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Abstract

Solid-state light sources based on laser diode are becoming great alternative
for LEDs. Improvement of the thermal characteristics of InGaN LD is very
important for realizing reliable devices. In this investigation the influence of

the temperature of diode on light parameters was studied. White light was
obtained by coupling blue light of diode with yellow phosphors: YAG:Ce™*
and GYAG:Ce’* with nitride. For three values of the temperature of LD’s
stem, regulated by Peltier module, CCT, CRI and chromaticity coordinates
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were measured by spectroradiometer. The importance of emission characte-
ristics of materials was shown. Subsequently, the influence of temperature on
laser diode intensity was investigated for 120 hours. This experiment was re-
peated for different levels of current and temperature. Finally, the steady state
of thermal finite element analysis was performed to reveal the distribution of
the temperature. The analysis showed the importance of heat sink and also
temperature control.
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1. Introduction

In past few years InGaN-based semiconductors have attracted much attention
for application in solid-state light sources. Recently, their usage is constantly in-
creasing in worldwide market. High-brightness white LEDs have been used due
to their size, long life and energy saving. Also, white light can be generated from
LEDs in three major ways: mixing blue, red and green diode [1] [2], coupling
UV diode with RGB phosphor [3] or coupling blue diode with yellow phosphor
[4]. The last method is the most convenient and efficient to generate white light
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and it has been commonly adapted in white LEDs.

Unfortunately, LEDs used in these devices suffer a loss in external quantum
efficiency as operating current increases, known as a droop. This may lead to
shift in a peak emission wavelength and broadening of the emission spectrum.
Variations of spectrum of LED and phosphor change the ratio of the light emit-
ted by each component, resulting in shift in the color coordinates of the emitted
light and decrease in overall device efficiency [5].

An alternative to light-emitting diodes for obtaining white light can be blue
laser diode (LD). In contrast to LEDs, they do not exhibit efficiency loss. The
output power and external quantum efficiency of laser diode increase linearly
with current and maintains color stability of laser emission. Additionally, la-
ser-based devices can be operated in reflection mode, allowing for the phosphor
to be placed on a reflection substrate that may also act as a heat sink to effective-
ly dissipate heat away from the phosphor.

Common problem of SSL based on semiconductors is their heating [6] [7] [8],
when the current increases. It doesn’t concern only lighting domain, but also
data storage or communication, when coupling of laser and phosphor is used [9]
[10]. To avoid the diode degradation caused by heat and to assure long-life, the
cooling module is required. In our investigation we verified the influence of the
temperature augmentation of the laser diode on parameters of the light generat-
ed by coupling the laser diode and phosphor. We also studied the distribution of
the temperature in the laser diode by using FEM (Finite Element Method) anal-

ysis.

2. Temperature Augmentation
2.1. Experimental Setup

The white light was generated by coupling blue laser diode and two different
types of materials. For the production of the materials a two-part high optical
transparency silicon was used as a matrix. Silicon was filled in with different
powders to obtain two types of material: YAG:Ce’* (NYAG4354 Intematix)
powder and mixture of green GYAG:Ce®* (GYAG3856-01-13 Intematix) and ni-
tride in ratio 4.5:1. Phosphors were incorporated into silicon plate of diameter
10 mm and thickness of 1mm. The materials were prepared in ICMCB labora-
tory in Bordeaux, France. As an excitation source the InGaN blue laser diode
OSRAM TB450B 450 nm was used. Laser was thermally coupled with a Peltier
module, which was connected to PID temperature controller TEC 2000 from
Thor Labs. A sensor AD590 was placed under a stem of the laser to measure the
temperature. The measurements were performed in an optical sphere (Figure 1),
where as an output the spectroradiometer SpecBos 1201 was put. In front of
spectrometer we placed a phosphor plate. This let us to keep a phosphor in a
distance from a diode, to avoid heating of material. The diode with its module
was put as an input of the sphere. The spectrometer allowed us to measure spec-
trum of light, CRI (Color Rendering Index), CCT (Correlated Color Temperature)
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Phosphor

. SpecBos 1201
v

Optical Sphere

LD coupled
with Peltier

Figure 1. Measurement Setup. Blue laser diode in
Peltier module as an input, produces the light that
passes by phosphor. The plate of phoshor is placed as
an output of sphere, just in front of spectro-radiometer,
to avoid heating from the laser itself.

and chromaticity coordinates. The temperature of LD was fixed at three different
levels: first at 25°C, then at 45°C and finally 55°C. For each, we measured firstly
the spectrum of the LD itself, and then the spectrum of laser’s light converted by
the phosphor and its parameters.

2.2. Results

Below, on Figure 2, the spectrum of blue LD for different diode’s temperatures
was presented. When the temperature increases, the shift into higher wave-
lengths can be observed. Moreover, when reaching the 55°C, the intensity of the
light decreases about 30%. This shift obviously has influence on the emission of
the material (Figure 3 and Figure 4). The graphs were normalized to peak of la-
ser emission in order to present the amount of converted light by the phosphor.
On Figure 3 the intensity of converted light increase proportionally to the tem-
perature, but this augmentation is not significant. In contrary, on Figure 4, it
can be found that converted light decreased by 50%, only after changing the
temperature by 15°.

This variation is connected to the characteristics of light emission by mate-
rials. The optimal emission for YAG can be found at level of 442 nm (Figure 5)
and for GYAG: 437 nm (Figure 6). GYAG was mixed with nitride, so its emis-
sion needs also be taken into consideration (Figure 7).

If the emission of converted light drops, at the output of our light source we
find more blue light. It is caused by the drop of the efficiency of the phosphor
emission. In emission characteristics we are not anymore at the maximum, which
means that more blue light passes through plate. Rise of blue color can cause per-
turbation of human circadian rhythm [11], which can be dangerous to health.

The color rendering index (CRI) of light source defines the ability of the
source to render the true colors of an object [12]. The maximum value is 100,
which implies the best possible color rendition. The down-conversion method of
obtaining white light has an advantage of a high CRI due to the broad emission
spectrum of a phosphor [8]. Based on the results presented in Table 1 we can

say that changings in emission spectrum do not influence on CRI parameter.
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Figure 2. Spectrum of blue laser diode for different

temperature.
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Figure 3. Spectrum of converted light by YAG for
different temperature.
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Figure 4. Spectrum of converted light by GYAG for
different temperature.
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Figure 5. Emission of YAG:Ce™*.
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Figure 6. Emission of GYAG:Ce*".
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Figure 7. Emission of nitride.
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Table 1. Color rendering index.

Temperature YAG:Ce** GYAG:Ce* with nitride
25°C 65 85
40°C 65 84
55°C 65 84

Since the efficiency of converted material changed, CCT and chromaticity
coordinates should be affected. In Table 2 we present CCT values obtained and
measured by SpecBos spectrometer. On Figure 8 the chromaticity coordinates
were presented.

Emission by YAG:Ce®" does not change radically. The small shift into green
can be noticed. In contrary, the shift into blue is clearly seen on the figure above
for GYAG:Ce™, which is caused by drop of the emission efficiency.

Variation of the diode temperature not only has an influence on light para-
meters. Operating on high value of temperature can lead to reduction of life du-
ration of semiconductor. To obtain a long lifetime of a laser, appropriate cooling
is required. The important factor to prolong diode operation is junction temper-
ature not exceeding 100°C. In our study, we investigated the temperature distri-

bution of the operating diode by performing Finite Element Method Analysis.

3. FEM Analysis

The Laplace heat equation was numerically solved for this thermal analysis [13].
For steady state approach the solution is independent from density and specific
heat. All the external surfaces were in heat convection with the air. The ambient
temperature was fixed at 25°C. In semiconductor the heat generation is located
in active layer and p-cladding layer. In our simulation we defined active layer
and p-cladding layer as “heat generators”. The value of heat generation was cal-

culated based on lumped element model:

Q =IV (2)
I =WLJ 3)
v =h% (4)

where Q. is the heat generation, V'the voltage drop, Jthe density of current, W
the stripe width, L the cavity length, A the high of the layer, o the electrical con-
ductivity.

Below, the model designed in FEM software is presented (Figure 9). Chip is
mounted on AINsubmount in a TO 56 package. Submount is attached to heat sink.

Based on thermal conductivity of each material [6], the distribution of the
temperature was simulated. The conditions of simulation on Figure 10 represent
case without any radiator or cooling module of a laser diode.

The maximum temperature reached on the chip and substrate was 190.15°C,

which exceed the recommended operating junction temperature almost twice.
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Table 2. Correlated color temperature.

Temperature YAG:Ce** GYAG:Ce* with nitride
25°C 6653 3927
40°C 6354 4974
55°C 6254 4974
CIE1931 CIE 1931
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Figure 8. Chromaticity coordinates changing for YAG:Ce’* and GYAG:Ce’* with nitride.
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0.005 (m)
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Figure 9. Model of a laser diode for simulation purposes.
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Figure 10. Distribution of temperature without external cooling module.
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The heat dissipation for a packaged semiconductor is mainly by conduction.
From the heat source, through the substrate, finally to heat sink. Heat can be al-
so removed by convection via a gas, as in surrounding air. Although effective
heat transfers from source to ambient is an aim, it is more usual to define heat
dissipation by considering inverse of the heat flow—thermal resistance between
these two points. It is calculated by equation:

AT
Qtotal

where AT'is a difference of the temperature between junction and ambient, Q,,

Ry ©)

is a total heat generation. Calculated R, was 46 K/W. However, the thermal re-
sistance value calculated by this equation is a lumped value and will differ from
depending on the special distribution of the heat source. Subsequently, we simu-
lated the conditions, where we fixed our temperature of stem on 25°C, and then
55°C respectively, which represents thermal coupling with Peltier module.

Figure 11 and Figure 12 show, that fixing proper temperature on stem, by
using cooling module and temperature controller let us not exceed the maxi-
mum of junction temperature equal to 100°C. Comparing results of simulation
without temperature control, to the one, where the control was used, it is noticed
that stem reaches almost 140°C. Considering, that heat flow is directed toward
the heat sink, the temperature of the stem should be lower. The result suggests
that the parameters of stem material need to be optimized.

The thermal resistance, while connected thermally to the copper plate, results
in the lower value of 15.5 K/W (Equation (5)).Studies show [14] [15], that de-
creasing the connected area at the bottom of the stem will increase in thermal
resistance. Also, connecting a diode from lateral surface is enough to keep ther-
mal resistance low. No connection, or connections only to pins lead to even

three times increase of this value (46 K/W).

58,203 Max
54,513
50,824
47,135
43,446
39,757
36,068
32,378
28,689
25 Min

Figure 11. Distribution of temperature for fixed 25°C on stem.
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Figure 12. Distribution of temperature for fixed 55°C on stem.

4. Conclusions

The dependency of the temperature on the emission of a laser, which results in
variation of light parameters, when used as excitation source in down converted
phosphor method was investigated.

To study the influence of this changing on white light parameters, the phosphors
absorption and emission characteristics were performed. Investigation shows that
shift of wavelength, which is a result of temperature rise has an influence on light
parameter. In case of our blue laser diode coupled with YAG:Ce®, it came out
that more optimal results, closer to “daylight” parameters, are achieved when the
shift to higher wavelengths appeared. On the other hand—when the laser was
coupled with GYAG:Ce™, we observed deterioration of the results. This part of
studies showed the importance of keeping the temperature of diode on a con-
stant level and finding an optimum of light conversion by phosphor.

From thermal analysis in FEM software we found out, that operating without
cooling system leads to exceeding the junction temperature almost two times.
Also, the studies show, that the material of stem in used laser diode could be op-
timized. We calculated the value of thermal resistance between heat generator
and air for conditions with and without cooling module. Investigation proves,
that without appropriate cooling module, the value of thermal resistance can in-

crease even three times, which leads to fast diode degradation.
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