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ABSTRACT

Spectra of LED devices show a noticeable temperature and current dependence. Often this behaviour can
be neglected. However, some applications like spectrometry or narrow band imaging take advantage of
the spectral characteristics of LEDs. In such cases knowledge about the spectrai behaviour is relevant.
This article describes a measurement setup for investigating the influence of temperature and current on
the spectral radiation of LED. Results from measurements are presented. Appropriate mathematical func-
tions for modelling LED spectra are discussed and their applicability is rated. A new formalism for model-
ling of LED spectra in consideration of current and temperature is derived. With this approach, the predic-
tion accuracy of the spectral behaviour is increased significantly.
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1. Introduction

LED devices have developed rapidly over the last
years with an average improvement of flux per package
of 20x per decade?. This has lead to an enormous im-
provement of the luminous efficacy and output power
per device. Thus, LED devices have become attractive
for new applications, not only for signage but also for
illumination. For general illumination the small spec-
tral bandwidth is rather unfavourable and leads to the
development of techniques for spectral broadening like
stimulation of phosphors. However, other applications
like machine vision profit from this nearly monochro-
matic spectrum, for example by using spectrally opti-
mised lenses. Another usage of LED illuminations is for
spectroscopic applications like narrow band imaging
which also takes advantage of the narrow spectral
characteristic. The spectral behaviour of LEDs for these
applications cannot be neglected. The dependence of the
spectrum on operating conditions and on environment
ought to be known. This paper describes research done
to describe and model this dependence.

2. Background

The spectra of recent LED devices depend on operat-
ing current or voltage and on temperature. This de-
pendence is often not precisely characterised in the de-
vice data sheets. Not all manufacturers specify the
spectral behaviour. Often, only the parameter dominant
wavelength A is used for characterisation. It is not pos-
sible to derive the shape of the radiation spectrum from
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the data sheet information. To specify the spectral be-
haviour, further measurements are necessary.

By using a spectrometer, it is easily possible to meas-
ure the spectral radiometric output of a source. How-
ever, cost considerations often forbid the integration of a
spectrometer in the light source for practical purposes.
If the dependences of LED spectra on environmental
conditions are to be considered, the appropriate model-
ling of those dependences is possible.

For this purpose it would be desirable to derive the
spectral characteristics strictly from a physical device
model. The generation-recombination equilibrium de-
pends on two processes: the carrier distribution of the
allowed states in the semiconductor and the density of
states in the semiconductor?. The output spectrum of
an LED is then controlled by the two terms tempera-
ture 7 and magnitude of the bandgap £z of the semi-
conductor. Equation (1) depicts this proportionality.
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Theoretically, the spectral behaviour shown in Figure
1 is expected. In accordance with this theoretical predic-
tion, measurements show that the spectral characteris-
tic depends significantly on the junction temperature
and the operating voltage of the dioded9. However, ac-
tual devices have a different characteristic which can-
not be explained with this first order model. An exam-
ple is shown in Figure 2.
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The different behaviour of the real LED compared to
the theoretical expectation results from a number of
additional semiconductor effects that contribute extra
terms to Eq.(1). Normally, a user is not able to survey
all these contributions because they depend on unstated
semiconductor properties. This problematic motivates
the search for functions which are suitable to describe
the spectral characteristic phenomenologically. Never-
theless, it is desirable that the parameters used in the
model function can be interpreted directly. For instance,
it should be possible to derive the peak emission wave-
length 4, directly from the equation. Additionally, mod-
els should be composed such that they can be easily
used in practical applications. Free parameters should
have values which can be easily measured. Since LEDs
are mostly driven by current sources in technical appli-
cation, the operating current and not the LED voltage is
considered as a variable in this paper.
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Figure 1 Theoretic spectrum of an LED with £;=2.4eV and $=33.7°C?
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Figure 2 Measured spectum of an LED HLMP-CM31-M0OODD at
iiep=20mAand $=33.7°C
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3. Measurement
3.1 Measurement setup

In order to explore the dependence of real LEDs on
temperature and operating current, the radiated spec-
trum is measured under defined currents and tempera-
tures. For this purpose, a measurement setup as shown
in Figure 3 is chosen. The device under test is thus lo-
cated within a solid block with a constant temperature.

Current #Ep is driven by a precision current source
with different current values of 1mA, 2mA, 5mA, 10mA
and 20mA. The setup is placed within a temperature
controlled lab. The device under test is mounted within
a drill-hole inside a copper block which is heated by four
resistive heaters. The diode and particularly its cathode
are flange mounted thermally in respect to this block.
Furthermore, a Pt100 temperature sensor is mounted
within the assembly near the diode. Measurement and
control of temperature are done by a commercial avail-
able temperature controller (Omron E5CN-C2MT-500
24VAC/DC). A proportional control scheme is used. An
absolute accuracy of better than 1K and a setpoint sta-
bility of <0.2 K are maintained. Temperatures from
20°C to 100°C with steps of 20K are used for measure-
ment.

It is known that the diode voltage and the operating
current cause a thermal power loss inside the LED.
This in turn increases the temperature of the LED and
should therefore be considered. The contributions from
convection and radiation can be neglected, because the
LED is completely surrounded by the heating block ex-
cept for the light exit and the temperature difference in
respect of the surrounding is small. Thus only the re-
sulting heat flux must be modelled. The ambience can
be assumed to be a thermal ground of constant tem-
perature since the LED is connected thermally to the
temperature regulated block. For calculations, a maxi-
mum power dissipation of 60mW and a maximum op-
erating current of 20mA are assumed.

To estimate the temperature gradient inside the LED,
a finite element method (FEM) simulation was done
using the modelling system Comsol Femlab 3.2. By
modelling the setup specified above, the temperature
gradient shown in Figure 4 was calculated. The excess

Figure 3 Arrangement for maintaining the temperature of LED
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temperature of the LED chip is 13.7K. This corresponds
to a thermal resistance of Rn=228 K/W for this setup. In
the literature, thermal resistance values of Rn=(210-
260) K/W99), R3=(200-300) K/'W™" and Ru=240K/W® are
reported. Considering the good thermal coupling of the
diode in this setup, the calculated value seems plausible
to the authors.

In the above model, only thermal conduction is con-
sidered. The thermal conductivity of the utilised mate-
rials in the range of 0-120°C is nearly constant. Hence,
a simplified thermoelectric equivalent circuit, depicted
in Figure 5, is used for calculating the actual chip tem-
perature.

The excess temperature in respect to thermal ground
can be calculated by Equation (2).

AT, =R, P, @

For commonly used values of current iLep, the results
shown in Table 1 are obtained.

The accuracy of simulation can be increased by calcu-
lating the actual chip power dissipation from the values
of itep and uep and subtracting the optical output
power. All spectra were measured with a spectrometer
type Zeiss MMS1. For each LED, 25 different spectra
(five currents, each at five temperature values) are
measured. As devices under test different LEDs from

Figure 4 Temperature distribution inside a 5mm LED at 60 mW
loss power in°C
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Figure 5 Equivalent circuit for calculating the chip temperature
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leading manufacturers with various semiconductor ma-
terials shown in Table 2 are chosen. All units have a T1
3/4 (5 mm) plastic housing to be comparable.

3.2 Measurement results

The measurements described above were taken for
several LEDs. Due to space limitations, not all results
can be shown here. Figures 6 and 7 depict exemplary
investigated spectra in standardised representation at
different operating conditions. It can be seen that the
sample in Figure 6 shows a noticeable dependence of
the peak wavelength on temperature while the sample
in Figure 7 shows a noticeable current dependence of
the peak wavelength.

Table 1 Temperature difference between junction and ambient for

different currents
Current iiep [mA] Temperature difference AT [K]
1 0.7
2 1.4
5 3.4
10 6.9
20 13.7

Table2 Considered LED types

ductor | Peak langth 4, [nm)]
Pancfactirer LED type material from data sheet
Avago Technologies HLMP-CE30-N0O000 InGaN 502
Avago Technologies HLMP-CM31-M00DD InGaN 524
Nichia Corporation NSPG510S InGaMN 525
Stanley Electric Co. EBG53045 GaP 5585
‘ishay Semiconductors TLCPG5102-DD2 AllnGaP/GaAs 563
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Figue 6 Spectra of an LED TLCPG5100-DD2 at §=33.7°C
(dashed line) and at §=113.7°C (solid line), respectively,
and iLep=20 mA operating current in normalised repre-
sentation
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Figure 7 Spectra of an LED HLMP-CM31-MOODD at iep=1mA
and 9=20.7°C (dashed line) and at i p=20 mA and
9=33.7°C (solid line) in normalised representation

4. Modelling
4.1 Model functions
Mathematically based models should be investigated
to approximate LED spectra phenomenologically be-
cause no physical model has been reported which ap-
proximates LED spectra sufficiently. Since real spectra
are mostly non-symmetrical this behaviour ought to be
considered. Models from the literature®?® should be
compared to the found models. Possible functions
should meet several requirements, such as:
e have a shape and parameterisation that is appro-
priate,
o approximate measured spectral values with good
aceuracy,
s be evaluated easily,
o possess parameters which can be interpreted di-
rectly (e.g. peak wavelength),
o possess parameters which can be obtained easily
from spectral measurement.
The functions shown in Table 3 were examined.
Equations (3) and (6) are symmetric and therefore in-
appropriate for the mostly asymmetric spectra. We list
them nevertheless because of their multiple usage in
literature. BEquation (12) approximates spectra very
well but the parameters cannot be interpreted directly.
The function is defined piecewise. An extension of this
model for varying temperatures and currents is not
possible. Therefore it is not suitable here. With this in
mind, Equation (5) is not easy to formalise either. One
possibility to consider the asymmetry is to split the
equation into two ranges — one to the left of the maxi-
mum and one to the right as done in Equations (4) and
(10). Also here the mathematical formalism is cumber-
some for optimization because the functions are not uni-

21

291

Table 3 Examined approximation functions

Function name | Function f(4)
2
i-CY?
Gaussian® 7(2)= A-e_( W ] 3)
(5
Split T
qussian f@)=4-c “
with W =W, for A <C, I¥ =/, otherwise
Sum of _(/:"Cl }2 _[/:—Cz ]2 )
Gaussians f(l): 4e [ Aoe Ws
A
A)s
Second order /@) oV 2 ®
Lorentzian® 1+ 22
w
65 (s)
. A=C+in(S)\7ET A=C+i-n(S
Logistic s 4 S+l
power peak f(;»)zg(l te L } -e ¥ ‘(5'+ )75 @
Asymmetric e Y g A
log)i'stic peak f(’~)=4’{1+e ¥ ] SESHY e @
R A
SO)= e
2
P Vil - = )
earson 1+(,{ [ 25 ()
W
N A
)= T L RE
2
Split A=CY" 1,5
Pearson Vil [H'( W 127 -1 (10)
with ¥ =), S=S5, for A<Cand W =WI,, § =S, otherwise
Asymmetric A
Double f{A)= ~|1 L “an
s W LW
sigmoidal Ay B
+e S l+e &
Piecewise . X 3 )
3rd order piecewise: f(i) =X+ @GXT X+ ay (2
E’S‘:‘{igg;’“a' piecewise definition for 1 ranges x,_) Sx<x, k=1.n

formly continuous. In Equation (11), two skew parame-
ters are used and the parameters cannot be interpreted
directly. The remaining Equations (7), (8) and (11) are
eligible for modelling LED spectra. Parameters A and C
can be interpreted directly as intensity and peak wave-
length respectively for these equations.

4.2 Model evaluation

The stated requirement of simple calculation of the
fitting parameters mentioned in the previous chapter
cannot be satisfactorily fulfilled. Parameter computa-
tion is non-trivial for some of these functions as they are
non-linear and cannot be linearised by common meth-
ods. For this reason, methods of non-linear optimization
such as programs Maple™ 11 with Global Optimization
Toolbox and fityk 0.8.3 are used. Due to this methodol-
ogy, the results are not analytically optimal. However,
the findings show that the results are stable and repro-
ducible. The relative ‘least squares R-value’ SSE was
calculated for the evaluation of the fitting quality be-
tween fit and measurement data. Smaller values repre-
sent a better fit. The results of the investigation for an
LED type HLMP-CM31-MOODD are depicted in Table 4.
Values written in brackets cannot be interpreted di-
rectly. They are shown only for reference.
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Table 4 Parameter findings for Equations (3), (6), (7), (8), (9) and
(11) for an LED HLMP-CM31-M00DD at i .ep=20mA and

=33.7°C
Lq Manufacturer | LED type A C w S Relative SSR
N Parameter .

Equation 7 5 W S Relative SSR ?:ﬁﬁ:ologies HLMP-CE30-NOO00 | 3261.9 | 500.5 | 6.90 | 218 1.2310°
Eq.(3)| 3217.0 524,54 (21.59) NA 0.392 ?;zﬁ?]olcgies HLMP-CM31-MOODD | 35565 | 5203 | 833 | 202 4.2110°
Eq.(6)| 36226 522.48 (28.29) NA 71.9510° —

T )| 35565 027 €3 202) 221107 Nichia NSPG5108 36823 | 5214 | 707 | 227 1.37.10°

Eq.(8) | 34826 520.37 (13.75) (2.97) 2.9710° Stanley EBG5304S 19715 | 5555 | 5.65 1.68 9.15.10°

Eq.(9)| 34900 522,57 (19.25) (3.72) 62.93-10° - "
Eo(n | (z6742) | 51494 @00) | (5751) (5,-1559) 2 15107 Vishay TLCPG5102-DD2 28338 | 5608 | 500 | 053 5.05.10
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Table 5 Parameter findings for Equation (7) for different LEDs at
iiep=20mA and 9=33.7°C

Multiple experiments with different LEDs and differ-
ent semiconductor systems show that Equation (7) is
most suitable for approximating LED spectra, hence it
is subsequently used. Table 5 displays parameter find-
ings for Equation (7) for a number of LEDs driven with
a constant current of ep=20mA and a junction tem-
perature of 9, =33.7°C. The parameters 4 and Ccan be
interpreted directly in this equation.

4.3 Model extension

The model described above allows the approximation
of the spectral behaviour of an LED at one operating
point defined by the operating current iep and the
junction temperature . It would be desirable to ex-
pand the model for arbitrary operating currents and
junction temperatures. Here it must be regarded that
the spectral characteristic depends on the operating
current and junction temperature. However the junc-
tion temperature itself also depends on the loss power.

To model this behaviour, parameters A, C, Wand S of
Equation (7) were calculated for each -current
temperature setpoint. Table 6 shows determined values
of parameters 4, C, Wand S for the different current-
temperature combinations of one device. It is obvious
that these parameters can be modelled as functions of
operating current iLgp and junction temperature 9.
Equations (13) to (16) are suitable for modelling of the
associated parameters A, C, Wand S.

AT, iy=a, T* - 13
C(T,i)=cy+cp - T +c, - log(i) a4
S(T,i)= s, + sy T +5, - log(i) (15
W(T,i)=w,+wy-T+w,-i (16)

Parameters [ao, ar, ai] in Equation (13), [co, cr, al in
Equation (14), [so, s, sil in Equation (15) and [wo, wr, wil
in Equation (16) can be calculated by using methods of
non-linear optimization. For the example shown in Ta-

ble 6, parameter values shown in Table 7 can be derived.

Utilizing Equations (13) to (16), it is now possible to
predict the parameters A, C, Sand Wior arbitrary izp/
9 setpoints. Figures 8 and 9 depict the position of the
peak wavelength in dependence on the operating cur-
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Table 6 Parameter findings for Equation (7) for an LED HLMP-
CM31-M00DD at different iLep and §

LED operating current sep
1mA 2mA 5mA 10 mA 20 mA
$1°C] F 4[°C] F 41°C] F €] F &{°C] Parameter
A=2687.5 A=531.5 A=1211.5 A=2127.0 A=3556.5
C=532.1 C=529.7 C=526.5 C=523.7 ©=520.3
20.7 214 234 26.9 33.7
W=7.23 Ws7.37 we7.71 W=8.04 W=8.33
$=2.22 8§=2.20 S=2.14 8§=2.06 §=2.02
A=2455 A=492.1 A=1133.9 A=2000.8 A=3354.7
C=532.7 ©=530.2 C=526.9 C=524.1 C=521.1
40.7 414 434 46.9 53.7
W=7.56 W=7.64 W=8.00 w=8.41 W=8.86
8=2.12 §=2.12 8§=2.05 §=1.97 5=1.88
A=2231 A=450.6 A=1048.1 A=1860.3 A=3130.7
C=533.3 C=530.9 C=5275 C=524.8 C=521.9
80.7 61.4 634 66.9 73.7
W=7.97 W=8.03 W=8.40 W=8.82 W=9.37
8=2.00 $§=2.01 S=1.94 8§=1.86 8=1.76
A=202.1 A=4119 A=968.5 A=17321 A=2049.7
C=634.1 C=531.8 C=528.4 C=525.7 C=522.9
80.7 81.4 83.4 88.9 93.7
W=g.42 w=g.52 W=g.84 W=9.30 w=g.92
5=1.89 S$=1.88 5=1.83 8=1.75 S=1.64
A=187.8 A=388.1 A=930.4 A=1729.2 A=3311.4
C=534.9 C=532.7 C=529.5 C=526.8 C=524.1
100.7 101.4 1034 106.9 1137
W=8.92 W=0.05 W=9.35 W=9.83 w=10.48
8§=2.22 $§=2.20 §=2.14 §=2.06 §=2.02

Table 7 Parameter findings for Equations (13) to (16) for the val-

ues from Table 6
Equation Parameter value
Eq.(13) | ay=1612215 ar=0.845 a=-0.137
Eq.(14) | co=504.1 0y=0.391.10"" ¢i=-3.946
Eq.(15) $0=1.964 $1=-0.553-102 $=-0.569-10"
Eq.(16) | wp=6.670 w=0.225 wi=56.47

rent iep and the junction temperature $ calculated
from Equation (14) as an example.

By substituting each parameter of Equation (7) with
its associated Equations (13) to (16), Equation (17) is
obtained, which only depends on the operating current
iLep and the junction temperature . Hence, it is possi-
ble to predict the characteristic of the emitted spectrum
at an arbitrary current-temperature setpoint.

¢ ) -~8(T -1
; A=-CT ,D)+W (T i) In{S(T,0) ST,y
F(Tia)=2D s
S(T,0)
A=C(T,))+W (T,iy'In{S(T.i)) ST+
e W (T i) [ S(T, i)+ l]m ........................... an
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Figures 10 and 11 demonstrate this predictability by
comparing two modelled spectra at (iLep=10 mA,
%=76.8°C) and (iLep=20mA, $=104.7°C) with measured
spectra at these setpoints. Both pictures indicate that
the model function approximates the real behaviour at
any setpoint within the considered range. The relative
SSR value for these cases is 3.31-10% and 1.57-103, re-
spectively.

5. Conclusions

In this paper, investigations have been described to
determine functions which are appropriate for model-
ling the spectrum of real light emitting diodes. It has
been shown that the “Logistic power peak” function is

Centre wavelength [nm]
64 565 566 567 G568 569

1
20_560 56 56\2. 563

Current [mA]
o
1

T T T T T % T T
20 30 40 50 60 70 80 90 100
Temperature [*C]

Figure 8 Cument-temperature dependence of the peak wave-
length of an LED TLCPG5100-DD2

Centre wavelength [nm]

Current [mA]

T T T T T T T T T
20 30 40 50 60 70 80 90 100
Temperature [*C]

Figure 9 Current-temperature dependence of the peak wave-
length of an LED HLMP-CM31-M00DD
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most suitable for modelling the spectral behaviour. The
parameters of this function are simple to comprehend.
Additionally, spectral dependences of these parame-
ters on the physically well measurable quantities cur-
rent and temperature were investigated. It has been
shown that it is possible to fit simple functions to these
dependences. Combined with an appropriate spectral
modelling function, a new model has been developed
which predicts the spectrum of an LED only from oper-
ating current iLep and the junction temperature 4. By
this means it is possible to calculate the spectral behav-
iour of a previously investigated LED. Thus, the accu-
racy of the spectral prediction is increased significantly.
Model parameters must be determined for each LED.
This effort is only justified if the spectral response from

14 &?ﬂ%
[
0,8 f‘ T
| 3
H Fo
50,6 J \
£ SR
: I
504- I!i' "‘T
F

oz {)fl ®
L/ N

T T T T
400 450 500 550 600 650
Wavelength [nm]

Figure 10 Comparison of a modelled spectrum at iLep=10mA and
9=76.8°C (solid line) and the measured dataset at this

setpoint (squares)
:
0,8+
=
§06-
E
)
2
€04
2
0,2
] ¥ = T T =
400 450 500 550 600 650
Wavelength [nm]

Figure 11 The same curve pattemn at a different setpoint (iLep=20
mA, 9=104.7°C) indicates the precise approximation of
the experimental data by Equation (17)
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an LED cannot be measured during operation but
rather should be known precisely. Further work will
investigate how the parameters depend on the lifetime

of LED.

Symbols and nomenclature
<Symbol> <Explanation>
A Modelling parameter ‘amplitude’

C Modelling parameter ‘centre’(equals to
Jp for most functions)
B Energy of semiconductor bandgap
HWHM Half width half maximum
ILED LED operating current
A Wavelength
Aa Dominant wavelength, for definition
seeld
Ap Peak wavelength
P Loss power
Fon Thermal resistance of LED case
S Modelling parameter ‘skew’
SSR Least sum of squared residuals
T Temperature
AT Temperature difference between junc
tion and ambient
5 Junction temperature
wep ... LED voltage
W ... Modelling parameter ‘width’
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