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Abstract: 
This paper presents a comprehensive static and transient thermal simulation model for high-power 
LED-modules to produce white light with a defined quality. Since high power and high efficiency 
InGaN-LEDs emit blue light, a color conversion element (CCE) is necessary to produce the white light. 
The performance of the CCE is dependent on the temperature and on the blue light flux. While a 
classical goal of thermal simulation and thermal management is to optimise a thermal resistance for a 
defined heat source, the goal of our simulations is to control the heat dissipation in the LED-chip and 
in the CCE, which are dependent on each other and on their temperatures. Both components, LED 
and CCE, exhibit efficiencies that are nonlinearily dependent on the input power (electrical power, light 
power) and temperature. Accordingly, the nonlinear properties of both, LED and CCE, need to be 
integrated into the simulation model. Electrical measurement, optical measurement, temperature 
measurement, and IR-thermography are used to verify the model-setup. The static and transient 
simulations use the electrical LED current or voltage as input and determine the temperature 
distributions in the LED and the CCE, thus allowing for a systematic approach to improve the white 
light quality and the reliability and lifetime of PC-LED-modules under various operation modes. 

Key words: High-power LED, color conversion elements, thermal FEM simulation, IR thermography, 
junction temperature estimation. 

Introduction 
In the last years, solid state lighting showed an 
increasingly huge potential as future 
illumination technology. General lighting 
applications and automotive lighting already 
benefit from the high efficiency of LED lighting 
systems [1][2]. Since high efficiency LEDs emit 
light in the blue color range, a color conversion 
element (CCE) is needed to generate the 
desired white light with a defined quality (color 
temperature, chromaticity coordinates, color 
rendering index CRI, etc.). The CCE typically 
consists of phosphor particles embedded in a 
silicone matrix (phosphor converted LED) [3]. 

Typical high-power LEDs with an emitting 
surface of ~1 mm² can emit a total blue light flux 
of ~1 W, and produce a heat flux of several 
W/mm², which heats up the LED and has to be 
dissipated towards the heat sink. The power, 
the dominant wavelength, and the spectral 

bandwidth of the blue light emitted by the LED 
depends on the forward current and on the LED 
temperature, especially on the effective 
temperature of the active region of the LED 
chip, commonly referred to as junction 
temperature [4][5][6]. In real high power LEDs 
with multiple quantum wells (MQW) and a 
rather large emitting surface, covered partly by 
an electrode structure, however, there is no 
single junction nor a unique junction 
temperature [7][8]. For practical reasons, the 
effective junction temperature together with the 
forward LED-current is used to describe the 
performance of the LED. The concept of a 
modified Shockley equation allows using the 
forward voltage of the LED to determine this 
junction temperature with a resolution better 
than 1 K [9]. For our simulations, we assume a 
(time independent) complete and unique 
description of the LED operation by the triplet of 
forward voltage, forward current, and junction 
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temperature [10]. These three figures uniquely 
define the optical output power and spectrum, 
as well as the loss power, which is responsible 
for an increase of the junction temperature. 

The color conversion element (CCE) represents 
a second source of heat in this LED-system. 
Phosphor particles in a silicone matrix absorb 
blue photons from the LED and convert them 
with temperature dependent quantum efficiency 
QE into photons with a lower wavelength. From 
the limited quantum efficiency and the Stokes 
shift we can calculate the local temperature 
dependent loss power in the CCE. The 
distribution of the absorption figure in the CCE 
is calculated by ray-tracing simulations, for a 
given particle distribution. Due to the relatively 
low thermal conductivity of the CCE in 
comparison to the LED-chip, the temperatures 
in the CCE are much higher than the junction 
temperature [11][12][13]. 

Steady state experiments and simulations are 
used to develop our model and to verify the 
materials parameters. Transient simulations 
can be used to evaluate the effect of pulsed 
LED operation (PWM) on the temperature 
distribution in the LED and the CCE, to  
optimise for the white light quality, and the 
reliability and lifetime of the complete phosphor 
converted LED-module, under various 
operation modes. 

LED Sample and Model 
In order to develop a comprehensive LED-
module model, we have chosen a typical InGaN 
LED chip (Cree EZ900 II) mounted on an 
insulated metal substrate (IMS). The IMS 
consists of an Al sheet with an insulating 
dielectric layer (90 µm) and a Cu layer (70 µm). 
Samples of LED-modules have been prepared 
with and without CCE. Figure 1 shows the 
schematic chip layout from the datasheet [14]. 
The datasheet contains figures showing typical 
inter-dependencies of forward voltage, forward 
current, junction temperature, light flux, and 
dominant wavelength. 

 
Fig. 1. Geometry of a Cree EZ900 II InGaN-LED 
(original images from datasheet [14]). 

Figure 2 shows a photo of the LED-chip 
mounted on the IMS by a silver-based 

conductive adhesive as anode and the wire-
bonded cathode at the LED top-surface. 

 
Fig. 2. Sample chip on IMS (18 mm x 10 mm). The 
bottom anode is mounted using a silver based 
adhesive and wire-bonds contact the top cathode. 

As there is no detailled information about the 
internal structure of the LED-chip available, we 
had to design an equivalent geometry model, 
with equivalent materials parameters. From 
microsection images, however, we could verify 
some principle dimensions of the LED chip, our 
adhesive layers, and the IMS. The simplified 
3D-geometry model has been created using the 
open-source-software Gmsh/GetDP [15][16]. 

Figure 3 shows the 3D-geometry model. Due to 
the symmetries we can use only 1/8 of the real 
sample thus reducing the FEM calculation 
effort. The complex and unknown multiple-
quantum-well structure (MQW) of the LED chip 
has been replaced by a single equivalent   
block where the LEDs loss-power is dissipated. 
Additionally, we omitted the influence of the 
electrode structure of the top-cathode, thus 
neglecting additional inhomogeneities in the 
current distribution, light emission, power 
dissipation, and consequently the temperature 
distribution [8]. The Si chip carrying the metal 
layer below the MQW is used as anode and 
therefore acts as series resistor with additional 
temperature dependent Joule losses. 

 
Fig. 3. Model geometry: The active LED layers are 
modelled as a single thin layer on top of the Si-chip. 
A typical temperature distribution is shown on the top 
of the active LED domain. 

Within this simplified sample geometry, the heat 
equation (1) is solved for temperature T, using 
the open-source GPL package GetDP. 
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vp qT
t
Tc )(  (1) 

The materials parameters mass density , 
specific heat capacity cp, thermal conductivity  
may all appear temperature dependent. The 
source term qv represents the volume heat 
power and is determined by experimental LED 
characterisation. GetDP uses a Galerkin 
representation of the heat equation, which 
contains also surface terms, e.g.  for convective 
and radiative cooling. 

Experimental LED Characterisation  
For our simulations, we use the LED forward 
current as only input parameter, with 
appropriate boundary conditions for cooler-
temperature and convective cooling. The 
respective temperature dependent heat 
dissipation in the system is determined from 
characteristic maps and their analytical 
approximations. These properties of the LED 
sample are experimentally determined by the 
pulsed forward voltage method in an integrating 
Ulbricht sphere [5][6][9]. Within certain limits, 
we may assume a constant temperature for the 
whole LED module equal to the junction 
temperature. This temperature is measured by 
a Pt100 sensor at the top of the IMS and 
controlled by a Peltier element attached to the 
bottom of the IMS. Short rectangular current 
pulses are applied to the module, the forward 
voltage and the emitted light flux and spectrum 
are measured.  

The results are characteristic maps (Figure 4 
and Figure 5) describing the correlations 
between forward voltage, forward current, 
junction temperature, emitted blue light, and 
consequently the dissipated loss power and the 
LED efficiency. This loss power acts as heat 
source in the active LED-region. 

 
Fig. 4. UIT characteristic map: Forward voltage UF, 
forward current IF, junction temperature T determined 
by the forward voltage method with 30 µs current 
pulses. 

 
Fig. 5. EIT characteristic map: LED efficiency 

 = Pblue / Pel versus forward current IF and junction 
temperature T. 

The non-linear simulation for a chosen forward 
current iteratively calculates the temperature 
distribution in the system, the forward voltage, 
the emitted blue light flux, and consequently the 
LED loss power. 

As the evaluation of the experiments did not 
show any relevant temperature dependence of 
the LED series resistor, we could safely neglect 
its influence on the measured voltage and light 
flux. 

Identification and Verification of Parameters 
Finite element modelling FEM starts with an 
idealised, simplified geometry model and 
materials parameter estimated from bulk 
material data. As neither the geometry-model, 
nor the available bulk materials data can 
exactly reflect the real sample properties, the 
final parameterisation of the FEM-model is the 
result of an iterative process. The temperature 
distribution calculated by a first simulation with 
an initial set of estimated parameters is 
compared to the (surface) temperature 
distribution experimentally determined by IR-
thermography. Figure 6 shows typical emission 
corrected thermograms taken at a forward 
current of 350 mA and 25°C cooler temperature 
with two different thermography systems 
operating in the 3-5 µm (Infratec IR 8300) and 
in the 8-12 µm (Agema THV900) range of 
wavelengths. 

From a tolerance analysis, we can identify the 
parameters which have the largest impact on 
the simulation result, and adapt them 
accordingly to the measurement data. Table 1 
summarises the final thermal materials data-set 
used in our simulations. The thermal resistance 
of the adhesive layer showed the most 
important impact on the simulation result. 
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Fig. 6. Emission-corrected thermograms of the 
LED at 350 mA and 25°C cooler temperature.  
Top: Infratec IR8300, spatial resolution ~6 µm/pixel. 
Bottom: Agema THV900, spatial resolution 
~70 µm/pixel. 

Tab. 1: Thermal material parameters applied in the 
FEM model. 

 Thermal 
conductivity

(W/mK) 

Heat 
Capacity 
(J/kgK) 

Specific 
density 
(kg/m³) 

LED 45 325 5320 

Si-Chip 100 700 2340 

Adhesive 0.45 800 7000 

IMS-Cu 270 420 8300 

IMS-Diel. 2.60 900 3000 

IMS-Al 138 897 2700 
 

LED Simulation 
The simulations for a chosen forward current IF 
start with an initial value for the temperature 
distribution in the LED-module. From the 
characteristic maps we determine the power 
dissipated in the LED, as well as the power of 
the emitted blue light. The blue light power Pblue 
is used as input parameter for the additional 

colour conversion element simulations. In an 
iterative loop, the final temperature distribution 
is determined. 

4.),( FigTIU FF  (2a) 

),( TIUIP FFFel  (2b) 

5.),( FigTI F  (2c) 

),(1 TIPP Felloss  (2d) 

Figure 3 shows a resulting temperature-
distribution on the LED surface. The 
representative junction temperature T is 
calculated as mean temperature across the 
volume of the active LED-domain. The 
inhomogeneity of the real temperature-
distribution is neglected.  

Figure 7 depicts temperature line-scans across 
the center of the LED surface and the IMS 
surface from simulations compared to line-
scans from emission corrected IR-
thermography acquired by two different 
systems: AGEMA THV900 (8-12 µm) and 
Infratec IR8300 (3-5 µm). The largest 
temperature gradient occurs between LED 
surface and IMS surface, indicating a significant 
thermal resistance, which has to be attributed 
mainly to the thermal resistance of the Si-chip 
and the adhesive layer. Accordingly, we can 
verify the effective thermal conductivity of the 
adhesive layer (see Table 1). 

 
Fig. 7. Comparison of FEM simulation results (solid 
lines) and results from emission-corrected IR-
thermography (cmp. Fig. 6) (blue dots: Agema 
THV900, red dots: Infratec IR8300). 

In Figure 8 we collect time dependent 
simulation results for the temperatures across 
the vertical center-line through LED and IMS. 
Within the first 40 µs, the temperature in the 
active LED domain raises by less than 0.5 K, 
while the IMS temperatures remain at the initial 
value. These results show the temperature 
error level due to the pulse length for the pulsed 
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forward voltage measurements. Accordingly, 
we can justify a temperature resolution better 
than 0.5 K for our experimental 
characterisation. 

 
Fig. 8. Transient simulation results at IF = 350 mA. 
Within the first 40 µs, the temperature in the active 
LED domain rises by less than 0.5 K, while the IMS 
temperature remains cold. 

LED Module with CCE 
The most common approach for white light 
generation relies on a combination of blue LED 
light and the excited emission from one or more 
phosphor materials. The phosphor is part of the 
colour conversion element (CCE), which 
typically consists of phosphor particles 
embedded in a silicone matrix. As shown in 
[17], the white light quality critically depends on 
the arrangement of the CCE within the LED 
package. Moreover, the optical properties of the 
materials constituting the CCE and their 
temperature dependency, have a huge impact 
on the constancy of the chromaticity 
coordinates [18][19]. Furthermore, phosphors 
generally face the problem of decreasing 
luminescence intensity with increasing 
temperature. Consequently, the CCE is a 
distributed source of heat in the LED module, 
non-linearly dependent on temperature and 
light flux. The limited quantum efficiency and 
the accompanying Stokes-shift produce heat. 
Due to the rather low thermal conductivity of the 
silicone matrix, temperatures much higher than 
the LED junction temperature occur in the CCE. 

The presented LED-model has successfully 
been used to investigate LED modules with 
attached CCE [20]. Optical ray tracing 
simulations provide a 3D map of the absorption 
of the blue light, the total blue light power is 
provided by the LED-model. The conversion of 
absorbed blue photons into emitted white 
photons is described by the temperature 
dependent quantum efficiency QE of the 
phosphor particles.  This nonlinear efficiency 
number together with the Stokes shift 

(wavelength dependent light power) is 
responsible for the localised heat generation in 
the CCE. 

Figure 9 shows a good correspondence 
between FEM simulation and IR thermography. 

 
Fig. 9. Comparison of FEM simulation results for 
the LED module with CCE (solid lines) and results 
from emission-corrected IR-thermography (red dots: 
Infratec IR8300). 

Conclusions 
We have developed a rather complete model 
for phosphor converted high power LED 
modules. The parameterisation and verification 
of the LED-module is accomplished by a 
combined electrical-thermal-optical procedure. 
For a given LED forward current the 
temperature distribution throughout the module 
and the emitted light power are simulated, 
additionally allowing to determine the quality of 
the emitted light (e.g. colour constancy, 
chromaticity, colour rendering index, colour 
temperature). The presented model allows a 
systematic approach to optimise the 
performance of phosphor converted LED 
modules. Static and transient simulations can 
be used to evaluate the effect of varying 
materials parameters with their temperature 
dependencies, and excitation patterns on the 
complete LED-CCE-system, with respect to the 
emitted white light quality and stability, and life-
time aspects resulting from temperature. 
Several resulting aspects have been published 
by the authors, recently [17][18][19][20]. 
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