑇𝑟𝑒𝑓)] − 𝑅𝑡ℎ ∙ 𝛷𝑒0

∙ 𝑒𝑥𝑝 [−𝑡 ∙ 𝐴𝛷𝑒
∙ 𝐼𝐹

𝑛𝛷𝑒 ∙ 𝑒𝑥𝑝 (
−𝐸𝑎

𝛷𝑒

𝑘𝐵 ∙ 𝑇𝐽
)] ∙ [1 + 𝑆𝛷𝑒

∙ (𝑇𝐽 − 𝑇𝑟𝑒𝑓)] 

(3.9) 

By the above equation I provide a theoretical approximation for 𝑇𝐽(𝑡) with the 

aforementioned simplifications, like a constant 𝑅𝑡ℎ, 𝑆𝑉𝐹
, 𝑆𝛷𝑒

 etc. over time, or with the 

assumption of a purely exponential behaviour of LED aging. Therefore, this has to be handled 

with caution as these simplifications are not fulfilled in most applications. From the perspective 

of engineering practice, choosing an empirical solution would be more advantageous. 

3.3 A measurement-based approach to determine the pn junction 

temperature during LM-80 tests 

The strong temperature dependencies of LEDs make it necessary to measure their 

optical, electrical and thermal parameters simultaneously. The JEDEC JESD51-5x family of 

standards and the related CIE standards provide a multi-domain characterisation method 

especially for LEDs, which includes the measurement of the pn junction temperature by the 

help of thermal transient testing [C6], [C7], [56], [57] and the calibrating process of the 

temperature sensitive parameter, i.e the 𝑆𝑉𝐹. 

I have proposed to perform thermal transient testing both at 25 °C and at the testing case 

temperature during an LM-80 based life testing of mid-power LED samples, besides the optical 

measurements at room temperature specified by the standard testing method. As the results of 

the measurements, the forward voltage, the radiant flux and the junction temperature values 

were available, corresponding to the 25 °C and at 55 °C ambient temperatures, of the two 

remaining LED samples. Figure 3.13 shows the measured pn junction temperatures at 300 mA 

forward current. Also, I applied a linear approximation on the measured results after 340 hours 

of aging. 

    

Figure 3.13: Pn junction temperatures of the tested mid-power LED (#S11) over the testing time; measured at 

300 mA forward current. 

The 𝑆𝛷𝑒
 temperature sensitivity of the radiant flux and the 𝑆𝑉𝐹 temperature sensitivity 

of the forward voltage can be calculated from the measurement results belonging to different 
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junction temperatures. By having these sensitivity values, it is possible to make approximate 

calculations for the operating parameters at any arbitrary junction temperature value. 

3.3.1 The temperature dependence of the light output parameters during an 

LM-80 test 

Even if the junction temperature is continuously increasing during aging, its effects on 

the slope (i.e. the derivative denoted by D) of the luminous flux maintenance curve (from which 

𝐴 and 𝐸𝑎 were calculated) are negligible in most cases compared to the aging related changes 

of the light output parameters. Although, my following example will make it clear that the 

temperature sensitivity of the optical parameters can be extremely high for red and amber LEDs. 

The 𝑆𝛷𝑒
 temperature sensitivity of the radiant flux of a red power LED from a well-recognized 

vendor was measured to be –4.3 mW/°C at 1 A forward current whereas I found the optical 

power to be 1.1 W with a radiant efficiency of 41%. Mounted on a cooling assembly with a 

25 K/W junction-to-ambient thermal resistance and supposing a 0.1 V and 1 K/W increase in 

the forward voltage and thermal resistance respectively, roughly a 7 °C increase occurs in the 

pn junction temperature until the time of the 10% light output degradation, causing another 

thermally induced 2.8% drop in the radiant flux – which is not negligible anymore. In such 

cases I propose the correction of derivative 𝐷 in the following form: 

𝐷𝑐𝑜𝑟𝑟 =
𝑑𝑐

𝑑𝑡
− 𝑆Φ𝑒

∙
𝑑𝑇𝐽

𝑑𝑡
 (3.10) 

Another possible compensation method of this effect is to determine the radiant flux 

values that would be emitted at a constant reference junction temperature and use the gained 

data set as the new maintenance curve: 

Φ𝑒(𝑡)|𝑇𝑟𝑒𝑓
= Φ𝑒(𝑡) ∙ [1 + 𝑆Φ𝑒

∙ (𝑇𝐽 − 𝑇𝑟𝑒𝑓)] (3.11) 

3.3.2 The transient testing-based calculation of the Arrhenius-equation 

By theory my proposed novel method consists of the following four main steps:  

0. Prerequisite: determine the pn junction temperature during the LM-80 process, 

at the test current and case temperature and at an additional ambient temperature 

(e.g., 25 °C prescribed by the LM-80 standard). 

1. Determine the light output parameters at a constant reference junction 

temperature at any time of the aging process, calculating with the 𝑆𝛷𝑒
 temperature 

sensitivity of the radiant flux. By this step the effect described in 3.3.1 is eliminated 

and a “native radiant flux” maintenance curve is produced. 

2. Determine the pre-exponential factor 𝑨 and the activation energy 𝑬𝒂 of the 

Arrhenius-equation. This step is based on: 

a. the continuously increasing chip temperature during the test (i.e., the 

temperature at which the aging phenomena of the chip occur) and 

b. the “native radiant flux” maintenance curve (i.e., the light output time function 

induced only by the aging phenomena). 

3. Calculate the luminous flux maintenance curve belonging to an arbitrary time 

profile of the junction temperature. 
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Determine the pn junction temperature 

The first step was introduced in the previous subsection (also, see in more details in 

subsection 2.3). 

Determine the light output parameters at a constant reference TJ 

The value of 𝑆Φ𝑒
 can be determined at zero-hour and used during the whole lifetime as 

a constant or it can be re-determined at each intermittent, so-called control measurement. In 

practice according to the proposed method, thermal transient testing should be performed both 

at case temperature and at the LM-80 prescribed 25 °C ambient temperature. From these 

measurements a linear approximation of all temperature sensitivity parameters can be 

determined. 

By assigning a fixed 𝑇𝑟𝑒𝑓 reference junction temperature and calculating the light output 

according to Equation (3.11), the resulting “native” luminous flux maintenance curve carries 

information only about the device aging. 

Determine the pre-exponential factor and the activation energy 

This step is based on the “native” luminous flux maintenance curve and on the recorded 

junction temperature values during the test. I recall Equation (3.3) and take the derivative 𝐷 of 

it, also inserting the Arrhenius-equation in place of α: 

𝐷 =
𝑑Φ

𝑑𝑡
= −α ∙ β ∙ 𝑒𝑥𝑝(−α ∙ 𝑡) = −α ∙ Φ(𝑡) (3.12) 

𝐷 = −𝐴 ∙ 𝑒𝑥𝑝 [
−𝐸𝑎

𝑘𝐵 ∙ 𝑇𝐽(𝑡)
] ∙ Φ(𝑡) (3.13) 

according to which the current slope of the TM-21-11 fitted curve also depends on its current 

value. At any two measurement, time Equation (3.13) can written with the actual parameters: 

𝐷𝑡1
= −Φ𝑡1

∙ 𝐴 ∙ 𝑒𝑥𝑝 [
−𝐸𝑎

𝑘𝐵 ∙ 𝑇𝐽(𝑡1)
] (3.14) 

𝐷𝑡2
= −Φ𝑡2

∙ 𝐴 ∙ 𝑒𝑥𝑝 [
−𝐸𝑎

𝑘𝐵 ∙ 𝑇𝐽(𝑡2)
] (3.15) 

which is a set of equations with two variables (since 𝐷𝑡𝑖
, Φ𝑡𝑖

 and 𝑇𝐽(𝑡𝑖) are measured values). 

After rearranging it I get that: 

𝐴 = −
𝐷𝑡1

Φ𝑡1

∙ 𝑒𝑥𝑝 [
𝐸𝑎

𝑘𝐵 ∙ 𝑇𝐽(𝑡1)
] (3.16) 

𝐸𝑎 =
𝑘𝐵 ∙ 𝑇𝐽(𝑡1) ∙ 𝑇𝐽(𝑡2)

𝑇𝐽(𝑡2) − 𝑇𝐽(𝑡1)
∙ 𝑙𝑛 (

𝐷𝑡2
∙ Φ𝑡1

Φ𝑡2
∙ 𝐷𝑡1

) (3.17) 

In the above equations, Φ𝑡𝑖
 and 𝑇𝐽(𝑡𝑖) are derived directly from the measurements, while 

the value of 𝐷𝑡𝑖
 can be calculated as the derivative of the “native” luminous flux maintenance 

curve at the time instance of 𝑡𝑖, according to Equation (3.12): 
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𝐷𝑡𝑖
=

𝑑[β ∙ 𝑒𝑥𝑝(−α ∙ 𝑡𝑖)]

𝑑𝑡
 (3.18) 

𝐷𝑡𝑖
= −α ∙ β ∙ 𝑒𝑥𝑝(−α ∙ 𝑡𝑖) (3.19) 

Although theoretically Equations (3.16), (3.17) and (3.19) should unambiguously assign 

the values of 𝐴 and 𝐸𝑎, still several orders of magnitudes differences may occur among the 

obtained results. To overcome this issue, it could be a good practice to calculate 𝐸𝑎 for each 

measurement time with an arbitrarily fixed 𝐴 value, then sweep 𝐴 until the smallest difference 

amongst the calculated 𝐸𝑎 values is reached. 

I must note that it could seem to be a good idea to compare the values achieved by the 

proposed method with the results of an LM-80 test sequence performed on multiple case 

temperatures. In fact, the technique discussed here only makes sense if the junction temperature 

increase is significant, but this also means that the parameters calculated from different case 

temperatures would not be well correlated with the junction temperature, therefore the latter 

method gives a completely different result in principle. 

From this reasoning, only testing at multiple case temperatures provides sufficient data 

if the junction temperature rise is negligible, and consistent test results can be reached only if 

the experiment is supported by accurate junction temperature measurements (e.g., with thermal 

transient testing). 

Calculate the luminous flux maintenance curve belonging to an arbitrary time 

profile of TJ 

The base concept is that LEDs have a kind of “lifetime budget”, which (under nominal 

operating conditions) is consumed at a rate most dependent on the pn junction temperature (the 

term of the lifetime budget was first introduced in [58]). The lifetime budget is modelled as a 

junction temperature, forward current and elapsed operating time dependent efficiency η𝑡 

which is to be multiplied by the zero-hour value of the radiant efficiency η𝑒 or the luminous 

efficacy η𝑣 to get the prevailing light output parameters. It contains the effects of any aging 

phenomena, at this point even including the change of the electrical consumption through the 

change of the forward voltage. 

According to the theory, the current value of the budget is not dependent of the current 

value of the temperature (such way keeping causality). Also, it does not carry any information 

on the temperature sensitivity of the parameters, therefore the temperature sensitivity of the 

optical parameters should be applied when the junction temperature is out of the reference 

value. If the junction temperature remains constant during the test, then the lifetime budget is 

identical to the luminous flux maintenance curve normalized to 100%. 

Equation (32) from article [J4] provides the exact formula to calculate the change of the 

lifetime budget (or the normalized luminous flux maintenance at the reference 𝑇𝐽), assuming 

that the exact time function of the temperature change is known: 

Δη𝑡 = ∫
1

Φ

Φ2

Φ1

𝑑Φ = − ∫ 𝐴 ∙ 𝑒𝑥𝑝 [
−𝐸𝑎

𝑘𝐵 ∙ 𝑇𝐽(𝑡)
]

𝑡2

𝑡1

𝑑𝑡 (3.20) 

the analytical solution of which is not trivial even in case of a linearly changing temperature 

value. If the necessary mathematical tools are not available for such calculations, then a 
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practical solution could be to discretize the problem that way converting the integration to a 

sum calculation (a series of additions on very short time intervals). This means that the actual 

value of the derivative 𝐷 can be calculated at every time instance knowing the mean value of 

the temperature, and ΔΦ change is calculated during the short time interval Δ𝑡. Adding up Φ 

and ΔΦ will result in the total value of the next time interval. 

 

At this point I emphasize that during step 1 the “native” luminous flux maintenance 

curve of the LED is calculated at an arbitrary reference junction temperature but the rate of 

aging is determined by the real chip temperature data of the test. The increasing chip 

temperature during aging causes light output drop due to the temperature dependence, which 

effect is to be eliminated in the “native” curve. For example, the operating junction temperature 

of an LED sample is 85 °C at the 55 °C case temperature at the beginning of the test. Let us 

assume that after 10,000 hours the operating temperature is 105 °C at the same 55 °C case 

temperature. In this case the value substituted into Equation (3.20) is the real and continuously 

increasing value (105 °C which is 378.15 K after 10,000 hours) but the radiant or luminous flux 

provided by Equation (3.20) is the value the LED would emit at the reference 85 °C junction 

temperature. First it could be confusing but one must not forget that the pre-exponential factor 

𝐴 and the activation energy 𝐸𝑎 were calculated as the function of the prevailing junction 

temperature (therefore the degradation itself is calculated after the aging 𝑇𝐽 profile). These 

values are defined to describe only the aging effects and they do not carry any information about 

the temperature sensitivity of the optical parameters. 

3.4 Application results – case study 

Upon the procedure I suggested in subsection 3.3.2, I evaluated the measurement results 

of the aforementioned mid-power LED samples to demonstrate the potential and feasibility of 

the proposed enhancements to the LM-80 testing standard and to the TM-21 evaluation method. 

The steps taken are as follows: 

1. 𝑇𝐽 and Φ𝑒 were measured at 𝑇𝐴 = 25 °𝐶 and at 𝑇𝐴 = 55 °𝐶 (blue and green dots in 

Figure 3.14 and in Figure 3.17). Measurement points before 340 hours were omitted due 

to a “burn-in” period. 

 

Figure 3.14: Radiant flux values from control measurements at TA = 25 °C and at TA = 55 °C of the tested mid-

power LED (#S11) over the testing time; measured at testing current. 
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2. 𝑆Φ𝑒
 was determined at each intermittent control measurement from which the 𝑆Φ𝑒

(𝑡) 

time-function was set up. 

3. Φ𝑒(𝑇𝐽_𝑟𝑒𝑓 = 85 °𝐶) was calculated for all the control measurements, according to 

Equation (3.11). This way the light output decrease caused by the increasing junction 

temperature was eliminated from the maintenance curve, this way resulting the “native” 

luminous flux maintenance curve. See the red dots in Figure 3.15 and in Figure 3.17. 

 

Figure 3.15: Measured radiant flux values at TA = 25 °C and at TA = 55 °C along with the calculated values 

belonging to the TJ_ref = 85 °C. 

4. The total luminous flux maintenance curves follow a logarithmic trend instead of the 

expected exponential one [J4], therefore such approximations were fitted to the 

measured and derived values. See the three continuous lines in Figure 3.16 and in Figure 

3.17. 

 

Figure 3.16: Measured and calculated radiant flux values approximated by logarithmic trendlines. 

5. The pre-exponential factor 𝐴 and activation energy 𝐸𝑎 were determined; the measured 

𝑇𝐽 values at 𝑇𝐴 = 55 °𝐶 and the “native” maintenance curve determined in step 4 were 

used. Applying the same method as described in the previous subsection, the formulas 

for the logarithmic decay are: 

𝐴 = −𝐷𝑡1
∙ 𝑡1 ∙ 𝑒𝑥𝑝 [

𝐸𝑎

𝑘𝐵 ∙ 𝑇𝐽(𝑡1)
] (3.21) 

𝐸𝑎 =
𝑘𝐵 ∙ 𝑇𝐽(𝑡1) ∙ 𝑇𝐽(𝑡2)

𝑇𝐽(𝑡2) − 𝑇𝐽(𝑡1)
∙ 𝑙𝑛 (

𝐷𝑡2
∙ 𝑡2

𝐷𝑡1
∙ 𝑡1

) (3.22) 
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6. To assess the accuracy of the achieved model the maintenance curve belonging to 

𝑇𝐽 =  85 °𝐶 was calculated (dashed dark red line in Figure 3.17). The time increment of 

the simulation was 1 hour which is in the range of a typical streetlighting luminaire 

thermal time constant.  

I should note again that the calculations at this step are based on the continuously 

increasing chip temperature during the test; the resulted “native” total luminous flux 

maintenance values are theoretical and show what the LED would emit at 𝑇𝐽 =  85 °𝐶. 

This is because the reference “native” curve (red dots in the figures) is interpreted at a 

specific operating point and therefore the following calculations (e.i. applying the 

Arrhenius equation) also result in values corresponding to the same reference operating 

point (red dashed line in the figures). I do not suppose that the LED would age at 

𝑇𝐽 =  85 °𝐶, it is only the operating point at which the “native” curve is determined in 

case of the aging test with a constant ambient temperature of 𝑇𝐴 = 55 °𝐶. 

7. The maintenance curves belonging to 𝑇𝐴 = 25 °𝐶 and to 𝑇𝐴 = 55 °𝐶 were also 

calculated applying the 𝑆𝛷𝑒
 temperature sensitivity of the radiant flux on the “native” 

curve resulted in the previous step (dashed dark blue and green lines in Figure 3.17). At 

the end of this step the final goal is achieved: the results of the intermittent control 

measurements at 𝑇𝐴 = 25 °𝐶 and 𝑇𝐴 = 55 °𝐶 are simulated wih the method described 

in section 3.3.2 in order to assess the validity of the Arhenius equation coefficients 

obtained in step 5. 

 

Figure 3.17: Measurement and simulation results of the aged mid-power blue LED. 

To represent the appropriateness of the proposed technique I determined the R-square 

values with respect to the measured data. The R2 values of the calculations are 0.992 and 0.988 

for the 25 °C and 55 °C measurements while that of the logarithmic approximation are 0.993 

and 0.983. These values show that the accuracy of the new aging model and the classical curve 

fitting method is practically the same. This also implies that TM-21-11 curve fitting method 

also fits seemingly well on such timescales even if the used measurement points belong to 

different junction temperature values, however the rootcause of the LED chip aging is based 

not on the chamber but on the junction temperature. 
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Figure 3.17 also indicates that the simulated results and the fitted curves have different 

curvatures and their separation becomes quite significant after around 5,000 hours. Obviously, 

neither approximation of the measured values is more accurate than the other. The main cause 

of this is probably the low statistical power of the measurement results of one single sample. 

 

Thesis II. 

I have demonstrated by an active cycling reliability test that the thermal resistance and the 

chip temperature of packaged semiconductor devices can increase drastically during the test 

time. 

I supplemented the LM-80 total luminous flux testing standard with thermal transient 

testing to reveal the chip temperature changes due to device parameter shifts. By calculations I 

have highlighted the increase in the pn junction temperature during an LM-80 test as the function 

of the increasing electric input power, deteriorating efficiency and increasing thermal resistance. 

This temperature increase can reach as high as 20 °C in today’s LED based lighting solutions. 

The total luminous flux decrease due to the temperature dependence of the LEDs is 

neglected by the LM-80 approved method. As it can reach significant levels I developed a 

method to account for this phenomenon. The TM-21-11 technical memorandum calculates the 

parameters of the Arrhenius-equation-based on various LM-80 testing temperatures. I elaborated 

a calculation method to determine these parameters from the results of a single test chamber 

temperature. With my proposal, the aging trends can be identified at constant chip temperatures 

despite of the continuously changing chip temperature during aging. 

 

Related publications: [J2], [J3], [J4], [B1], [B2], [C1], [C2], [C9], [C10], [C11], [C12] 
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Chapter 4  

Revealing humidity and temperature 

dependence of wavelength-converter 

materials 

4.1 Phosphor converted white LEDs 

Commercial LED-based white lighting devices work in one of three possible ways [59]: 

- Three individual monochromatic LED elements lighting in red, green and blue colours 

produce the required light, including white. 

- Near ultraviolet LED chips are used to excite the red, green, and blue phosphors. 

- Blue LEDs are used to excite single-phase yellow (or a mixture of green and red) 

phosphor. 

The first way ensures the most versatile options for the user to tune the light but arises 

a few serious problems: very complex driving circuitry, bad long-term stability due to the 

different ageing of the three kinds of LEDs and high production cost. Nowadays, the 

mainstream lighting applications are based on the two latter ways, mostly on the last one. The 

second option enables easy tuning of the resulting light during the production technology. The 

last option provides the lowest production cost but also limits the variability of the light the 

most; such LED devices are called phosphor converted white LEDs (pc-WLEDs). In the 

subsequent parts I will also refer to such LEDs simply as white LEDs. 

Phosphor materials consist of a host compound and optical activator dopant ions. 

Appropriate phosphor materials used in pc-WLEDs should meet the following six basic criteria 

[60]: 

1. The excitation spectrum of the LED chips should overlap with the absorption 

spectrum of the used wavelength-converter material – usually in the near-UV (360–

420 nm) or blue light (420–480 nm) range. 

2. The resulting emitted spectrum of the pc-WLED should provide a white light 

emission with a high colour rendering index (CRI) and low correlated colour 

temperature (CCT) [W22]-[W23]. 

3. Efficient luminescence with a high quantum efficiency (QE). 

4. Low thermal quenching of photoluminescence [61]. 

5. High stability against oxygen, carbon dioxide, chemicals, and moisture under 

application conditions. 

6. Reasonable production costs while being environmentally friendly as possible. 

Although many phosphor materials have been proposed in the literature in recent years, 

the number of phosphors effectively fulfilling all six requirements is relatively small [62]. Host 
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materials include garnets, sulfides, (oxo-) nitrides, silicates, aluminates, borates, phosphates, 

etc. The most frequently used activators are either broad-band emitting transitional metals Eu2+, 

Ce3+, Yb2+ ions, or line-emitting rare earth ions Ln3+ and Mn4+ and so on [62], [63]. The first 

commercially available pc-WLEDs invented by Nichia Corporation were fabricated using blue 

InGaN LED chip and the yellow yttrium aluminium garnet Y3Al5O12:Ce3+ (YAG:Ce) phosphor. 

For efficiency and long-term stability reasons, today, most commercial single-phosphor 

converted WLED devices are still based on YAG:Ce [64]. Detailed discussion of the underlying 

physical effects (4f-5d transition, d-d transition) and of the structural design of phosphor 

materials can also be found there. 

A much higher luminous emittance and conversion efficiency can be achieved by using 

nano-structured YAG:Ce ceramic phosphor plate and a high power blue laser diode for 

excitation [65]. The optimal Ce3+ dopant concentration resulting in the highest luminous 

emittance and conversion efficiency was found at 0.5 mol%. Investigation of such solid-state 

light-sources, however, is beyond the scope of my research. 

The strong digitalization trends found recently in the different design solutions novadays 

also make it necessary to model the wavelength converter materials and arrangements by 

creating their so-called digital twins. The modelling of the phosphor layer of a white LED 

primarily means optical modelling; following the light-scattering, light absorption and light 

frequency conversion that happen inside the phosphor layer. Simulating these processes allows 

calculating their thermal effects as well, which results in a multi-domain model of the phosphor 

layer. There are many solutions for modelling these effects, from simple one-dimensional 

models through using the bidirectional scattering distribution functions to the detailed 3D 

models. Here I only summarize some examples that use these methods. 1D modelling of light 

is used in [66] and [67] where the model verification for thin phosphor layers is given. This 

model [66], [67] is improved to study the effect of non-homogenous phosphor concentration in 

[68], although the simulation results, in that case, do not match the measurement results. The 

expected heat generation in the phosphor layer is calculated in [69] without comparison to 

measurement. 

The mostly used method for establishing the optical model of a phosphor layer is to 

measure the bidirectional scattering distribution function, which gives the relationship between 

the radiance and emission of the phosphor layer by infinitesimal solid angle for both incoming 

and outgoing light. Once the bidirectional scattering function is recorded, the optical behaviour 

can be modelled by simple integration. The method is used to phosphor layer modelling with 

experimental validation [70]. These measurements are made on phosphor plates only. In [71] 

phosphor coated LED optical modelling and measurements are reported. This modelling 

technique is quite accurate for optical modelling, but as the microscopic details are not known, 

only macroscopic thermal model can be established. 

Detailed models are also used for optical modelling of phosphor layers. There are 

several commercial software tools available for this purpose. E.g., in the work reported in [72] 

TracePro and ANSYS were used. For phosphor converted CoB device modelling FloTHERM 

from Mentor Graphics was also used [73]. 

A few multi-domain models have already been created. For example, an optical–

electrical–thermal compact model was published by Ye at al. where the phosphor layer is taken 

into account with temperature dependency [74], and a compact model for multi-domain 

purposes with remote phosphor layer presented in [75] where applying bidirectional resistances 

showed good agreement with the measurements. A similar solution can be found in [76]. 
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In a recently published paper [J5] from our epartment we summarized our new multi-

domain modelling solution for phosphor converted LED devices which was a mixed, compact-

detailed model by using one of the “standard” chip-level multi-domain LED models for the 

description of the operation of the blue pump chips within CoB devices. However, multi-

domain modelling of phosphor materials and/or layers along with package level LED multi-

domain modelling remains outside of my research activities; my primary goal was to determine 

the values of certain material parameters of phosphor layers, also applying existing and 

introducing novel, suitable measurement solutions. 

4.2 Performance of power LEDs under different humidity 

conditions 

The standard LED characterisation methods do not consider changes in relative 

humidity of the test environment. The forthcoming section describes the effects of a high 

relative humidity drop on the light output of LED samples with exposed wavelength-converter 

material – meaning that there is no lens or any other encapsulant on top of the phosphor to 

shield environmental effects. I carried out the related investigation in controlled environmental 

conditions. Spectra of the LED samples and of a reference light source were captured in discrete 

relative humidity steps. I identified the relative humidity dependence for both the light output 

of the undomed LED samples and for the reflectance of the optical measurement system itself. 

2-2.5% of change was found in the optical parameters in the 35-80% and 35-100% ranges of 

relative humidity. [C1] 

The LM-80 approved method [22] deals specifically with LED life testing conditions 

while the TM-21 standard [45] provides an extrapolation method to extend the life-time 

estimation. Standard life testing methods introduced in the previous chapters give guidelines 

on the relative humidity (RH) of the test environment. Long-term and irreversible effects of 

high humidity on the epoxy encapsulant and the phosphor of the LED have been reported by 

many prior studies [77]-[79]. The JEDEC JESD51-5x family of standards [2]-[5] gives 

recommendation on power LED thermal characterisation but does not consider the short-term 

effects of humidity changes on both the measurement system and the samples. 

4.2.1 Background 

Condition of air affects the device characteristics especially in the case of undomed 

LEDs [30] where the phosphor is exposed to the open air. I investigated these effects during an 

LM-80 aging test on Luxeon Z samples [C9]; Figure 4.1 shows a sample set mounted on an 

MCPCB (Metal Core Printed Circuit Board). I revealed by measurements that noticeable effects 

could be encountered due to relative humidity changes. 

The standard LM-80 test prescribes a maximum of 65% relative humidity and a 

maximum of 5 °C variation of the case temperature throughout both the aging and the 

measurements. Even with such restrictions the real-life conditions in a laboratory may vary in 

a wide range regarding the relative humidity. This affects also the device under test and the 

measurement system itself. The light conversion efficiency [30] of the phosphor directly 

depends on the physical and chemical parameters of the materials used. The exact material 

combinations are not published by the manufacturers, so the parameter dependencies are also 
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unknown. These dependencies can be revealed by measurements to determine a more accurate 

and detailed device condition and health. 

 

Figure 4.1: 10 pieces of Luxeon Z pc-WLED samples with exposed phosphor. 

As part of the investigations during the LM-80 test, I carried out isothermal optical and 

electrical characterisation [17]. Here the term “isothermal” refers to the constant pn junction 

temperature during the measurement; the process needs a decreasing cold plate temperature for 

increasing forward current (i.e. growing dissipated heat) on the sample LED. During the 

measurements it turned out that high relative humidity had sudden and also lasting effect on the 

light output of the undomed LEDs. 

4.2.2 Observation – Issue in the daily laboratory practice 

During the isothermal characterisation the high relative humidity was unintentionally 

caused by the temperature controlled cold plate open to free air in the laboratory. The air 

condition in the laboratory room was 25 °C 55% relative humidity, with a dew point of 15.3 °C. 

The ten LED samples spent approximately 24 minutes under the dew point. Figure 4.2 shows 

the temperature profile of the cold plate during the initial setup of the measurement. For the 

sake of the prescribed measurements it was necessary to go well below the dew point of the 

room air that caused significant condensation on the phosphor layer on the undomed LED 

samples. 

 

Figure 4.2: Time spent below dew point during the measurement. 

A combined electrical, optical, and thermal characterisation of the samples was carried 

out before the humidity drop, which was later repeated due to the observed anomaly in the 
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results of the isothermal measurement. I repeatedly performed the measurements 24 and 48 

hours after the passive humidity drop. Between the repeated measurements I applied no 

electrical or thermal excitation on the LEDs. 

The emitted optical power had an average 3% drop 24 hours after the wetting. After 48 

hours the measured drop was only 1.3%. From all this, it seems that the optical measurement 

system and the samples started to lose moisture. Sample #5 showed the most dramatic change 

with a 7.6% drop; this sample in contrary to the others, was turned on at maximum forward 

current during the time spent below the dew point. The total radiant flux changes of all the ten 

samples can be seen in Figure 4.3. 

 

Figure 4.3: Optical parameter changes after RH shock. 

These findings led me to carry out an aimed measurement under controlled ambient 

conditions. 

4.2.3 Method – RH dependence characterisation up to instrument level 

To investigate the effects of the relative humidity on both the LED samples and on the 

measurement system, I used the TeraLED [W2] and the T3Ster [W17] measurement 

instruments along with an Ocean Optics HR2000+ spectrometer [W24]. I put the 30 cm 

integrating sphere with all its assembly (including the reference LED) into a WEISS WK3 

340/70 climate chamber [W21]. The relative humidity was controlled based on the 

psychrometer of the WEISS chamber. I placed the control electronics and the spectrometer 

outside the test chamber in a climate-controlled laboratory. 

To precondition the optical elements before testing, I let the whole setup rest in the test 

chamber at 10% relative humidity and at 25 °C temperature for 2 days. I carried out the test 

under constant temperature while increasing the humidity in discrete steps. Both the integrating 

sphere and the sample LEDs were exposed to the same moisture level. 

The junction temperature of the sample LEDs was controlled with the TeraLED 

equipment, and the optical data acquisition was carried out with the spectrometer through fiber 

optics. The chosen test parameters were as follows: junction temperature of 40 °C, forward 

current of 350 mA, RH from 35% to 80% with 15% increments. With these parameters the 

temperature-controlled cold plate did not go below dew point. Between the measurements the 

setup was rested for one day at each new humidity level. As a final step I controlled the cold 
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plate on purpose to go below dew point for 30 minutes to contaminate the whole LED assembly 

with water, then the optical parameters were recaptured. 

During the evaluation, I distinguished the humidity dependency of the BaSO4 coated 

sphere and the undomed Luxeon Z LED samples. In order to characterize the RH dependency 

of the sphere, I captured the relative spectral power distribution (SPD) of the reference LED at 

every humidity level. The reference LED is a closed assembly with built-in current and 

temperature control system, where the temperature is kept constant, above ~50 °C at a 

manufacturer specified value. This way the device was not affected by the RH changes of the 

chamber and therefore any RH related change of the sphere could be evaluated from the 

reference LED spectra. Applying this correction function, I calculated the light output of the 

sample LEDs that now reflect only their RH related performance change. 

4.2.4 Results – Impact of the test environment on the instrument 

First of all, the RH dependency of the reflectance of the BaSO4 layer must be determined 

from the relative spectral power distribution of the reference LED. I found both the die and the 

phosphor peaks to be slightly decreasing with increasing relative humidity. Using these peak 

values and the area under the whole spectra (i.e. the total radiant flux) a correction function 

could be defined for the optical measurement system (see in Figure 4.4). 

 

Figure 4.4: Correction function of the optical measurement system as the function of the relative humidity. 

By this correction function I provided the multipliers for every RH level. The measured 

total radiant flux of the sample LEDs must be multiplied by the corresponding value. This way 

the relative humidity dependent nature of the internal BaSO4 layer of the sphere can be 

eliminated. For the correction I chose the 35% RH data to be the reference. The measurement 

values follow a slight quadratic trend, as it can be seen in the figure. 

4.2.5 Results – Light output change caused by the RH profile 

The relative light output as a function of relative humidity of a sample LED is shown in 

Figure 4.5. I derived these results from the spectra of the Luxeon Z LED, similarly as in the 

case of the reference LED. 
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Figure 4.5: Raw vs. corrected relative light output as the function of the relative humidity. 

Without applying the correction factors, the light output of the Luxeon Z samples 

seemingly decreased. This fits my findings described in Section 4.2.2. After applying the 

corresponding correction factors (e.i. the quadratic approximation as indicated in Figure 4.4) I 

found that there was a slight increase in device performance contrary to trends in the raw data. 

Both the die and the phosphor peaks increased with the increasing relative humidity level. The 

input power did not, the semiconductor structure could not change of the LEDs during this 

investigation. Therefore, this phenomenon can only be explained with increasing transparency 

and light conversion efficiency of the phosphor layer on top of the samples. 

4.2.6 Conclusion to the relative humidity dependence 

The JEDEC JESD51-5x family of LED characterisation standards does not give 

restrictions on relative humidity during measurements. If such additional measurements are 

performed during LM-80 life testing, this could cause issues if the samples reach the dew point. 

Moreover, the LM-80 standard for LED life testing allows a wide range of relative humidity 

for the test environment. However, there is a noticeable effect of RH changes on the 

measurement results caused by both the optical measurement system and the device under test. 

In my introduced investigation these two effects were separated. I evaluated a quadratic 

correction function for the BaSO4 coated integrating sphere. After applying this function on the 

optical data of the LEDs under test, I showed the real relative humidity dependence of the total 

radiant flux. By dealing with these effects, I could achieve enhanced consistency between any 

snapshot measurements. This way long term reliability tests and life-time predictions can also 

become more accurate. 

4.3 New measurement techniques to characterise the temperature 

dependence of wavelength-converter materials 

The major bottleneck in the modelling of phosphor-converted white LEDs like the CoB 

devices is to get access to the properties of the phosphor layers as manufacturers do not share 

such information. Regarding the thermal properties, one can find multiple approaches in the 

literature. Papers [80] and [81] describe numerical simulation methods for the calculation of 

the effective thermal conductivity of different phosphor-resin mixtures with different phosphor 

particle concentrations. In both papers the simulation results are compared to measurements: in 
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the paper [80] the laser flash method, while in [81] the transient hot-wire method is used to 

measure the effective thermal conductivity of phosphor layers. A. Alexeev et al. also 

investigated the effect of phosphor particle concentration on the overall thermal resistance of 

white LED packages [82]. Wenzl et al. in their paper [83] describe how heat generation in the 

phosphor layers depends on the extinction coefficient (i.e. light absorption); besides the thermal 

conductivity, further material properties of the phosphor layers, such as quantum efficiency are 

also considered in the simulations. The authors used a simple LED reference structure. Data 

available in these papers, unfortunately, did not provide appropriate information regarding the 

temperature dependence of the light conversion. 

Though Bachmann in his PhD dissertation [84] provides detailed measurement data of 

different kinds of phosphors, including a few graphs showing the temperature dependence of 

luminescence intensity, there is no data on efficiency and thermal properties of phosphor 

powder-resin composites; the limited data on the temperature dependence of luminescence 

intensity could not be used for further modelling purposes. 

The effective quantum efficiency of remote phosphor type LED modules was 

investigated by A. Keppens et al. [85] by setting the ambient sphere temperatures to 25 °, 40 °C 

and 55 °C. The measurement results seem encouraging, but the authors provide quite a bit of 

information about both the measurement methods and the measurement results. 

As a workaround to the problem of lack of sufficient data on temperature-dependent 

behavior of phosphors, a new approach was used [C4], [C5]. 

During the tests I conducted, primarily I had the opportunity to compare the measured 

spectral power distribution curves. By such comparisions, I attempted to estimate the 

temperature dependence of the following parameters: “blue” absorption rate, external quantum 

efficiency, power conversion efficiency and extraction efficiency. I defined the concept of 

“blue” absorption rate (BAR) as the ratio of the absorbed and inclining blue light: 

𝐵𝐴𝑅 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑙𝑢𝑒 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟 𝑙𝑎𝑦𝑒𝑟

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑐𝑖𝑡𝑖𝑛𝑔 𝑏𝑙𝑢𝑒 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 (4.1) 

where the concept of blue photons refers to the short wavelength primary photons reaching the 

surface of the wavelength-converting material. 

For the other three efficiency parameters, I used the definitions described in F. 

Schubert’s book on LEDs [30]. The external quantum efficiency η𝑒𝑥𝑡 is defined by Equation 

(21.1) under reference [30]: 

η𝑒𝑥𝑡 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 𝑏𝑦 λ − 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 λ − 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
 (4.2) 

Practically saying, the external quantum efficiency is the ratio of converted and 

absorbed blue photons. 

The power conversion efficiency is the energy efficiency of conversion, taking into 

account the so-called Stokes-shift: generally, a shorter wavelength photon is converted into a 

longer wavelength one, the energy of which is always less than that of the original one. By 

formula: 
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Δ𝐸 = ℎ ∙ ν1 − ℎ ∙ ν2 =
ℎ ∙ 𝑐

λ1
−

ℎ ∙ 𝑐

λ2
 (4.3) 

where ν1 and ν2 are the the frequency of the absorbed and emitted photons, λ1 and λ2 are the 

wavelength of the originating and generated photons, ℎ is the Planck constant and 𝑐 is the speed 

of light. The wavelength-conversion efficiency is then: 

ηλ−𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
ν2

ν1
=

λ1

λ2
 (4.4) 

At this point it may be worth mentioning the so-called quantum-splitting phosphors that 

allow the conversion of one short wavelength photon into two longer wavelength photons, 

however, their use in commercial applications is not yet known [30]. 

Then the power-conversion efficiency of a wavelength converter can be expressed as: 

ηλ−𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = ηλ−𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∙ η
𝑒𝑥𝑡

 (4.5) 

From Equation (4.5) one should note that the loss in a phosphor layer consists of two 

main parts: one comes from the Stokes shift, while the other is caused by the absorbed but not 

emitted photons, whose energy is completely turned into heat loss. The external quantum 

efficiency can de expressed with another formula: 

η𝑒𝑥𝑡 = η𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 ∙ η𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (4.6) 

where η𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 is the internal quantum efficiency and η𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 is the extraction efficiency. 

The internal quantum efficiency is an inherent material parameter, while the extraction 

efficiency depends on the spatial distribution of the wavelength converter material which also 

includes the loss caused by reabsorption of the converted photons [30]. Estimating calculations 

can be performed for the value of the internal quantum efficiency and the extraction quantum 

efficiency if phosphor samples of different thicknesses or spatial distribution are available. 

4.3.1 Measurement of blue LEDs and pc-WLEDs of the same family 

In order to establish the phosphor modelling research at our department, it was first 

necessary to measure as many material parameters as possible. I started the investigations with 

a simple differential measurement set on two series of monochrome (blue) and phosphor 

converted white LEDs of the same LED family (XP-E LEDs of Cree). The original idea was 

based on the assumption that both the blue and white LEDs were from the same family, thus 

the chip must have been the same both in the white and blue LEDs and the “only” difference 

could be introduced by the phosphor. 

The thermal and optical measurements show the magnitude of the heat generated in the 

phosphor layer, and its influence on the overall thermal characteristics of the LED package. 

The measurement data can be easily fitted to a simple, one dimensional light path model. 

Although, excellent agreement was found between the model results and my measurements, the 

limits of this approach are clearly visible on the measured spectra. Figure 4.6 shows the series 

of spectra of a blue and white LED chosen from the above-mentioned LED population; in the 

measured spectra the blue peak wavelengths differed, therefore the assumption that the only 

difference between the two kinds of LEDs was the phosphor, was questioned. 
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Figure 4.6: SPDs of a blue and a white Cree XP-E LEDs measured at various operating points. 

Also, since the measurement results of the white LEDs compared to the results obtained 

for the blue LEDs supply only indirect data about the phosphor layer, my next idea was to set 

up new measurement arrangements and “manufacture” own samples that match the capabilities 

of the LED measuring instruments at our department. 

4.3.2 Measurement of “stand-alone” phosphor samples 

As a next step of the investigations, I used commercial CoB LED devices in their 

unpowered state as stand-alone phosphor samples (see in Figure 4.7 (b)). Later on, I also 

prepared different PDMS/phosphor powder composites to be characterised as stand-alone 

samples to obtain certain parameters of the phosphors. For this purpose, I used commercially 

available phosphor powders for the preparation of large-area (approx. 5 cm in diameter) 

phosphor samples, using spin-coated PDMS (polydimethylsiloxane) as a host matrix (see in 

Figure 4.8 (b) and in Figure 4.10 (b)). At the clean-room facility of the department I created 

PDMS-phosphor composites with different mass fractions of the two constituents; 1 mm thick 

medals were poured on a black-painted Aluminum plates. The wavelength conversion 

properties and their temperature dependency as well as the thermal conductivity of the samples 

were measured. 

1202s CoB LED samples from Lumileds had been fully characterized during the round-

robin test of the Delphi4LED project. I also measured the properties of the phosphor layer of 

these CoB LEDs and some layer thicknesses were also identified by cross-sectioning. 
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Figure 4.7: Commercially available CoB LED devices in their unpowered state were also stand-alone phosphor 

samples: (a) A Lumileds 1212s CoB LED device; (b) multiple such CoB LED devices attached to a temperature-

controlled stage to be measured as stand-alone phosphor samples. 

           

Figure 4.8: Phosphor-PDMS composite samples prepared at BME: a) the host matrix and two kinds of phosphor 

powder, b) circular phosphor patches to be measured. 

I measured the thermal conductivity of the PDMS and phosphor-powder mixture with the 

Simcenter DynTIM equipment [W25] (see in Figure 4.9). The thermal conductivity 

measurement results for one of the phosphor powder types are shown in Table 4.1. 

 

Mass Fraction 

[m/m %] 

Thermal Conductivity 

[W/mK] 

Variance in Thermal 

Conductivity Measurement 

0 0.22 0.004 

25 0.29 0.009 

50 0.4 0.002 

66 0.61 0.006 

75 0.66 0.001 

Table 4.1. Measured thermal conductivity of phosphor layer with different phosphor powder concentration 
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Figure 4.9: One of my custom-made phosphor samples on the measurement stage of a DynTIM equipment. 

The thermal and optical measurement arrangement 

In the next stage of the measurements, I used a special integrating sphere that had two 

DUT (device under test) ports facing each other along the equator of the 50 cm sphere. This 

arrangement made it possible to install a blue excitation light source at one port and to focus 

the excitation blue light on the phosphor sample mounted on a temperature-controlled cold plate 

on the opposite port of the sphere. I created a cone with a black outer surface with a small 

aperture to decrease the amount of blue light inclining outside the sample (i.e. on the sphere 

wall and on uncovered surface of the cold plate). This ensured to capture reasonable levels of 

converted light without saturating the spectroradiometer with the blue excitation. Also, I painted 

black the whole thermostat to reduce the amount of reflected blue light. The spectral power 

distribution (SPD) of the secondary emission of the phosphor samples was measured by a CAS-

140CT spectroradiometer; my measurement arrangement can be seen in Figure 4.10. 

The samples were exposed to variable intensities of blue light while the temperature of 

the phosphor samples was controlled in a wide range from 15 °C even up to 150 °C. This 

arrangement allowed me to investigate the temperature dependent behaviour of some 

wavelength conversion materials. 

 

Figure 4.10: Test setup for phosphor sample measurements: (a) Schematic of the integrating sphere arrangement 

with excitation blue light source and passive phosphor layers attached to a temperature-controlled stage; (b) 

photograph of a custom-made phosphor sample attached to a temperature controlled stage. 
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As the integrating sphere is not calibrated in the given geometrical arrangement, I could 

use only an estimated blue reference SPD for the temperature-dependent efficiency 

calculations. For the definition of the different efficiency parameters of the phosphor refer to F. 

Schubert’s widely known book on LEDs [30]. Figure 4.11, Figure 4.12 and Figure 4.13 show 

the temperature dependence of different properties such as conversion efficiencies of the 

characterized custom made PDMS samples (Powder 1 and Powder 2) and of a factory original 

phosphor layer in the form of a large diameter CoB device. The CoB device was in OFF state 

during all measurements (anode and cathode were shorted) used only as a passive target 

similarly to that of in Figure 4.10. 

 

Figure 4.11: “Blue” absorption rate. 

 

Figure 4.12: External quantum efficiency. 

 

Figure 4.13: Power conversion efficiency. 

The measurement results show that not only the efficiency of the phosphor layer 

depends on the temperature, but slightly the wavelength of the converted photons (thus, the 
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emission spectra) as well. Because of the experienced linearity in conversion efficiency, this 

effect could be built in the multi-domain model dealt with at the department. Based on my 

experimental data, a thermo-optical phosphor model was set up and was built into a thermal 

solver; the parameters regarding the temperature dependence can be well fitted to data of other 

phosphor materials. 

4.3.3 Measurement of custom-made phosphor converted white LEDs 

Using the same phosphor-PDMS composites as in case of the stand-alone samples, the 

original phosphor-lens structure of flip-chip assembled LED packages were replaced by my 

own, custom made phosphor-lens structures (Figure 4.14 (b)). I used exactly the same chip-

package-starboard assembly (XPG3 flip-chip power LED from CREE) to assure that the 

phosphor layer itself causes the only difference between the measurements. My aim was to 

convert different number of photons using the same blue excitation every time. I chose a flip 

chip assembly of the base LED device to make sure that the electrical connections of the LED 

chips remained intact while I removed the original dome, and added my own custom-made 

phosphor layers. 

 

Figure 4.14: Creating my own white LEDs from Cree XPG3 LEDs: (a) Bare blue LED packages with original 

phosphor and lens removed, (b) custom-made phosphor layer with known composition and new lens, (c) blue 

LED packages with the new phosphor + lens structure attached, (d) simplified cross-sectional view of the 

custom-made LED structures [C13]. 

I fully characterized the bare blue LED (Figure 4.14 (a)) by isothermal forward current 

– forward voltage – radiant/luminous flux (iso-IVL) measurements. Then, I removed the 

original lens and replaced by my custom fabricated clear polydimethylsiloxane PDMS one. I 
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repeated the process 4 times to examine the reproducibility. A complete isothermal IVL 

characterisation was then performed after each deposition. I found the radiant flux deviation to 

be below 3 % between the individual lenses. The blue reference device that I selected was 

within 0.3% of the average characteristics. 

Then I fabricated the phosphor converted white LED by proximate conformal phosphor 

deposition before forming the clear lens. I mixed the phosphor powder with PDMS in 50-

50 m/m% and I deposited wavelength converter layers of four different thicknesses. With the 

same mass fraction of PDMS and phosphor powder, I fabricated my custom made white LEDs 

with 4 different phosphor layer thicknesses. My goal was to convert different amounts of blue 

photons to longer wavelengths. This way four different spectral power distributions (thus, four 

different CCT-s) were achieved. Absolute spectral power distributions of a particular custom-

made white LED (measured at different temperatures) are shown in Figure 4.15. 

 

Figure 4.15: Temperature-dependent spectral power distribution (SPD) of a custom-made proximate conformal 

phosphor sample. 

I performed isothermal IVL characterisation for each phosphor layer setup for 6 forward 

current values at 5 pn junction temperatures in case of all my custom-made white LEDs (Figure 

4.14 (c)). I used spectral data to calculate various efficiency curves (Figure 4.16) of the light 

converter layer. For the definition of the different efficiency parameters of the wavelength 

converter phosphor materials, I considered F. Schubert’s widely known book on LEDs as the 

reference source [30]. According to the measurement results, the in-house white LED 

“manufacturing process” was fairly consistent. 

After the measurement of the isothermal IVL characteristics, I dismounted the lenses 

and cross sectioned them to measure the thickness of the phosphor layers inside (Figure 4.17). 

As it is shown in these figures, the temperature of the phosphor layer has significant impact on 

the external quantum efficiency and on blue absorption, which affects not just the efficiency of 

the LED but the correlated colour temperature of the resulting light output as well. This is one 

decisive reason why it is necessary to establish joint compact and detailed multi-domain 

(thermal, electrical and optical) models in case of white LEDs, especially for CoB devices. 
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Figure 4.16: Different efficiency parameters of the custom-made phosphor converted white LEDs measured 

under various operation conditions (forward current and temperature were varied). 

 

Figure 4.17: Cross sectioned measurement of the phosphor layers thickness. (Detail of an image showing the 

different phosphor layer thicknesses.) 

The thickness dependence of the total dissipated power and the temperature rise of the 

phosphor layers is shown in Figure 4.18. I calculated the power dissipation inside the phosphor 
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layer by the accumulated energy of the absorbed blue photons plus the energy loss caused by 

the so called Stokes shift e.i. the energy difference between the absorbed and emitted photons. 

The final data set of my investigations was used to validate the multi-domain phosphor 

model when applied to the custom-made single chip reference LED devices. 

 

Figure 4.18: The layer thickness dependence of the major thermal properties of the custom-made phosphor 

layers identified from the measurements: a) thickness dependence of the total dissipation of the phosphor layer; 

b) calculated temperature rise of the phosphor layer. 

 

Thesis III. 

I experimentally showed for LEDs that environmental parameters such as temperature and 

relative humidity have significant effects both on instrument and component level, therefore 

affect the measured characteristics in an unwanted way. 

On instrument level, I demonstrated that the relative humidity in the integrating sphere 

affects the apparent optical parameters of the device. I propose the usage of stricter restrictions 

than the current conditions for regulating humidity, set by the approved methods and standards, 

to minimize the phenomenon. 

On component level, I elaborated new characterisation methods to reveal temperature and 

relative humidity dependence for various parameters of pc-WLEDs. These parameters include 

the relative light output of the pc-WLED, as well as the "blue" absorption rate, the external and 

internal quantum efficiency and the Stokes shift of the wavelength converter material. For this 

purpose, I fabricated sample structures with different phosphor layer thicknesses and I 

elaborated comparative measurement based methods. 

The above new methods enable to further improve the existing multi-domain LED model 

and to elaborate a new phosphor model. 

 

Related publications: [J5], [C1], [C4], [C5], [C13] 
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Utilization of the results, further research plans 

The refined measurement considerations described in my first thesis were proposed 

already at the start of the Delphi4LED H2020 ECSEL project; thereafter the measurements 

were carried out in accordance with my recommendations both by BME and by the consortium 

members. During the project I further developed my initial suggestions and as a result, one of 

the important outcomes of the Delphi4LED project on the part of BME was the proposal to 

update the JEDEC JESD51-51 standard. The new standard version has already been adopted 

by the committee vote. The refined measurement methods I propose also serve as an extremely 

useful basis to develop rapid test procedures in the recently launched AI-Twilight H2020 

ECSEL project. 

I have already successfully implemented the base concept of my second thesis in the 

NANOTHERM European project. The novel method I proposed – i.e., combining the thermal 

transient-based LED characterisation with the standard LM-80 life testing – served as the basis 

of János Hegedüs' thesis and later his dissertation. The new idea I proposed was also the basis 

for the 2017 THERMINIC article that was awarded the prestigious Harvey Rosten Award for 

Excellence at the 2018 SEMI-THERM conference. Lifetime testing supplemented with thermal 

testing is one of the starting points of the recently launched AI-Twilight H2020 ECSEL project. 

Recognizing the dependence of the efficiency of phosphor materials on relative 

humidity was an important addition already to the NANOTHERM project; even life-time 

models could be enhanced with relative humidity dependency characteristics. Further 

development of measurement techniques made it possible to measure temperature-dependent 

properties of wavelength converter materials in the Delphi4LED project. My research in this 

regard will provide an important input also for the LED modelling tasks in the AI-Twilight 

project. 

I will continue my research work in the AI-Twilight project. One of the fundamental 

objectives of the project is to develop a high-throughput rapid test method that allows mass 

measurements on LEDs. My goal is accordingly to develop a procedure that minimizes 

measurement time while keeping measurement accuracy and resolution at a reasonable level. 

For this purpose, I plan to combine the JEDEC JESD51-5x family of standards and the CIE 

2017:127 method in order to combine the advantageous properties of both processes. That way 

the measurement procedure could be scaled up to in-line testing while keeping the 

instrumentation requirements at a feasible level which is a favourable outcome of the most 

recent AI-Twilight project. 
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Summary 

During my doctoral research, I dealt with the state-of-the-art test methods for modern 

light emitting diodes. As a result, in addition to developing the relevant theoretical background, 

I proposed practical laboratory processes. 

In my dissertation, I discussed various issues during the standardized calibration of the 

temperature dependent forward voltage of LEDs, which is fundamental to proper thermal 

transient testing. The habits of general laboratory-practice, even in compliance with the 

standards, can significantly distort the results of the measurements. Taking into account the 

fitting methods prescribed by the standards, the effects of the parallel heat flow path, as well as 

the laboratory routine – after analytical derivation – I gave practical recommendations to 

achieve theoretically correct measurement results without artefacts. 

With thermal transient testing, not only the current state of a given structure can be 

examined, but even by performing it during life testing, the aging trend can also be examined. 

In my opinion, there is a need for a comprehensive measurement recommendation that allows 

simultaneous the electrical, thermal, and optical characterisation during aging tests of LEDs. I 

started to develop such a procedure, and with the presented results I justified the necessity of 

such a method, and the possibilities inherent in it. 

During the development of the presented method, I started to study the temperature and 

relative humidity dependence of the wavelength converter material of white LEDs. These two 

parameters obviously influence the nature of aging, but they can also significantly affect the 

instantaneous results of control measurements, and thus the quality of the input data of later 

calculations and simulations. 
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