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A B S T R A C T   

In this paper, we report the temperature effects on the luminescence of polymer optical fibers doped with 
Lumogen dyes (red and orange). Specifically, we have analyzed the intensity and the average wavelength of the 
spectra emitted by both fibers when they are heated from 30 ◦C to 90 ◦C. An almost full self–recovery of the 
signal in the fiber doped with Lumogen red has been observed when the fiber is subjected to thermal cycles with 
oscillating temperature variations between 30 ◦C and 90 ◦C. The emitted spectra are red/blue shifted when the 
fiber sample is heated/cooled with a final temperature sensitivity around 0.07 nm/◦C when a stationary situation 
is reached.   

1. Introduction 

Polymer optical fibers (POFs) have historically occupied a niche in 
the optical fiber world thanks to their robustness, large core diameters, 
high numerical apertures, and low cost [1]. Particularly, in the last years 
they have been widely used both for short-haul communications links, 
where distances to cover are generally less than 1 km and for a whole 
range of different sensing applications. When the POFs are doped with 
functional materials, such as organic dyes, ions of rare earths, quantum 
dots or noble metal nanoparticles, they can offer a wide range of ap
plications in the fields of lasers, optical amplifiers, illuminators, 
switches, sensors or solar concentrators [2]. 

Doped polymer optical fibers can be operated as luminescent solar 
concentrators (LSCs). The absorbed sunlight through their lateral sur
face is re-emitted as fluorescence light at greater wavelengths and this is 
propagated by total internal reflection to the fiber ends, where the 
photovoltaic (PV) cells are placed. The concept of LSCs was introduced 
in the 1970s with the objective of reducing the cost of solar cells [3]. Due 
to the important development of new materials and of the utmost ur
gency of sustainable global development, research on LSCs has recently 
regained momentum. In this process of research, one of the 

characteristics studied is the geometric form of the concentrator, such as 
cylindrical LSCs. The studies about LSCs of cylindrical shape have been 
carried out with optical fibers in most cases (e.g., doped POFs of 
different geometries, melt-spun POFs, or electrospun nanofibers) [4–9]. 
Unlike traditional planar rectangular LSCs, doped POFs have a better 
coupling between their ends and the PV cells and, they can easily be 
connected to other nondoped POFs, to allow spatial separation between 
the light collection and detection systems, if necessary. All these prop
erties, combined with commonly available materials and ease of pro
cessing, make fluorescent fiber solar concentrators an attractive option 
in the area of LSCs [10–12]. For example, they can be employed in ap
plications as building integrated photovoltaics (BIPVs) in cities, or as 
powerful and highly adaptive photonic platforms, such as displays, 
chemical reactors, dark-field imaging or several sensing applications 
[12]. 

As LSCs become more viable for real applications, it is necessary to 
get to know precisely their performance under realistic external condi
tions. For example, thermal damage is produced in LSCs due to the high 
temperatures reached under solar radiation, in sunny days on the Earth 
or in the Space [13]. It is well known that the heat deteriorates sub
stantially the performance of the solar cells. Specifically, the efficiency 
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of a crystalline silicon solar cell decreases 0.5 % for every 1 ◦C above 
25 ◦C [14]. The solar cell temperature can reach values well above 50 ◦C, 
which implies significant performance loss of the solar cell. The oper
ating temperatures of the PV cells when they are attached to LSCs are 
cooler (up to 10 ◦C) comparing to the temperatures of cells facing direct 
solar exposure [15]. This effect is due to both the avoidance of infrared 
sunlight impinging on the attached cells and the good spectral matching 
between the emission of LSCs and the response of PV cells. Taking into 
account all these considerations and that LSCs are exposed to direct 
radiation from the sun, studies about the thermal performance of LSCs 
can be very useful in this application area. 

The photoinduced thermal degradation in dye-doped polymer 
matrices mainly brings about a chemical process in which the functional 
bonds of dye molecules are changed and broken. As a result, the dye 
molecules may cease to produce fluorescence or produce different 
fluorescence. The photoinduced degradation of materials from which 
LSCs are made, has been studied by exposing samples to lasers or UV 
radiation [16–18]. However little has been investigated about thermal 
effects on the properties of LSC devices [19,20]. The study of the tem
perature effects on the efficiency of LSCs can help to improve the sta
bility of these devices, for example, if they are used in space solar power 
systems [13]. An efficient heat dissipation can minimize the thermal 
degradation of the performance of LSCs and it can become an essential 
matter when LSCs are in high temperature environments. Taking into 
account that the cylindrical geometry of fibers contributes to dissipate 
the heat generated, an investigation of the thermal effects in LSCs based 
in doped polymer optical fibers can provide valuable information in 
order to develop strategic geometries and dispositions of LCSs. 

In this work, we report the temperature dependence of the emission 
spectra in the range 30–90 ◦C for two different fluorescent fiber solar 
concentrators. Although it is difficult for LSCs to reach this temperature 
on the Earth surface, they can be exposed to higher temperatures than 
90 ◦C if they are used in space satellites [13]. The luminescent fibers are 
POFs doped with two different active dye derivatives from perylene, 
namely Lumogen red (LR) and Lumogen orange (LO). Although PMMA 
has not a good heat resistance, it is an excellent candidate to be used as 
polymeric matrix due to its good chemical stability and biocompati
bility, high transparency over a wide spectral range, high refraction 
index and easy processability. On the other hand, Lumogen dyes have 
been extensively and successfully employed in LSCs, and they are still 
being studied nowadays [21–23]. We analyze the influence of temper
ature on the emitted fluorescence characteristics, such as the intensity 
and the average wavelength, by subjecting doped POFs to several tem
perature dependent measurements, including thermal cycles. 

2. Experimental 

Fig. 1 shows the experimental set-up used to study the temperature 
effects on the fluorescence spectra emitted from doped fibers. The fibers 
were heated up by means of a climate chamber CTS C–70/200 model, 
(CTS GmbH, Germany). The furnace had two openings that allowed the 
introduction of a light source to illuminate the fibers and all the 
necessary wiring for detection. In addition to the fiber sample to be 
analyzed, a thermocouple (type-K thermocouple with 0.5 ◦C resolution) 
was introduced into the furnace next to the fiber so that the temperature 
of the sample could be accurately measured. The analyzed sample was 
connected to a silica multimode optical fiber to transmit the emitted 
light up to a fiber-optic spectrometer (Avantes model AvaSpec-Mini, 
with an optical resolution of 1.4 nm of full width at half maximum) 
for the measurement of the emission spectra. The thermocouple was 
connected to an USB device, which allowed the collecting of the tem
perature data. The light source used to illuminate the fibers was a 60 W 
incandescent bulb designed to withstand temperatures up to 300 ◦C. The 
end of the fiber sample that is not connected to the detector was fixed to 
a metallic grid placed inside the furnace and it was covered so that the 
light source illuminates the fiber sample along its lateral surface only. 
The small fraction of visible radiation emitted from the bulb was enough 
to generate the fluorescence in the fibers. All the measurements were 
normalized by detecting the fluctuations of the light source inside the 
furnace with other silica multimode optical fiber connected to other 
fiber-optic spectrometer. 

Before performing the measurements, we made a calibration of the 
temperature inside the furnace by using the thermocouple. Fig. 2 shows 
the temperature variation in the furnace when, starting from 30 ◦C, an 
increase of 10 ◦C is applied each 20 min up to 90 ◦C. The red points are 
the temperature given by the thermocouple placed inside the furnace. It 
can be seen that the heat rate of the furnace is not constant in all the 
temperature intervals. It decreases from an approximate rate of 1.2 ◦C/ 
min at the 30–40 ◦C interval to 0.8 ◦C/min at the final step, in the 
80–90 ◦C one. In all steps, after a transient state the temperature reaches 
a quasi-stable state, where the temperature can be considered constant. 
The duration of the time intervals with quasi-constant temperature 
varies from around 10 min at 40 ◦C to 7 min at 90 ◦C. Short lengths of 
fibers (around 5 cm) were used to ensure the thermalization of the 
samples at a given temperature, the uniformity of the heating and the 
non-inclusion of other fluorescence effects, such the reabsorption pro
cesses and propagation losses. Different types of temperature dependent 
measurements have been performed: short-term measurements where 
the temperature follows the step profile shown in Fig. 2 during 120 min 

Fig. 1. Experimental set-up for the measurement of the temperature effects on the fiber sample.  
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and thermal cycles of 420 min between 30 ◦C and 90 ◦C. We have also 
performed long-term measurements, keeping the temperature constant 
during 2 days (at 30 ◦C and 90 ◦C). 

The fibers analyzed in this study are POFs doped with the commer
cially available perylene derivative dyes, LR and LO. The fibers were 
fabricated by the authors using the casting method for the preform 
manufacturing [24]. The Lumogen series of dyes developed by BASF 
combine high quantum efficiency together with low photodegradation 
and they were specifically designed for LSCs. The host polymer is Poly 
(methyl-methacrylate) (PMMA) in all cases. The highest temperature 
used (90 ◦C) is just below the glass transition temperature of PMMA. No 
deformation of the analyzed fiber samples was detected after heating/ 
cooling them. The characterization of the fibers as solar concentrators 
has been also carried out in [24]. 

Table 1 summarizes the main characteristics of the two fibers 
analyzed. Photographs of both doped fibers, excited by the sunlight, are 
shown in Fig. 3. The fiber sample analyzed in each experiment had not 
been previously used. 

3. Results and discussion 

In the first measurements we have analyzed the fluorescence spectra 
emitted by the doped fibers as the temperature is increased from 30 ◦C 
up to 90 ◦C in steps of 10 ◦C with a total time of illumination of 2 h (see 
Fig. 2). The fluorescence spectra of the two fiber samples obtained at 
three temperatures are shown in Fig. 4. The final spectrum at a given 
temperature has been calculated by averaging the obtained spectra over 
the quasi-stable state, that is, over the interval where the temperature is 
almost constant (see Fig. 2). The fluorescence spectra correspond to the 
radiative transition S1 → S0 of the dyes embedded in the POFs. From 
Fig. 4, we observe that the broad emission bands of these Lumogen dyes 
are shifted to longer wavelengths as the temperature increases and that 
the intensity of the bands at 90 ◦C has decreased in comparison with that 
at 30 ◦C. This effect can be seen in Fig. 5 where the normalized 

fluorescence intensity of each fiber sample as a function of temperature 
has been displayed. It can be observed that the output intensity of both 
fibers decreases almost linearly along the measurement range, with a 
total reduction of around 20–25 %. The most likely mechanisms that 
contribute to the decrease in fluorescence intensities as temperature 
increases in both dyes are the nonradiative processes associated to 
vibrational relaxations of the molecules and of the surrounding matrix 
(PMMA). Although LR molecule has a higher volume and molecular 
weight [25], the obtained results indicate that the vibrational re
laxations are not strongly influenced by the molecular structural pattern 
of the organic dyes. Another mechanism responsible of the decreasing of 
the intensity with temperature could be the guide mode leakage arising 
from the decrease of the refractive index of the fiber core (PMMA) as the 
temperature is increased (the thermo-optic coefficient of PMMA is 
around − 1.0×10− 4 /K) [26]. The reason for that lies in the fact that the 
output intensity from the end of the fiber is proportional to the number 
of guided modes propagating through the fiber and these are propor
tional to the square of the refractive index of the fiber core [27]. 

We have analyzed the dependence of the characteristics of the 
emitted spectra on temperature by calculating their average wave
lengths and root-mean-square (rms) spectral bandwidths. Fig. 6 shows 
the dependence of the average wavelengths of the emission spectra on 
temperature. As can be seen, there is a red shift of the average wave
lengths as the temperature is increased, which can be considered to be 
linear at first sight. This temperature-related shift may have a range of 
origins, all of them associated to changes that occur both, in the dyes and 
in the host matrix (PMMA polymer). These include, among others, 
thermally activated changes in the dye orientation in the host matrix as 
the temperature is increased or the variation of the PMMA refractive 
index with temperature causing shifts in the fluorescence peak. By 
fitting a linear function to the experimental points plotted in Fig. 6, we 
have estimated the effect of changing the temperature on the emission 
wavelength for our fiber samples. The slopes of the two curves obtained 
from the fittings, which provide the temperature sensitivities, are dis
played in Table 2. Regarding the rms spectral bandwidths, they hardly 
vary with temperature. The obtained values have been included in 
Table 2. Emission wavelengths against temperature have also been 
described by linear fittings in quantum dots embedded in PMMA [28]. 
The origins of these shifts were related to the temperature dependence of 
the bandgap of the quantum dots and to the thermo-optic effect of the 
PMMA [29]. 

In order to analyze the behavior of LSCs under more real operating 
conditions, we have applied thermal cycles to the fiber that shows better 
performance as LSC, namely the LR-doped fiber [24]. The simulated 
thermal cycles are shown in Fig. 7. The sample was heated up to 90 ◦C 
and it was maintained at that temperature during 20 min. Afterwards, it 
was cooled down to 30 ◦C and it was maintained at that temperature 
during other 20 min. This heating and cooling cycle was repeated suc
cessively four times. Fig. 7(a) shows the time variation of the intensity 
during the heating and cooling cycles. It can be observed that when the 
sample is heated up to 90 ◦C in the first cycle the intensity decreases 
around 25 %, in agreement with the results obtained in the previous 
experiment (see Fig. 5). When the temperature is lowered again to 30 ◦C 
the original intensity is not totally recovered, a 10 % is lost. However, 
the variation of the intensity during the next heating and cooling cycles 
remains quite stable and at the end only a small decrease (3–4 %) of the 
intensity at 30 ◦C and at 90 ◦C is observed. This trend suggests that, after 

Fig. 2. Time evolution of the measured temperature in the furnace in the 
30–90 ◦C range. Quasi-stable states of temperature in the first step (from 30 ◦C 
to 40 ◦C) and in the last one (from 80 ◦C to 90 ◦C). 

Table 1 
Properties of the analyzed fiber samples. The index of refraction of the fibers is uniform.  

Fiber code Type Dopant Conc. wt % Diameter (mm) Excited fiber length (cm) Non-excited fiber length (cm) Specific heat (PMMA) (J/kg⋅K) 

LR-c3 Uncladded Lumogen 
F Red 305  

0.03 0.98 ± 0.05 5.5 ± 0.1 3.4 ± 0.05 1466 

LO-c3 Uncladded Lumogen 
F Orange 240  

0.03 0.93 ± 0.01 5.5 ± 0.1 3.4 ± 0.05 1466  
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the first cycle, when the sample is kept-up to 30 ◦C during 20 min, an 
almost full recovery of the thermal degradation occurs. In similar ex
periments carried out with samples composed of PMMA doped with 
Rhodamine B and Rhodamine 6G dyes a partial recovery of the thermal 
degradation was detected when the samples were heated up to 74 ◦C and 
slowly cooled to room temperature. That recovery decreased during the 
successive cycles [19]. 

The thermal cycles lead also to shifts of the emission spectra (see 
Fig. 7(b)). When the sample is heated up to 90 ◦C in the first cycle, the 
average wavelength shows a red-shift similar to that obtained in Fig. 6. 
When the sample is cooled down to 30 ◦C, the emission spectra is blue- 
shifted. The red/blue shifts are repeated during the subsequent heating/ 

cooling cycles, respectively. If the evolution of the average emission 
wavelength is analyzed in more detail, we observe that when the sample 
is cooled down after the first heating and heated again, the average 
wavelengths of the emission at 30 ◦C and 90 ◦C do not return to their 
initial positions; they are slightly blue-shifted. The blue-shift is stronger 
during the first cycle (approximately 1.3 nm at 30 ◦C and 0.4 nm at 
90 ◦C) and smaller during the next cycles of cooling and heating (see 
Fig. 7(b)). 

With the aim of determine the origin of the intensity loss and the blue 
shifts of the emission during the heating/cooling cycles, we have 
analyzed the time evolution over two days of the emitted fluorescence 
spectra of the same doped fiber at the minimum and at the maximum 

Fig. 3. Outdoor photographs of the emission of two doped fibers being excited by sunlight.  

Fig. 4. Fluorescence spectra emitted from 5.5 cm long fiber samples at three different temperatures.  

Fig. 5. Output intensity of the fiber samples as a function of temperature. The illuminated fiber length is 5.5 cm in both cases. The solid lines are the linear fittings to 
the data points. The relative errors of data are around 2 %. 
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temperature of the cycles (i.e., at 30 ◦C and at 90 ◦C, respectively). The 
time dependence of the intensity and of the average wavelength of the 
emission spectra for a LR sample at both temperatures is shown in Fig. 8. 
We have plotted in Fig. 8(a) the time evolution of the intensities at 
constant temperature normalized with the initial value of the intensity 
at 30 ◦C. We can notice that the initial intensity value at 90 ◦C is around 
20 % lower than that obtained at 30 ◦C, in agreement with the previous 
results shown in Figs. 5 and 7(a). As we have shown, one part of this 

Fig. 6. Average wavelength of the emission bands as a function of temperature. The illuminated fiber length is 5.5 cm in both cases. The solid lines are the linear 
fittings with slopes being 0.051 nm/◦C and 0.08 nm/◦C for LR and LO, respectively. 

Table 2 
Temperature sensitivity obtained from the linear fittings of the experimental 
points of Fig. 6. R2 is the coefficient of determination of the linear fitting.  

Sample dλav/dT (nm/◦C) R2 rms spectral bandwidth (nm) 

LR-c3 0.051 ± 0.001  0.99 32 ± 1 
LO-c3 0.080 ± 0.003  0.99 39 ± 3  

Fig. 7. (a) Time evolution of temperature and emission intensity in a LR fiber sample under the action of cyclic heating and cooling. (b) Time evolution of tem
perature and average emission wavelength of the LR sample under the action of cyclic heating and cooling. The illuminated fiber length is 5.5 cm. 

Fig. 8. Time evolution of emission intensity (a) and of average wavelength (b) at two temperatures for the LR fiber. The illuminated fiber length is 5.5 cm in both 
temperatures. 
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previous temperature dependent damage is irreversible (approx. a 10 
%). In addition, from Fig. 8(a) it can be deduced that a thermally non- 
activated damage is also taking place since the intensity at both con
stant temperatures slowly decreases approximately at the same rate. 
These irreversible losses could be due to a decrease of the fraction of 
fluorescent dyes, which is related to the blue shift of the emission 
wavelengths. It is a well-known fact that the optical bands shift to lower 
wavelengths as the dye dopant concentration decreases. Indeed, we 
have detected this effect in POFs doped with different LR concentrations 
[24]. Fig. 8(b) shows the time evolution of the emission average 
wavelengths at 30 ◦C and 90 ◦C. As can be seen, the blue-shifts at both 
temperatures are similar to those observed in the cycles of Fig. 7(b). 
Contrary to the effects associated to reversible thermally activated 
processes, the effects related to the decrease of the fraction of fluorescent 
dyes, i.e. an intensity loss together with a blue shift of the emission 
spectra, show no signs of being reversible. 

Finally, we have plotted in Fig. 9 the emission spectral shifts of the 
cycles shown in Fig. 7(b) as a function of temperature. The figure ex
hibits more clearly, how the temperature evolution of the emission 
wavelengths converges to a stable situation after the first cycle. The 
temperature sensitivity of the fiber sample increases slightly from 0.059 
± 0.001 nm/◦C in the first heating to 0.071 ± 0.002 nm/◦C in the stable 
situation. These values for the LR fiber sample are slightly different from 
those displayed in Table 2 indicating that the temperature sensitivity, in 
addition to its dependence on dye and on polymer matrix, it also de
pends on the heating/cooling rate. Similar effects to those observed in 
our LR doped fiber have been detected in systems based on quantum 
dots embedded in PMMA [28,29]. In particular, a decrease of the in
tensity, together with a red–shift of fluorescence bands when tempera
ture increases and an increase of the intensity together with a blue-shift 
of the fluorescence spectra when temperature decreases was observed 
[28]. In [29], upon three cycles of heating and cooling, a stationary 
situation with a constant relation between emission wavelength and 
temperature was reached, as happens to our LR-doped fiber after the 
first cycle. The temperature sensitivity values obtained in these systems 
[29] are similar to those obtained in our study. 

4. Conclusions 

In this work, we have presented an experimental study on the 
heating up to 90 ◦C of two polymer optical fibers doped with dye de
rivatives from perylene, with the same concentration: Lumogen red and 
Lumogen orange. We have shown that when the fibers are heated, over 
2 h, from 30 ◦C to 90 ◦C, the emission bands of the two fibers are linearly 
red-shifted and that the emitted intensity by both fibers decreases almost 
linearly with temperature. The total intensity loss in both samples is 
around 20–25 %. By subjecting the Lumogen red fiber to heating/ 
cooling cycles, with temperature oscillations from 30 ◦C to 90 ◦C, about 
half of the intensity lost in the first cycle is recovered when the sample is 
cooled down to 30 ◦C in the following cycles. This decrease/increase of 
the fluorescence intensity during cycling could be explained by revers
ible thermal activation/deactivation processes associated to vibrations 
of the dye molecules and polymer matrix, and to leakage/increase of the 
guided modes in the fiber. In addition to the intensity recovery, we have 
observed linear red and blue shifts in the emission spectra as the tem
perature changes. These could be due to thermally activated changes in 
the dye orientation in the host matrix or to the variations of the polymer 
matrix’s refractive index with temperature. Along with these reversible 
effects, an intensity loss together with a blue shift of the emission spectra 
have also been observed. By measuring the emission spectra of a sample 
of the same doped fiber over two days at 30 ◦C and at 90 ◦C, we have 
shown that the origin of those effects could be related to a small decrease 
of the fraction of fluorescent molecule dyes. 

The finding of an almost full self-recovery in our doped polymer 
optical fiber, when it is subjected to temperature cycles up to 90 ◦C, 
ensures the applicability of these fiber-based luminescent solar 

concentrators in very high temperature environments on the Earth 
surface, or even expand their applicability to Space Solar Power Sys
tems. Moreover, the temperature sensitivities provided by our doped 
polymer optical fibers (around 0.07 nm/◦C) could even add some new 
functions to them, such as the sensitivity to their surrounding temper
ature. In other words, these fiber-based luminescent solar concentrators 
could also serve as indicator to visualize and monitor dynamic processes 
due to external stimuli, as temperature changes. All these results open 
new doors for the application of these luminescent materials under 
different and realistic external conditions of solar radiation. 
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