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Thermal analysis of PDMS light bulbs with a luminophore

Abstract. This article focuses on the production and measurement of incandescent lamps made from polydimethylsiloxane and YAG luminophore.
By a suitable combination of these materials along with a light source of a specific wavelength, white colour of light can be achieved. Since the
optical power from the light source is fed through a light guide structure to a remote lighting section, the device can be used in hazardous
environments such as mines or factories where electromagnetic interference is likely to occur. The study describes temperature characteristics and
chromaticity temperature changes of the designed lamp for different luminophore concentrations.

Streszczenie. W artykule analizuje sie lampy wykonane z polydimethylsiloxanu PDMS z luminoforem YAG. W lampach tych mozna osiggnac¢ biatg
barwe dzieki odpowiedniej kombinacji materiatu. Dzieki odpowiedzniej konstrukcji lampy te mozna uzywac w Srodowiskach niebezpiecznych jak
kopalnie. W artykule analizowano temperature | barwe $wiatta dla réznych luminoforéw. Analiza termiczna lamp PDM z luminoforem.
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1. Introduction

Polydimethylsiloxane (hereinafter referred to as PDMS)
has been primarily designed to encapsulate photovoltaic
cells, printed circuit boards, transformers, current sources,
thermally stressed cables, optical connectors, etc. [1-3].
Later, it also began to be used for other purposes because
it conveniently combines mechanical, electrical and optical
properties.

In the 3D printing technology using the method of DPL
(Digital Light Processing), it is used for the production of a
printing base and is also widely used for fine lithography
techniques, especially for the creation of microfluidic and
microengineering systems - MEMS (Micro Electro
Mechanical Systems). For example, the authors of the
publication [4] describe an optical biopsy microsystem
technology that has smaller dimensions (11.2 x 18.6 mm)
compared to other systems and reduced power
consumption. The microsystem includes an image
magnification optical microsystem (IMOM) and light emitting
diodes (LED). Microlenses made from PDMS are integrated
into the IMOM subsystem to achieve image magnification
and to improve LED illumination. Other interesting solutions
in the field of MEMS systems are described by authors of
publications [5-10]. Publication [11] describes a new
construction of a hybrid multichannel optical sensor system
designed to monitor patient's vital functions. The non-
invasive measuring probe is based on two FBGs
encapsulated in the polymer; the authors selected the
PDMS polymer because it is inert. There was no
deformation of the FBG sensors in the vulcanization
process; after the vulcanization, a fourfold increase in
temperature sensitivity was observed compared to the non-
encapsulated FBG. The probe and the associated
multichannel system offer the ability to monitor the basic
vital functions (body temperature, heart rate and respiratory
rate) in up to 128 patients. The same issue is addressed by
the authors of publications [12-15].

Other application uses of PDMS include the segment of
lighting and imaging technology, where new and innovative
solutions are still sought. Thin 60 ym coatings made from
PDMS are described by the authors of publication [16].
YAG luminescent particles, which exhibit a lack of red
colour in the spectrum, are dispersed in the coatings and,
therefore, red phosphorus based on nitride was dispersed
in the coatings. Improvement in colour coating was caused
by a suitable combination of two types of luminescent
particles. Publication [17] describes multi-layered hybrid
phosphorus structures for use in LEDs. The polycarbonate
(PC) substrate is coated with a crosslinked PDMS layer

containing a yellow luminophore and, subsequently, a
second layer with a red luminophore was applied. The
separated layers emit white light in a shade of warm colour
after excitation with a blue light source. The cold shade of
white light can be achieved by dispersing yellow and red
luminescent particles in one layer. Nevertheless, layered
coatings exhibit improved optical properties compared to a
coating prepared as a single layer. The authors of
publication [18] confirm that thin crosslinked PDMS coatings
containing luminescent particles of a yellow luminophore
are very stable in terms of time. PDMS coatings were
exposed to high temperatures (300 °C) and optical power
(150 W) for a period of 21 days. Composite coatings were
then examined by SEM and optical microscopy, and no
cracking, discolouration, segregation, or significant
degradation of the optical properties were observed.

Most lighting applications are based on a low-volume
PDMS structure with luminophores, which is common with
white LEDs [19-21]. In our work, we are testing large-
volume PDMS structures with luminophores because we
can combine them with powerful light sources.

2. Methods

So-called colorimetric systems are used for the objective
characteristics of colours of the visible light. For precise
colour characterization, it is necessary to know three items
of data, so, in this case, we are talking about the
trichromatic system. Their principle is based on the
replacement of any colour stimulus with an additive mixture
of three optimally selected specific colour stimuli. The
individual colorimetric quantities of colour stimuli by means
of which the additive mixture can produce the same colour
perception as the intended coloured object are referred to
as trichromatic components X, Y, Z. Colorimetric coefficients
marked as x(4),y(4),Z(A). are used for their calculation.
The trichromatic components (1-3) are then calculated by
integrating the product of the relative spectral density of the
radiant flux of colour stimulus and the colorimetric
coefficient across the spectrum. [22]

(1) X = [ @ea(D) - x(A)dA,
(2) Y = [ e (D) y(D)dA,
®3) Z= [ er(D) -2(D)dA,

Colour tone, colour richness and colour intensity
determine the resulting colour stimulus. These data are
determined by three independent components of the
trichromatic system, which can be illustrated in a three-
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dimensional coordinate system (Figure 1a). The basic
colours of all intensities are plotted on the axes in the
resulting rectangular space. The lines passing through the
beginning at point 0 express different colour tones. The
brightness of the colour stimulus is not determined by the
vector size @, but corresponds to the algebraic sum of the
trichromatic components (X +Y + Z). The ¢ and @’ colour
stimuli lie on the same line because they have the same
colour tone and richness. Their luminous fluxes are
proportional and the following relation applies to them:
@ =k x®. On this basis, the colour stimulus can be
described by a colorimetric equation. If we fit a plane onto
the points marked on the axes, a coloured triangle is
created in the colorimetric space (Figure 1b). [22]

zll Z\

Fig. 1. (a) Spatial representation of a colour stimulus in the
rectangular XYZ system, (b) a triangle in the plane X +Y + Z = 1 of
the rectangular colorimetric space.

Because the spatial representation is not very practical,
a planar diagram is used to evaluate the colour stimulus in
terms of tone and richness. The following applies to
trichromatic coordinates

(4)

®)
(6)

_ X
T oX+v+z’
Y

Y = Xivez’
_ 'z
T X+v+z’

Thus, a CIE chromaticity diagram of the XYZ
colorimetric system is created (Figure 3). At each vertex of
the triangle, the basic colours (red, green, blue) of
monochromatic light sources are located. The white colour
of light can be obtained using an additive mixture of all the
three basic colours.
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Fig. 2. A chromaticity diagram of the XYZ colorimetric system in the
rectangular coordinates (x, y).

3. Experimental setup and measurement

The incandescent lamp was made from two-component
silicone rubber called Sylgard 184 because it has ideal
viscosity (5500 mPas) for our purposes. In a low viscosity
solution, luminophore particles would clump at the bottom of
the casting mould, since polymer vulcanization takes place
for about 60 minutes at 100 °C. For high viscosity, it would
probably not be possible to ensure a homogeneous
distribution of luminophore particles, or this process would
take too long. Using KERN PCB precision laboratory
scales, the necessary amount of PDMS, into which the
recommended curing agent was added, was weighed.
Immediately after the addition of the curing agent,
vulcanization begins, because this particular type of rubber
can be cured even at room temperature. The prepared
mixture was immersed in an ultrasonic bath for 15 minutes
to degasify the mixture and to further homogenize the
PDMS and the curing agent. Garnet luminophore
Y3Als012:Ce®* in a defined weight ratio was fed into the
mixture and the mixture thus prepared was placed into a
rotary shaker for 120 minutes to ensure a homogeneous
distribution of the YAG luminophore in PDMS. The resulting
homogeneous mixture was applied to a bulb-shaped glass
mould in which we had implemented pre-prepared
cylindrical light guide structures of the same material having
a length of 25 mm and a diameter of 5 mm. The final shape
of the incandescent lamp was placed in a temperature box
to accelerate the vulcanization of the polymer (100 °C). At
the last stage, the sample was subjected to 48-hour
relaxation in a stable environment. The same procedure
was repeated for other lamps. Figure 3 shows the final
incandescent lamp made from PDMS with a yellow YAG
luminophore.

Fig. 3. An incandescent lamp made from PDMS.

The measuring station contains a 5 W laser source with
a central wavelength of 455 nm, active cooling, an air
aperture and a power supply. The measuring side consists
of two temperature sensors (referred to as S_1 and S_2)
and probes for chromaticity temperature measurement. The
temperature sensors are of the K type; the manufacturer
guarantees a resolution of 0.1 °C and an accuracy of 0.5 °C
in the temperature range of -50 to +1300 °C. To read the
temperature, the CEM DT-613 digital thermometer, which
displays data from two measuring probes at the same time,
was used. To assess the chromaticity temperature, a
USB4000 spectrometer with a dynamic range of 3.4 x 10°
enabling measurement in the wavelength range from 200 to
1100 nm was used. Measurement of one lamp was
conducted continuously for 12 hours, and every 20 minutes
the temperature at defined points and the colour
temperature of the output white light were recorded. Figure

4 shows the complete layout of the measuring station.
Cylindrical structure of PDMS

F

Temperature sensor S_2

Thermometer

Temperature sensor S_1
-
CCT sensor
T Spectrometer

/' PDMS bulb with phosphor

Laser source
Eletrical
source

|| Active air cooling

Air aperture
Fig. 4. The layout of the measuring station.
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4. Results

The weight relationship between the luminophore and
PDMS was chosen based on past experience so that the
resulting chromaticity temperature ranged in typical values
for cooler tons of white light. Thirty incandescent lamps
were produced from each weight ratio, i.e. the statistical
data set includes the results measured on 210 samples.
The graphs were produced based on average values.
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Fig. 5: Temperature characteristics of the lamp (S_1).

Figure 5 shows the temperature characteristics
measured by the S_1 sensor located in the centre of the
incandescent lamp. If an initial temperature (27.3 °C) that
we recorded immediately after the activation of the light
source is not included in the data set, the difference
between the minimum and maximum values for the lowest
weight ratio is 5 °C. At the highest weight ratio, the
temperature increased by 13.1 °C. Table 1 compares
temperature differences and dispersion of values for all
weight ratios.

Table. 1. Comparison of the values measured (S_1).

Table. 2. Comparison of the temperatures measured (S_2).

Ratio Temperature Dispersion of
difference [°C] values [-]

1:170 3.10 0.63

1:180 5.60 2.65

1:190 6.00 2.18

1:200 6.10 2.74

1:210 6.30 1.89

1:220 6.40 2.67

1:230 7.20 2.01
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Fig. 7. Chromaticity temperature waveform.
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Table. 3. Chromaticity temperature variations for various weight

ratios.
Ratio Chromaticity temperature [K]
1:170 199
1:180 242
1:190 283
1:200 380
1:210 427
1:220 474
1:230 490

Figure 8 shows spectral behaviour of incandescent
lamps with a weight ratio of 1:170. It can be seen that the

intensity of radiation decreases with the increasing time or
temperature. The biggest difference in the decrease is
recorded after 90 minutes; later, the decreases are not so
considerable. The same trend applies to other weight ratios;
therefore, we state only one weight ratio. Only five spectra
are shown in the graph because the other spectra overlap.

3000

0 min

Ratio Temperature Dispersion of
difference [°C] values [-]
1:170 5.00 2.36
1:180 6.60 5.23
1:190 8.10 7.59
1:200 9.40 7.50
1:210 11.20 8.63
1:220 11.00 11.46
1:230 13.10 16.75
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Fig. 6: Temperature characteristics of the lamp (S_2).
Figure 6 shows the temperature characteristics

measured by the S_2 sensor located 2 mm under the
surface of the lamp. The initial temperature of 27.7 °C is not
again included in the statistical data set. At this
measurement point, the temperatures do not reach the
same values as in the previous case; in the middle of the
lamp, heating is higher. The differences between the
minimum and maximum temperatures are smaller by
approximately a half with higher weight ratios. This is due to
the good thermal conductivity of the polymer (0.146 W m’
K'1); there is heat dissipation at the polymer/air interface.
The biggest temperature difference is only 7.2 °C; all results
are shown in Table 2.

The greatest chromaticity temperature variation was
observed in a weight ratio of 1:230, namely 490 K. Lower
weight ratios did not show such large variations (Table 3).
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Fig. 8. Spectral dependence of a lamp with a weight ratio of 1:170.

5. Conclusion

The functionality of the device has been verified for seven
different weight ratios of the luminophore. The dimensions
of the lamp correspond to a standard car bulb designed for
turn indicators of a two-track vehicle with a length of 30 mm
and a width of 25 mm in the widest part. The results show
that the designed lamp is thermally stable in time. The
highest temperature (563.6 °C) was recorded in the middle of
the lamp by sensor S_1; below the surface of the lamp, the
highest temperature was slightly lower than 50.3 °C.
Convectional lamps generate a significantly higher
temperature at the point of illumination, often above 130 °C,
thus significantly reducing their service life. In our solution,
we can separate the light source from the illuminating part,
so the heat generated from the light source does not
interfere with the illumination part. Especially in the
automotive industry, it is considered a great advantage
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because headlights generate a lot of heat in a small space.
Chromaticity temperature of lamps changes only slightly
over time; the human eye is not sensitive enough to notice
this change.
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