
 

Budapest University of Technology and Economics 

Faculty of Electrical Engineering and Informatics 

MEASUREMENT TECHNIQUES OF 

LIGHT EMITTING DIODES 

Ph. D. thesis booklet 

 Author: Gusztáv Hantos 

 Electrical Engineer, M.Sc.  

 Advisor:  Márta Rencz 

  Professor, Doctor of Sci. 

  
 

Department of Electron Devices 

Budapest, 2022.  



2 

 

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. 

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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List of major symbols 

𝛼, 𝛽 fitting parameters of the TM-21-11 approved method to model the total ra-

diant flux maintenance 

Φ𝑒 emitted optical power of the LED, alternate notation to 𝑃𝑜𝑝𝑡  as defined and 

referred to as total radiant flux or radiant power, Φ𝑒 = 𝑃𝑜𝑝𝑡, [W] 

Φ𝑉 total luminous flux, part of the total radiant flux visible at full solid angle 

to the human eye, [lm] 

λ wavelength of a photon, [nm] 

η𝑒 radiant efficiency or energy conversion efficiency or wall plug efficiency 

of the LED, η𝑒 = 𝑃𝑜𝑝𝑡 𝑃𝑒𝑙⁄ , [%] 

η𝑒𝑥𝑡  external quantum efficiency of a wavelength converter material [%] 

η𝑉 efficacy (short hand for luminous efficacy of a source as per CIE S 

017/E:2011 ILV) the value of the LED's emitted total luminous flux Φ𝑉 

divided by the 𝑃𝑒𝑙  supplied electrical power, η𝑉 = Φ𝑉 𝑃𝑒𝑙⁄ , [lm/W] 

η𝑡 lifetime budget, describing the LED aging as an efficiency parameter, [%] 

ν frequency of a photon, [1/s] 

𝐴 pre-exponential factor of the Arrhenius-equation 

𝐸𝑎 activation energy [J] or [eV] 

𝐴𝐹 acceleration factor of 𝛼 at elevated temperatures [-] 

𝐷 derivative of the total radiant flux maintenance curve, 𝐷 =
𝑑Φ

𝑑𝑡
 

ℎ Planck constant, ℎ = 6.62607015 ∙ 10−34𝐽 ∙ 𝑠 

𝐼𝐹  forward current of an LED, [A] 

𝐼𝐻  value of the forward current of the LED applied as heating current, [A] 

𝐼𝑀 value of the forward current of the LED applied as measuring current, [A] 

𝐾 K-factor, reciprocal of the 𝑆𝑉𝐹, identified at 𝐼𝑀 measuring current, [K/mV] 

𝑘𝐵 Boltzmann’s constant, 𝑘 = 1.380649 ∙ 10−23 𝐽

𝐾
 

𝑀 measure of the calibration environment, supposing that the ambient temper-

ature changes linearly to the cold plate temperature during K-factor calibra-

tion, 𝑀 =
𝛥𝑇𝐴_𝑐𝑎𝑙

𝛥𝑇𝐶𝑃_𝑐𝑎𝑙
, [-] 

𝑛 life-stressor slope [-] 

𝑃𝑒𝑙  electrical power supplied to the LED, 𝑃𝑒𝑙 = 𝐼𝐹 ∙ 𝑉𝐹 [W] 

𝑃𝑜𝑝𝑡  emitted optical power (also called radiant power) of the LED referred to as 

total radiant flux and denoted as Φ𝑒, [W] 

𝑃𝐻  heat dissipated at the junction of the LED, also referred as 𝑃𝑑𝑖𝑠, [W] 

𝑅𝑡ℎ thermal resistance, [K/W] 

𝑅𝑡ℎ𝐽𝐴 junction to ambient thermal resistance, [K/W] 

𝑅𝑡ℎ𝐽𝐶 junction to case thermal resistance, [K/W] 

𝑅𝑡ℎ−𝑟𝑒𝑎𝑙the optically corrected thermal resistance of an LED package, [K/W] 
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𝑅∥ parallel thermal resistance towards the ambient air 𝑇𝐴, 

𝑆Φ𝑒
 temperature sensitivity of the radiant flux, [W/K] 

𝑆𝑉𝐹 temperature sensitivity of the forward voltage, measured at 𝐼𝑀, [mV/K] 

𝑡 elapsed time, [s]; elapsed time of LED aging, [h] 

𝑡𝐻 heating time prior to a thermal transient, [s] 

𝑡𝑀 measurement time; time taken of a thermal transient until reaching the ther-

mally steady state, [s] 

𝑡𝑀𝐷 measurement delay time, time elapsed between the instance of switching 

the power applied to the LED under test and the instance of the first reading 

of the TSP not disturbed by electrical transients, [s] 

𝑇 temperature, [°C]; or absolute temperature, [K] 

𝑇𝐴 ambient temperature (or sometimes the reference temperature), [°C] or [K] 

𝑇𝑐𝑝 temperature of the temperature controlled cold plate, [°C] or [K] 

𝑇𝐽 junction temperature of the LED, [oC] or [K]  

𝑇𝑟𝑒𝑓  arbitrarily chosen reference temperature, [°C] or [K] 

𝑉𝐹 junction forward voltage, [V] 

𝑉𝐹𝑖 initial value of the forward voltage of the LED immediately after switching 

the power across the diode, [V] 

𝑉𝐻 value of the forward voltage of the LED when biased by the heating current, 

[V] 

𝑍𝑡ℎ(𝑡) thermal impedance, the temporal change of junction temperature with re-

spect to temperature of environment X, normalized to 1W heating power 

and scaled in z logarithmic time, [K/W] 
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1 Proposed state-of-the-art LED measurement 

method 

1.1 Highlighting issues in current state-of-the-art methods 

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

isation strongly depend on the K-factor calibration results. 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. junc-

tion 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 temper-

ature-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. In such an envi-

ronment heat transfer toward the air represents a parallel heat-flow path which dis-

turbs 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 1.1 shows 

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

Table 1.1. JEDEC JESD51-5x family of standards and JESD51-1 recommendations 

compared to common practice. 

 JEDEC prescription JEDEC notes Common practice 

𝑆𝑉𝐹 meas-

urement 

Isothermal 

(LM-80 compliant) 
– 

Also in the inte-

grating sphere 

𝑆𝑉𝐹  fitting 
Only the slope 

(K-factor) 

Best fit with linear or 

quadratic function 

Operator depend-

ent 

 

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) func-

tion; in the standard there are only remarks about applying even linear or quadratic 

functions instead. 
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1.2 Proposed K-factor calibration range and fitting method 

In case of particular LED chip types the temperature dependence of the for-

ward voltage is not linear, a single, constant K-factor is often insufficient for accu-

rate 𝑇𝐽 settings (see Figure 1.1 to the left). 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 cali-

bration temperature range if the thermal transient testing is performed at this maxi-

mum cold plate temperature. A linear extrapolation in this case may lead to wrong 

junction temperature readings. Figure 1.1 to the right shows the temperature depend-

ent forward voltage of a power LED at 10 mA measurement current in the 

25…150 °C range; the characteristics are extrapolated with linear and quadratic re-

gressions fitted to only a lower temperature range of 25…90 °C. 

 

Figure 1.1: Temperature dependence of the forward voltage of a power LED at 

10 mA measurement current in the 25…150 °C range. The sensitivity of the for-

ward voltage changes from −1.48 mV/K at 20 °C to −1.25 mV/K at 80 °C (to the 

left). Inter- and extrapolation of the temperature-dependence of forward voltage 

fitted to the 25…90 °C measured data (to the right). 
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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 fol-

lowing 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 tran-

sients. 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 rec-

orded 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. 

1.3 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 en-

vironment. This regulation supposes that the parallel heat transfer of the assem-

bly 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 tech-

nique (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. Table 1.2 and 

Table 1.3 briefly summarize the validity of the measurement results, regarding 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 1.1. 
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Table 1.2. 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). 

𝑅𝑡ℎ calculation 
𝑆𝑉𝐹 measurement 

Isothermal Sphere 

𝑆𝑉𝐹 

fitting 

Constant Case 1   ✖ Case 3   ✔ 

Function Case 2   ✖ Case 4   ✔ 

 

Table 1.3. Values of 𝑇𝐽 calculation results depending on measurement setup and 𝑆𝑉𝐹  

fitting; the JEDEC recommendation is marked with yellow background (Case A). 

𝑇𝐽 calculation 
𝑆𝑉𝐹 measurement 

Isothermal Sphere 

𝑆𝑉𝐹 

fitting 

Constant Case A   ✖ Case C   ✖ 

Function Case B   ✔ Case D   ✖ 

1.4 New method for flawless junction to case Rth measure-

ment for LEDs 

The JEDEC JESD51-14 transient dual interface test method (TDIM) is used 

to determine the junction-to-case thermal resistance of semiconductor device pack-

ages. For LED packages, the recommendations of JESD51-14 regarding the text fix-

ture 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”. 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 re-

peatability of further measurements. 
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- 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) bath as temperature controlled test environment 

must be avoided.” 

In accordance with this clause for LED TDIM measurements I recommend 

the use of dry, solid thermal interface materials instead. In the Delphi4LED project 

such guidelines were prescribed to follow during the round-robin testing. 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 meas-

urements. 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. 

 

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 charac-

terisation. 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 en-

hance 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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2 Proposed state-of-the-art LED lifetime testing 

method 

2.1 Experimental reliability testing combined with thermal 

performance monitoring 

Die attach delamination in power electronic devices is a common failure 

mode besides bond wire damage. To demonstrate the chip and packaging level ef-

fects of a newly developed power cycling test on novel mid-power automotive 

MOSFETs, I introduced my new approach, using a recently developed test environ-

ment. The idea was to combine the existent guidelines of the most relevant semicon-

ductor 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 dif-

ferent failure modes. This approach allows distinguishing between electrical and 

thermal related structural failure modes. 

The MOSFET package was found to be able to withstand the 150 °C temper-

ature amplitude beyond 100,000 cycles without critical failures (see in Figure 2.1). 

The changes of the thermal performance of the complete assembly were tracked 

from the pre-stress state until a sample reached critical condition. 

One of the main purposes of 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. 

 
Figure 2.1: Increase of the overall thermal resistance of the DUTs during power 

cycling (to the left). Structure function time evolution for device #5 (to the right). 
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2.2 First approaches 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. Of course, this is also true during the normal operation of 

the final product. 

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 2.2 shows a theo-

retical approximation for a high- (left) and a mid-power (right) LED, as the function 

of the main causes of the increase, assuming at this point, that the 3 V forward volt-

age and the thermal resistance remain constant. During the calculations I neglected 

any effects of the temperature sensitive radiant efficiency; the extremely high tem-

perature 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. 

        
Figure 2.2: Theoretical pn junction temperature increase during an LM-80 test in 

case of (left) a high-power and (right) a mid-power LED, as function of forward 

current, thermal resistance, zero-hour radiant efficiency and reached luminous 

flux decay (assuming constant thermal resistance and fixed 3 V forward voltage). 

I have proposed to perform thermal transient testing both at 25 °C and at the 

testing case temperature during an LM-80-08-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 2.4 shows the measured pn junction temperatures at 300 mA forward current. 
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Figure 2.3: Effects of the increase in the forward voltage and thermal resistance 

on the pn junction temperature increase during an LM-80 test. The initial parame-

ters 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 (left) 95% and (right) 80%. The black 

crosses indicate values corresponding to that of in Figure 2.2 (left). 

    
Figure 2.4: Pn junction temperatures of the tested mid-power LED (#S11) over the 

testing time; measured at 300 mA forward current. 

2.3 Transient testing-based calculation of Arrhenius-equation 

By theory, the proposed method consists of the following four main steps:  

0. Prerequisite: determine the pn junction temperature during the LM-80 pro-

cess, at the test current and case temperature and at an additional ambient tem-

perature (e.g., 25 °C prescribed by the LM-80 standard). 

1. Determine the light output parameters at a constant reference junction tem-

perature at any time of the aging process, calculating with the 𝑆𝛷𝑒
 temperature 

sensitivity of radiant flux. By this step the effect of the changing junction tem-

perature is eliminated and a “native radiant flux” maintenance curve is produced. 



13 

 

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 temper-

ature at which the aging phenomena of the chip occur) and 

b. the “native radiant flux” maintenance curve (i.e., the light output time func-

tion induced only by the aging phenomena). 

3. Calculate the radiant flux maintenance curve belonging to an arbitrary time 

profile of the junction temperature. 

 

Thesis II. 

I have demonstrated by an active cycling reliability test that the thermal re-

sistance 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, deterio-

rating 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 con-

tinuously changing chip temperature during aging. 

 

Related publications: [J2], [J3], [J4], [B1], [B2], [C1], [C2], [C9], [C10], [C11], 

[C12] 
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3 Revealing humidity and temperature depend-

ence of wavelength-converter materials 

3.1 Performance of power LEDs under different humidity 

conditions 

The standard LED characterisation methods do not consider changes in rela-

tive humidity of the test environment. To investigate the effects of the relative hu-

midity on both the LED samples and on the measurement system, the TeraLED and 

the T3Ster measurement instruments were used along with an Ocean Optics 

HR2000+ spectrometer. The 30 cm integrating sphere with all its assembly (includ-

ing the reference LED) was put into a WEISS WK3 340/70 climate chamber. The 

relative humidity was controlled based on the psychrometer of the WEISS chamber. 

The control electronics and the spectrometer were placed outside the test chamber 

in a climate-controlled laboratory. 

During the evaluation, it was necessary to distinguish the humidity depend-

ency of the BaSO4 coated sphere and the undomed Luxeon Z LED samples. In order 

to characterize the RH dependency of the sphere, the relative spectral power distri-

bution (SPD) of the reference LED was captured at every humidity level. From the 

achieved results a correction function could be defined for the optical measurement 

system (see in Figure 3.1 to the left). Applying this correction function, the real spec-

tra of the sample LEDs could be calculated reflecting their RH related performance 

change (see in Figure 3.1 to the right). 

     
Figure 3.1: Correction function of the optical measurement system as the function 

of the relative humidity (to the left). Raw vs. corrected relative light output as the 

function of the relative humidity (to the right). 
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3.2 New measurement techniques to characterise the tempera-

ture dependence of wavelength-converter materials 

To acquire data on temperature-dependent behavior of phosphors, a new ap-

proach was used. During the tests primarily I had the opportunity to compare the 

measured spectral power distributions. By such comparisions, I attempted to esti-

mate the temperature dependence of the following: “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. For the other three efficiency parameters, I used 

the definitions described in F. Schubert’s book on LEDs. 

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, tak-

ing 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. 

The external quantum efficiency can de expressed as the product of the in-

ternal quantum efficiency and the extraction efficiency. The internal quantum ef-

ficiency 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. 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 distribu-

tion are available. 

Measurement of blue LEDs and pc-WLEDs of the same family 

The investigations were started with a 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 that since both the blue and 

white LEDs were from the same family, thus the pump chip in the white LEDs must 

have been the same as the chips in the blue LEDs and the “only” difference between 

the blue and white LEDs could be introduced by the phosphor. 

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 

measurements, the limits of this approach are clearly visible on the measured spectra. 

Figure 3.2 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 wave-

lengths differed, therefore the assumption that the only difference between the two 

kinds of LEDs was the phosphor, was questioned. 



16 

 

 
Figure 3.2: SPDs of blue and white LEDs measured at various operating points. 

Measurement of “stand-alone” phosphor samples 

As a next step of the investigations, commercial CoB LED devices in their 

unpowered state were considered as stand-alone phosphor samples. Later on, differ-

ent PDMS/phosphor powder composites were also prepared to be characterised as 

stand-alone samples to obtain certain parameters of the phosphors. For this purpose, 

commercially available phosphor powders were used for the preparation of large-

area (approx. 5 cm in diameter) phosphor samples, using spin-coated PDMS as a 

host matrix. The wavelength conversion properties and their temperature depend-

ency as well as the thermal conductivity of the samples were measured. 

 
Figure 3.3: (a) Schematic of the integrating sphere arrangement with excitation 

blue light source and passive phosphor; (b) photograph of a custom-made phos-

phor sample attached to a temperature controlled stage. 
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The special arrangement (see in Figure 3.3 (a)) made it possible to focus the 

excitation blue light on the phosphor sample mounted on a temperature-controlled 

cold plate on the opposite port of the sphere. The SPD of the secondary emission of 

the phosphor samples was measured. 

The samples were exposed to variable intensities of blue light while the tem-

perature of the phosphor samples was controlled in a wide range from 15 °C even 

up to 150 °C (see in Figure 3.3 (b)).. 

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 3.4). Ex-

actly the same chip-package-starboard assembly (XPG3 flip-chip power LED from 

CREE) was used to assure that the phosphor layer itself causes the only difference 

between the measurements. The aim was to convert different number of photons 

using the same blue excitation every time. 

 
Figure 3.4: (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. 

The bare blue LED was fully characterized by isothermal forward current – 

forward voltage – radiant/luminous flux (iso-IVL) measurements Then, the original 

lens was removed and replaced by a custom fabricated clear PDMS one. The process 

was repeated 4 times to examine the reproducibility. A complete isothermal IVL 

characterisation was performed after each deposition. The radiant flux deviation was 

found to be below 3% between the individual lenses. The selected blue reference 

device was within 0.3% of the average characteristics. 

The phosphor converted white LED was then fabricated by proximate con-

formal phosphor deposition before forming the clear lens. The phosphor powder was 

mixed with PDMS in 50-50 m/m% and wavelength converter layers of four different 
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thicknesses were deposited. For each phosphor layer setup, complete isothermal IVL 

characterisation was performed. Spectral data was used to calculate various effi-

ciency curves of the light converter layer (see in Figure 3.5). After the isothermal 

IVL characterisation, the lenses were dismounted and cross sectioned to measure the 

thickness of the phosphor layers. As it is shown in the 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. 

       

        
Figure 3.5: Different efficiency parameters of the custom-made phosphor con-

verted white LEDs measured under various operation conditions (forward current 

and temperature were varied). 
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Thesis III. 

I experimentally showed for LEDs that environmental parameters such as tem-

perature and relative humidity have significant effects both on instrument and com-

ponent 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 tem-

perature 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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4 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 the-

oretical background, I proposed practical laboratory processes. 

In my dissertation, I discussed various issues during the standardized calibra-

tion 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 measure-

ments. Taking into account the fitting methods prescribed by the standards, the ef-

fects of the parallel heat flow path, as well as the laboratory routine – after analytical 

derivation – I gave practical recommendations to achieve theoretically correct meas-

urement 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 char-

acterisation 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 possi-

bilities inherent in it. 

During the development of the presented method, I started to study the tem-

perature 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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