
Keppens A., Evaluation of current and temperature effects on HPLED efficiencies 

EVALUATION OF CURRENT AND TEMPERATURE EFFECTS ON 
HIGH POWER LIGHT-EMITTING DIODE EFFICIENCIES 

Keppens A.1,2, Ryckaert W. R.1,2, Deconinck G.2, Hanselaer P.1,2 
1 Light & Lighting Laboratory, Catholic University College Ghent, Gebroeders Desmetstraat 1, 

B-9000 Gent, Belgium. 
2 ESAT/ELECTA, K.U.Leuven, Kasteelpark Arenberg 10, B-3001 Leuven, Belgium. 

 

ABSTRACT  

Luminous efficacy is one of the major characteristics used to qualify and compare different light 
sources. For high power light-emitting diodes (LEDs) however, efficacy values provided by 
manufacturers are often subject of discussion. Indeed, different operating conditions met in 
industrial laboratory environments and practical applications result in large differences between 
production specifications and real LED performance, compromising a successful implementation. 
Especially the use of continuous high drive currents affects the LED flux and efficiency in practical 
applications. At a constant junction temperature the diode efficiency decreases for high currents, 
an effect generally known as the efficiency droop. Furthermore, these high currents cause an 
important power loss due to the internal series resistance of the diode package. This effect 
induces an additional increase in temperature, which in turn influences the LED efficiency in a 
negative way. In this paper, the influence of high currents and temperatures on the luminous flux 
is measured with a custom made integrating sphere. During these measurements, the LED input 
current and junction temperature are varied independently by use of a LED mount incorporating a 
Peltier element. Experimental results are used to characterize and model the large discrepancies 
between specifications of LEDs and their field behaviour.  
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1. INTRODUCTION 

The use of high power light-emitting diodes has become very popular in a wide range of lighting 
applications. However, the break-through of LEDs in general lighting is still subject of discussion. 
The main obstacles are the often moderate system efficiency and luminous flux, the need for 
narrow binning regions when combining several devices and the price. Furthermore, optical and 
electrical output characteristics are strongly dependent on the diode current and junction 
temperature. Low currents and temperatures are especially favourable regarding luminous 
efficacy and lifetime, while high current and temperature values strongly reduce the overall diode 
performance (Narendran, 2004). 

This work describes a custom made experimental setup allowing to measure radiant fluxes of 
commercial high power light-emitting diode packages for a range of independently varied currents 
and junction temperatures. The difference with recently developed analogous measurement 
systems at NIST (Zong, 2008) or other research facilities (Gu, 2006, and Zou, 2008), is the 
combined use of a new integrating sphere design with minimal baffle surface (Hanselaer, 2009) 
and a Peltier element for temperature control incorporated into the LED mount, respectively. This 
combination allows to determine forward voltage or input power, radiant flux, diode efficiency and 
the thermal resistance of an LED package for each set of current and junction temperature 
values. Moreover, as the LED fluxes are always measured spectrally, the number of extracted 
photons, external quantum efficiency, spectrum or peak wavelength shift and all types of 
colorimetric quantities can be examined as a function of current and temperature as well. In this 
paper however, chromaticity calculations will not be taken into account. 

2. EXPERIMENTS 

A commercial high power light-emitting diode package has been selected for investigation 
through various current-voltage and integrating sphere measurements. This cool white LED (6300 
K) is based on phosphor conversion of a blue InGaN emitter (450 nm). 

1 



Keppens A., Evaluation of current and temperature effects on HPLED efficiencies 

Forward current-voltage characteristics of the LED have been determined with a Keithley 2440 
5A SourceMeter used in a four-wire set-up and controlled by a LabVIEW 7.1 program. In order to 
minimize the junction temperature rise, especially at high electric power input, a complete current-
voltage characteristic measurement is executed in about half a second. Successive voltage 
measurements show that junction temperature increase during these measurements can indeed 
be neglected. 

Current-voltage characteristics at different temperatures have been measured by placing the 
packaged light-emitting diode in a Heraeus UT6 isothermal oven with active air circulation. The 
predefined oven temperatures have been precisely measured with a PT100 thermistor, four-wire 
connected with a Keithley 2510 TEC SourceMeter. Four ambient temperatures were selected 
within a range of typical light-emitting diode operation temperatures: 300 K, 320 K, 340 K and 360 
K (see Fig. 1). For each setting, at least 20 minutes delay between the set-temperature and the 
measurement was respected in order to assure thermal equilibrium between the air in the oven 
and the diode junction. Thermal equilibrium was checked by measuring the forward voltage at a 
small current pulse (1 mA) every two minutes. 

 
Figure 1. Current-voltage characteristics with exponential fits measured at four different 
temperatures (left). From these curves the internal series resistance of the package was 
determined at each temperature, resulting in an exponential temperature dependence (right). 

The current-voltage characteristics measured at different temperatures allow to determine the 
diode forward voltage and internal series resistance as a function of the junction temperature for 
fixed currents (see Fig. 1). These dependences, respectively showing a linear and exponential 
behaviour, can be used to calculate both the junction temperature of LEDs in practical 
applications (Keppens, 2008 (2)) and the current and temperature dependent input power loss 
due to the internal series resistance (Keppens, 2008 (1)). 

In Fig. 2, the custom made integrating sphere with particular location of the reference port, 
detection port and sample port is shown. A quartz fibre bundle (3 mm diameter) couples the light 
hitting the detector port into a 1/4 m focal length spectrometer (Oriel Instruments type 74055 
MS260i). The grating has a line density of 150 lines/mm. At the spectrometer exit plane, a 1 inch 
Andor back illuminated and cooled (-30 °C) CCD detector (model iDUS DV420A-BU2) is 
mounted, obtaining a spectral resolution of approximately 4 nm while the complete visible 
spectrum is recorded. Data acquisition with full vertical binning, dark current correction and an 
integration time set for optimum signal-to-noise ratio is controlled by LabVIEW software. 

The LED package has been attached to the sphere surface using an aluminium mounting 
plate incorporating a Peltier element and a PT100 thermistor, four-wire connected with a Keithley 
2510 TEC SourceMeter. The Peltier element (with active air or water cooling) regulates the plate 
temperature until the thermistor shows the same temperature as the Keithley set point 
temperature (see Fig. 2). Meanwhile, the LED temperature is determined using the forward 
voltage method, once again using a Keithley 2440 5A SourceMeter used in a four-wire set-up. If 
necessary, the thermistor set point temperature is lowered until the diode junction temperature 
shows the desired value, taking into account the thermal resistance between the LED junction 
and the mounting plate (Jayasinghe, 2006). 
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Figure 2. Integrating sphere setup with three ports (left), i.e. the reference port, detection port and 
sample port, respectively. The sample is temperature controlled by use of a Peltier element. On 
the front side of the sample port plug the high power diode package, a temperature sensor and a 
small baffle are mounted (right). 

Using the measurement system described above, the LED input power, power loss into the 
internal series resistance and spectral output power can now be determined as a function of the 
drive current and junction temperature independently. In practice, the number of data acquisition 
points has been limited to six current and five temperature values within four measurement series 
(see Table 1). 

Table 1. The black dots show the current (horizontal, in A) and temperature (vertical, in K) values 
that have been selected for data acquisition. The diamonds indicate the points that have been set 
during two measurement series (one at constant current, one at constant temperature) and 
therefore serve as control points. 

 0.035 0.105 0.175 0.245 0.350 0.500

290  •   •  
300 • ♦ • • ♦ • 
310  •   •  
320 • ♦ • • ♦ • 
330  •   •  

 

3. RESULTS AND DISCUSSION 

3.1. Luminous efficacy calculations 

Given the measured spectral radiometric flux and forward voltage values, luminous efficacy 
values can be easily calculated using the following equation (CIE, 2007): 
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with  = 683 lm/W,  the measured spectral radiometric flux, mK (, ,e I TλΦ ( )V λ  the spectral eye 

sensitivity function, and  the measured diode forward voltage. ( ),fU I T ( ),I Tvη  values of the white 
LED are plotted in Fig. 3. Note that the current and temperature dependence of the luminous 
efficacy is due to the current and temperature dependence of both the spectral radiometric flux 
and the input power ( ) (, ,fU I T )inP I T I= ⋅ . 
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Figure 3. Three-dimensional scatter plot (blue dots) including surface fit for the luminous efficacy 
values of the white LED. The same data grid as explained in Table 1 has been used. 

Three-dimensional luminous efficacy fits as plotted in Fig. 3 allow to calculate and compare 
this quantity for different operating conditions. For the LED under consideration, three conditions 
have been chosen (see Table 2): 

− A 35 mA current ( lowI ) at 295 K junction temperature ( lowT ). This condition corresponds 
with pulsed low current diode testing often used in industrial laboratory environments. The 
35 mA drive current value has been chosen in order to compare with a 10 % PWM 
dimming at 350 mA in later experiments. 

− A 350 mA drive current ( highI ) at 295 K junction temperature ( lowT ), corresponding with the 
pulsed testing at the end of LED package production lines. The values obtained here are 
generally used for binning and datasheet construction. 

− A 350 mA current ( highI ) at 330 K ( highT ). This condition can be considered corresponding 
with continuous LED operation in practical situations with appropriate heat sinking. 

Table 2. Luminous efficacy values for the selected LED under different operating conditions. The 
percentages between parentheses denote the relative luminous efficacy decrease in comparison 
with the column on the left. 

lm/W lowI  -  lowT highI  -  lowT highI  -  highT

LED efficacy 109.77 95.03 (13.43 %) 87.85 (7.56 %) 
 

The luminous efficacy values in Table 2 immediately show the major impact of different 
operating conditions on the light-emitting diode output performance. If operation in practice is 
compared with industrial laboratory testing, the efficacy value decreases by about 21 % (sum of 
the relative decreases between parenthesis in columns 3 and 4). 

In order to gain more insight in the current and temperature dependence of the luminous 
efficacy of LEDs, it is necessary to redefine ( ),v I Tη  as a product of different efficiency-related 
components. Indeed, Eq. (1) can be written as: 
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with  the photometric flux of the package, corresponding with the numerator of Eq. (Φ ,I T

( ),T
) (1), and 

 the junction voltage, i.e. the diode forward voltage jU I ( ),fU I T  decreased by the voltage 

drop due to the internal series resistance ( )SI R T⋅ . In practice, ( ),TjU I  is calculated from the 

ideal exponential current-voltage behaviour fitted in Fig. 1. The last efficacy factor ( ),j inP P I T  
equals the ratio of the input power that is not dissipated into the internal series resistance, given 
that  represents the power applied to the diode junction. ( ,jP I T )
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3.2. Luminous efficacy losses due to increased current 

The variation of the photometric flux per current, the inverse junction voltage, and the useful 
power proportion as a function of the diode current is plotted in Fig. 4, graphs (a), (b) and (c). The 
relative decreases of all three efficiency-related factors due to an increased diode current at 295 
K constant junction temperature are given in the second column of Table 3. This current increase 
(  to ) corresponds with the operating difference between the first and second testing 
condition, as explained in 3.1. 

lowI highI

In theory, the photometric flux per current could be expected to be constant with increasing 
current, if the number of extracted photons per injected electron remains the same. In practice 
however, the efficiency droop causes a relevant external quantum efficiency decrease with 
increasing current (see Fig. 4 (a)). Moreover, the small current dependent spectral shift can 
cause photometric flux differences as well (Gu, 2006). Nevertheless, the relative efficiency loss 
from 35 mA to 350 mA is slightly negative, corresponding with an efficacy gain of 0.77 % (see 
Table 3). 

Plots (b) and (c) in Fig. 4 both show a clear decrease with increasing diode current. The 
former is due to the exponential current-voltage behaviour, while the latter is caused by the 
increased power loss into the internal series resistance. Indeed, Table 3 shows that going from 

 to  an extra 12 % of the initial input power is directly converted into heat due to the 
internal series resistance. This result corresponds with other measurements performed before 
(Keppens, 2008 (1)) and is considered the major cause of the rather low luminous efficacy values 
at high drive currents. Furthermore, power dissipation in the internal series resistance will result in 
additional junction heating. 

lowI highI

The sum of all three relative losses between the first and second testing condition is given in 
the last row of Table 3. This value should correspond with the 13.43 % loss mentioned in Table 2. 
Apparently, uncertainties in the separate efficiency calculation according to Eq. (2) caused a 
small overestimation of the luminous efficacy decrease. 

 
Figure 4. Graphs (a), (b) and (c) show the influence of the diode current (at 295 K constant 
junction temperature) on the photometric flux per current, the inverse junction voltage, and the 
useful power proportion, respectively. Graphs (d), (e) and (f) analogously represent the influence 
of junction temperature for a constant drive current of 350 mA. 
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Table 3. Relative decreases of different efficiency-related factors due to an increased current 
(second column) and an increased junction temperature (third column). 

% loss lowI  to  at  highI lowT lowT  to  at  highT highI

IΦ  -0.77 12.47 

1 jU  4.05 -1.67 

j inP P  11.93 -3.62 

sum 15.21 7.18 

 

3.3. Luminous efficacy losses due to increased temperature 

Graphs (d), (e) and (f) in Fig. 4 represent the influence of an increasing junction temperature at 
constant drive current (350 mA) on the photometric flux per current, the inverse junction voltage, 
and the useful power proportion, respectively. Correspondingly, the last column of Table 3 shows 
the relative efficiency losses due to different operating conditions (  vs. ) at the end of 
production lines and in practical applications (second and third condition). 

lowT highT

The remarkable flux per current decrease in Fig. 4 (d) can be attributed to both an external 
quantum efficiency decrease with increasing temperature and a temperature dependent spectral 
shift causing photometric flux differences. Mark that for the phosphor-converted white LED under 
consideration the former effect incorporates the decreasing phosphor efficiency with temperature 
as well (Schubert, 2006). 

The increasing ( )1 jU T  in Fig. 4 (e) can be expected from the temperature dependent 
junction voltage decrease described in section 2. Next to that, Fig. 4 (f) shows that the useful 
power proportion j inP P  is increasing with temperature as well. This is due to the additional 
temperature dependence of the forward voltage in the denominator , including the junction 
voltage and the exponentially decreasing internal series resistance with temperature (see Fig. 1). 

inP

Comparison of the second and third operating condition in Table 3 shows that the luminous 
efficacy loss with increased junction temperature is only due to the large flux per current decrease 
by 12.47 %. However, the increased inverse junction voltage and useful power proportion 
significantly compensate this negative effect. Indeed, the sum of all relative losses approximately 
equals the measured value of 7.56 % in Table 2. 

4. CONCLUSIONS 

Spectral radiometric flux measurements of a cool white LED package have been performed at a 
variety of drive currents and junction temperatures with a custom made integrating sphere setup, 
including junction temperature control with a Peltier element. From corresponding forward voltage 
measurements, luminous efficacy values were calculated in three different operating conditions. 
Important efficacy differences have been found between industrial laboratory environments, 
production testing conditions and practical applications. Therefore, relative luminous efficacy 
losses have been explained in terms of three efficiency-related factors, i.e. the photometric flux 
per current, the inverse junction voltage, and the useful power proportion of the package. Power 
losses in the internal series resistance are found to be the main cause for efficacy decreases at 
increased currents, while high junction temperatures reached at continuous high current 
operation appeared to have a remarkable negative influence on the diode flux per current. This 
effect is only partially compensated by the temperature dependent increase of the inverse 
junction voltage and useful power proportion. As a result, the luminous efficacy of the package 
under consideration decreases by about 21 % if LED operation in practice is compared with low 
current and low temperature operation. 
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