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A B S T R A C T   

This paper employs the solution-doping technique for the fabrication of polymer optical fibers (POFs) doped with 
two perylene derivatives, Lumogen Yellow 083 and Lumogen Red 305, in different combinations. With the 
solution-doping technique is very easy to control the amount of dopant penetration into the core of non-doped 
uncladded fibers, allowing the fabrication of active POFs with a novel ring-doped structure. In addition to 
manufacturing the fibers, these have also been optically characterized. Specifically, the influence of the com
bination of dopants, pumping power and wavelength, as well as the light propagation distance, have been 
measured and analyzed. Furthermore, time-resolved emission characteristics have also been measured to 
determine the fluorescence lifetimes and to extract information about the energy transfer between the dopants. 
Finally, the aim of this work has been to investigate the performance of the aforementioned POFs for fluorescent 
lighting applications, with a special focus on tunable light sources, and also for sensing applications.   

1. Introduction 

In recent years, interest in the field of photonics has grown due to the 
incorporation of functional materials into solid-state organic hosts, such 
as polymer optical fibers (POFs) [1]. This kind of fibers are preferable to 
silica optical fibers because they are easier and more economical to 
manufacture, safer to handle and much more flexible [2,3]. In addition, 
the manufacturing temperature of POFs is much lower than that of glass 
fibers, allowing a wide range of dopants to be embedded in the fiber 
core, from organic dyes and conjugated polymers to other types of 
materials such as rare-earth ions and quantum dots [4–6]. The emission 
and absorption characteristics of these dopants are suitable for 
achieving luminescence in the visible region of the spectrum, just in the 
low-attenuation windows of POFs, which is of interest for a wide range 
of applications. For example, for the development of optical sensors 
[7,8], for luminescent solar concentrators [9,10], and for luminescent 
speckle-free light sources [11,12]. 

There are different options to incorporate the dopant molecules into 
the Poly(methyl methacrylate) (PMMA) core of POFs. Usually, the 

doping process is carried out during the fabrication of POF preforms, in 
which the dopant molecules are added to the monomer mixture before 
the polymerization process takes place [13,14]. Then, the preforms are 
heated to above the glass transition temperature of PMMA and drawn 
into fibers of required diameters using the thermal fiber-drawing tech
nique. However, its main disadvantage is that expensive fiber-drawing 
towers are needed for that purpose. In addition, a great deal of know- 
how of their use is required to obtain doped POFs with the desired 
physical and optical parameters, which can take a long time to learn 
[15]. Alternatively, the dopant molecules and the melted PMMA can be 
mixed in the extrusion line of co-extrusion manufacturing technique 
[16]. Co-extrusion provides a scalable way to prepare graded-index or 
micro-structured fibers [17,18], but the costly and complicated equip
ment limits its applicability. Wet-spinning is another technique for 
manufacturing doped POFs, in which the polymer host, mixed with the 
desired dopant molecules, is dissolved at mild temperatures, and then it 
is spun into the coagulation bath and drawn into a fiber [19,20]. This 
technique requires less technical equipment than the previous ones but 
the formation of exact fiber cross section is difficult to control because of 
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inward and outward mass transfer process. An alternative technique to 
incorporate dopant molecules into the core material is the so-called 
solution-doping technique, in which the process is carried out directly 
in the optical fiber [21,22]. Briefly, the desired dopant molecules are 
mixed with a non-solvent of PMMA, usually with methanol, and POFs 
are immersed into the solution. Then, POFs are swollen by the non- 
solvent and dopant molecules diffuse into the core material. The tech
nique has already been used to incorporate Rhodamine 6G, Rhodamine 
B or trans-4-stilbenemethanol into ad-hoc, commercial step-index and 
also micro-structured POFs [22–25]. The doping process is easy to un
dertake and low-cost, as there is no need to use any kind of drawing 
tower or equipment. This procedure also opens up the opportunity for 
any research group to manufacture their own ad-hoc doped POFs for any 
specific application requiring particular characteristics, such as distinct 
dopant molecules or fiber diameters. Another advantage that makes this 
technique interesting is that it is possible to dope only one end of the 
fibers, transforming it into an active part. That makes fibers that are both 
active and passive at the same time, without the need to connect fibers of 
different nature, thus avoiding coupling losses between them. Although 
there are some authors investigating how to optimize this technique, e.g. 
by using binary non-solvent/solvent mixtures or aqueous solutions at 
elevated temperatures [23,25], there is still some recent work where 
only the cladding material could be doped, due to the barrier formed by 
the core/cladding interface. However, following the procedure 
described in this paper, we have obtained POFs with a partially doped 
core, forming a ring-doped structure. This type of ring structure, 
together with the incorporation of two perylene derivatives (Lumogen 
Yellow 083 and Lumogen Red 305), make it possible to obtain inter
esting emission features, which can be very attractive not only for the 
development of light sources with tuning characteristics but also for 
sensing applications. As far as we know, this is the first time that such 
doped POFs and their optical characterization have been reported. 

The paper is organized as follows. First, the method for preparing the 
samples is explained. Then, the different experimental setup employed 
in this work are described. Finally, the optical characterizations of both 
the solutions and the doped POFs are shown and discussed. 

2. Materials and methods 

2.1. Sample preparation 

The POF samples employed in this work were fabricated by our 
research group from Plexiglass® extrusion rods purchased from Evonik. 
These were 20 mm in diameter and were annealed in a C-70/200 climate 
chamber (Controltecnia-CTS) for 7 days at a temperature of 90 ◦C under 
low relative humidity. Afterwards, they were drawn into only–core fi
bers of 500 μm in diameter, with an accuracy of ± 1 %, using our own 
POF drawing tower [26]. The refractive-index profile of the fibers was 
step-index in all cases. 

To incorporate Lumogen (BASF) dopant molecules into the pristine 
only core fibers, samples of around 15 cm in length were cut and put into 
an oven at a temperature of 60 ◦C in order to eliminate any possible 
residual stress. Two main solutions were made, one consisting of Lum
ogen Yellow 083 and methanol (LY10LR0), and another consisting of 
Lumogen Red 305 and methanol (LY0LR10). In each case, the concen
tration was 0.025 w/v. Then, they were mixed in different percentages, 
to obtain new solutions: LY9LR1, LY8LR2, LY7LR3, LY6LR4, LY5LR5, 
LY4LR6, LY3LR7, LY2LR8 and LY1LR9. The reason for utilizing meth
anol as solvent is that Lumogen can be easily solved in it, but not the 
PMMA, preventing the formation of dopant aggregates, which has 
detrimental effects on the light-emission features of doped fibers [6]. 
Moreover, methanol is less aggressive with PMMA material than other 
solvents, and as it is quite volatile, it can be removed from the PMMA at 
room temperature [24]. Several laboratory test tubes were filled with 
the different solutions and fiber samples were placed in each tube and 
stored at room temperature. After the desired time, the fibers were taken 

out of the solutions, thoroughly rinsed and dried at room temperature. 
Then, a close look at the cross-sections of these samples through an 
optical microscope allowed us to ensure the desired lateral penetration. 
Finally, each sample was cut at a distance of around 3 mm from one of its 
ends, which was polished by hand using polishing paper and con
nectorized with SMA connectors. 

2.2. Experimental set-ups 

Three different experimental setups were employed in this work. The 
first one was used to measure the absorption spectra of the different 
Lumogen-methanol solutions and of the doped fibers and also to acquire 
the emission spectra of the solutions. The emissions of the doped fibers, 
were obtained using the second setup, in which the side illumination 
technique was employed. Finally, the third setup was used to obtain 
time-resolved emission spectra of the fibers. 

Fig. 1 shows the experimental setup employed to measure the ab
sorption of the Lumogen-methanol solutions and of the doped fibers. An 
AvaLight-DH-S-BAL BALANCED POWER (Avantes) was used as light 
source and its emission was guided along a 1 m long fiber (core diameter 
of 200 µm) up to a CUV-ALL-UV/VIS Cuvette Sample Holder (Avantes) 
where each sample was placed during the measurement. The light that 
went through the sample was collected by another 1 m long fiber, 600 
µm in diameter, and it was finally guided to an AvaSpec-ULS2048CL- 
EVO-RS-UA spectrometer (Avantes). A white-reference measurement 
with an empty cuvette was taken to calculate the absorbance of each 
sample. In order to measure the absorbance of the solution or doped 
POFs, both the illumination and reception fibers were facing each other 
along a straight line. Besides, an ad-hoc POF holder was built to ensure 
the correct illumination of the fiber samples using the same cuvette 
holder. For the case of the fluorescence emission for the solutions, the 
reception fiber was aligned perpendicularly to the illumination fiber to 
measure the fluorescence emission from the solution and to remove any 
remaining emission from the source. 

Fig. 2 sketches the experimental setup employed for light emission 
spectra measurements by means of the side-illumination technique 
[27,28]. The POF sample was excited laterally and the light emitted 
from the excitation point propagated along the fiber sample over a 
distance that could be adjusted by moving an ILS250CC (Newport) 
linear stage driven by an ESP300 (Newport) motion controller. In all the 
measurements carried out using the side-illumination technique, the 
emitted light always propagated through a non-excited fiber length of 
3.5 cm before reaching the spectrometer (due to the length of the SMA 
connector at the fiber end). The light was finally collected by an 
USB4000-UV–vis spectrometer (Ocean Optics) placed at the end of the 
sample, with an optical resolution of 1.5 nm for the full width at half- 
maximum (FWHM). The excitation light source was a Mai Tai HP 
laser system (Newport), which emits Gaussian light pulses of around 
100 fs width at a repetition rate of 80 MHz in a spectral emission range 
between 690 and 1040 nm, with peak powers of 300 kW and an average 
power of 2.5 W. The spot of the laser beam was 1.2 mm in diameter. In 
order to be able to excite from 345 nm to 520 nm, the wavelength of the 
original light was downshifted by using a second harmonic generator 
(Inspire Blue). The excitation irradiance was controlled by placing a 
variable attenuator after the laser output. The whole acquisition system 
was automated by means of an ad-hoc LabVIEW program. 

Lastly, Fig. 3, which is a variant of the previous one, shows the 
experimental setup used to obtain time-resolved emission spectra of the 
doped fibers. A Spectra Physics 3986 pulse picker (Newport) was 
introduced in the excitation part of the setup to reduce the repetition 
rate of the Mai Tai HP laser system to 8 MHz, and the whole acquisition 
system from Fig. 2 was replaced by a combination of the Acton SP2300 
monochromator (Princeton instruments) and the C10627 ultrafast 
Streak Camera (Hamamatsu). This combination provided the option to 
resolve the acquired signals both spectrally and temporally, which 
means that the whole spectrum was obtained at the same instant of time. 
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In order to properly synchronize both the excitation and the acquisition 
systems, a small amount of the laser signal was split from the laser 
output and directed to a photodetector, whose electric signal was 
delayed by means of a delay unit. A precise use of this delay unit 
guaranteed the visualization of the transmitted pulses on the corre
sponding temporal window of the Streak Camera. The Hamamatsu 
HPDTA software controlled both parts of the system. Once the acquisi
tion was performed, the data analysis was carried out by employing an 
ad-hoc Matlab program. 

3. Results 

3.1. Experimental results on solutions 

In order to know the optical features of the employed Lumogen 
dopants, i.e. Lumogen Yellow and Lumogen Red, first of all, the ab
sorption and emission spectra corresponding to each dopant solution 
were measured. The results are depicted in Fig. 4. For the Lumogen 
Yellow, the main absorption bands are centered at 475 nm and at 445 
nm, and the emission band presents its maximum at 490 nm. On the 
other hand, in the case of Lumogen Red, it presents a maximum ab
sorption at 575 nm and a secondary absorption band with a peak at 445 
nm. Additionally, the emission band has its maximum at 630 nm. These 
absorption and emission values are in good agreement with those pre
viously reported [5]. The choice of these two dopants is interesting 
because they present smaller overlap between the absorption and 
emission bands than other organics dyes, such as Rhodamine dyes, 
which has beneficial effects in the reduction of losses due to reabsorp
tion and reemission effects. Moreover, the emission band of Lumogen 
Yellow overlaps significantly with the main absorption band of Lumogen 
Red, which enables the energy transfer effect between them. In that case, 
Lumogen Yellow plays the donor role and Lumogen Red the receptor 
role, for a correct band-to-band transition [29]. 

Afterwards, the absorption and emission spectra of the eleven solu
tions of Lumogen and methanol were measured. The obtained results are 
displayed in Fig. 5 and in Fig. 6, respectively. As expected, the absorp
tion spectra evolve progressively from the pure Lumogen Yellow ab
sorption band to the Lumogen Red band as the latter’s concentration 
increases. The maximum absorbance value is achieved with LY0LR10 
sample, at 575 nm. The emission spectra evolve in a similar way. That is, 
the emission band corresponding to Lumogen Yellow decreases in in
tensity whereas the emission band of the Lumogen Red becomes more 
noticeable. However, it is noteworthy that the maximum emission value 
obtained for the Lumogen Red emission band is not achieved for the 
LY0LR10 case but for the LY6LR4. That is a consequence of the energy 
transfer effect between the dopants, in which the emission band corre
sponding to the Lumogen Red is enhanced due to energy provided by the 
donor Lumogen Yellow. 

3.2. Experimental results on POFs 

Once the absorption and emission spectra of the eleven solutions 
consisting of Lumogen dyes and methanol were measured, 15 cm long 
pristine POFs were introduced in each solution. As an example, the left 
side of Fig. 7 shows cross-sectional images of samples that were previ
ously immersed in LY10LR0, LY5LR5 and LY0LR10, at room tempera
ture for 7 h, achieving a dopant penetration of 35 %. That is, the outer 
ring-like area representing 35 % of the core cross-sectional area, was 
doped whereas the rest remained unchanged. The lateral penetration 
depth of the solution is clearly visible, because of the clear boundary 
between the outer ring, with different color depending on the employed 
solution, and the intact transparent inner region. The top three images 
were obtained with a microscope when the doped POFs where excited 
with white light in transmission mode, whereas the bottom three images 
were obtained by exciting the POF samples with a UV lamp in reflection 

Fig. 1. Experimental setup employed to measure the absorption of the Lumogen-methanol solutions and of the doped fibers, and the emission spectra of the so
lutions. LS: light source, OS: optical spectrometer. 

Fig. 2. Experimental setup employed to measure the emission spectra of doped 
POFs by means of the side-illumination technique. Att: variable attenuator; 
SHG: Inspire Blue second harmonic generator; BS: beam splitter; PD: photo
detector; PM: power meter; LS: linear stage; xy-POS: xy-micropositioner; OS: 
optical spectrometer. 

Fig. 3. Experimental set-up employed to carry out the time-resolved mea
surements. BS: beam splitter; Att: variable attenuator; PD: photodetector; DU: 
delay unit; PP: pulse picker; SHG: second-harmonic generator; xy-POS: xy- 
micropositioner; POF: polymer optical fiber; M: monochromator; SC: 
Streak Camera. 
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mode. 
As previously mentioned, one of the advantages of this doping 

technique is the ease of controlling the amount of dopant penetration, 
which makes it possible to create doped POFs with ring structures [22]. 
Later on, it will be shown how this type of structures provide very 
interesting optical properties for the development of broadband light 
sources and for sensing applications. In addition, this doping technique 
allows doping only one end of the pristine fiber, transforming it into an 
active part, as can be seen on the right-hand side of Fig. 7. This makes it 

possible to create fibers that are both active and passive at the same 
time, without the need to connect fibers of different nature, thus 
avoiding coupling losses between them. These features, to date, have not 
been possible to create using more common techniques, such as the use 
of fiber-drawing towers. 

Samples of 1 cm in length were cut from each doped POF and 
carefully polished with polishing papers to measure their absorbance. As 
commented in “Experimental-setups” section, a 3D-printed ad-hoc POF 
holder was used for this purpose. Fig. 8 shows the obtained spectra for 
all POF samples. The PMMA absorption bands of the fibers appear 
clearly around 900 nm and on the UV side of the spectrum [30]. If these 
results are compared with those of Fig. 5, it can be seen that the ab
sorption bands corresponding to Lumogen Yellow and to Lumogen Red 
are not affected by the polymer matrix. That is to say, there are no 
spectral shifts, but the dynamics observed in solutions change 
completely. Regardless of the amount of Lumogen Red used, the ab
sorption band corresponding to the Lumogen Yellow, from 400 nm to 
500 nm, absorbs the most. Moreover, the significant increase in the 
500–600 nm band observed with solutions, as the amount of Lumogen 
Red is increased, is not observed in the case of doped POFs. That could 
be directly related to different penetration dynamics of the dopants 
during the diffusion process, since the molecular size of both dopants is 
different, being larger in the case of Lumogen Red [5]. That would make 
it more difficult for the latter to penetrate though PMMA than the 
former. Therefore, this effect should be taken into account when 
designing and fabricating active POFs if the solution-doping technique 
with multiple dopants is going to be used. 

In contrast to the emission curves obtained from the solutions, where 
a white light source was used for the excitation, the emissions from the 
doped fibers were obtained with a pulsed laser (see Fig. 2). The fibers 
were laterally excited with an average light power of 11mW, which is 
well below the limit that would produce damages in the fibers. Both 445 
nm and 475 nm were the excitation wavelengths considered, since they 
coincide with the two relative absorption maxima corresponding to 
Lumogen Yellow. In addition, 445 nm also coincides with the second 
absorption maximum of Lumogen Red. Fig. 9 shows that the maximum 
intensity is achieved with the sample doped only with Lumogen Yellow 
(LY10LR0), and the intensity obtained decreases as the concentration of 
this dopant decreases. In addition, as the concentration of the Lumogen 
Red increases, its corresponding emission band appears. However, this 
emission band does not grow continuously as a function of dopant 
concentration. It saturates and reaches the maximum value when the 
concentrations of both dopants are equal (LY5LR5), and then starts to 
decrease as the concentration of the Lumogen Red continues growing. 

The obtained tendency in the emission spectra can be used advan
tageously to obtain the desired luminescence color, a feature especially 
interesting for designing and manufacturing light sources. From these 
emission spectra CIE 1931 chromaticity coordinates were calculated and 
presented in Fig. 10. The presented results show luminescence color 

Fig. 4. Normalized absorption (blue line) and emission (red line) spectra of solutions of (left) Lumogen Yellow and methanol, and (right) of Lumogen Red 
and methanol. 

Fig. 5. Absorption spectra of methanol solutions of Lumogen Yellow and/or 
Lumogen Red. 

Fig. 6. Emission spectra of methanol solutions of Lumogen Yellow and/or 
Lumogen Red. 
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modification from green, through amber to red. In addition, it is worth 
mentioning that the addition of a third dopant to these fibers, especially 
to the LY5LR5 sample, would cause these coordinates to be blue-shifted, 
allowing white light fluorescence emission to be generated. This type of 
emission in POFs is very interesting for making light sources, sensing 
devices, and communications, among other [31–33]. 

Fig. 9 also shows that doping POFs only with Lumogen Red, i.e. 
LY0LR10 sample, is an inefficient option to obtain maximum intensity in 
the red region of the spectrum, since, as with solutions, the combination 
of dopants is more advantageous. Specifically, the LY5LR5 sample is the 
one with which the highest intensity is achieved in that spectral region, 
regardless of whether it is excited at 445 nm or 475 nm. One might think 
that the lower intensity at the output of the LY0LR10 sample is due to the 
fact that it was not optimally excited, i.e. at that wavelength where the 
absorption maximum of the Lumogen Red is located. However, if the 
same fiber is excited at 520 nm, which is the excitation wavelength value 
closest to the absorption maximum that our tunable laser allows 
–keeping the pumping power at 11 mW-, the signal in the red part of the 
spectrum is 50 % and 60 % lower than those obtained when exciting the 
samples at 445 nm and at 475 nm, respectively (see Fig. 11). Therefore, 
when manufacturing light sources based on doped POFs, it may be more 
interesting and efficient to use two dopants together instead of a single 
one. Nevertheless, this would require an appropriate choice of dopants 
to be used in each case. Furthermore, POFs doped with both dopants 
show two clearly differentiated emission bands, the first one corre
sponding to the emission band of the Lumogen Yellow -from 460 nm to 
570 nm-, and the second one corresponding to the Lumogen Red -from 
570 nm to 800 nm. This fact makes it possible, depending on the 
application, to work with each of these bands individually in a very 

simple way, by using optical filters, or with both bands simultaneously, 
which provides a great versatility to the light source. 

Another interesting behavior was observed by varying the pumping 
power. The curves shown on top side of Fig. 12 represents the emission 
spectra of the LY5LR5 sample when the pumping power was increased 
from 11mW to 231mW, keeping the rest of parameters constant. It can 
be observed that increasing the power causes an increase in the intensity 
at the output of the LY5LR5 sample, as expected. However, the emission 
intensity increases more rapidly in the range corresponding to Lumogen 
Red. This behavior could suggest that the energy transfer from Lumogen 
Yellow to Lumogen Red is enhanced by increasing the pumping power. 
In addition, the bottom side of Fig. 12 shows the ratio between the 

Fig. 7. Left side: microscope images of the cross- 
sections of POF samples immersed in three different 
solutions of Lumogen and methanol at room temper
ature for 7 h, namely (from left to right) LY10LR0, 
LY5LR5 and LY0LR10. The top images were obtained 
exciting the POF samples with white light in trans
mission mode, and the bottom ones by exciting then 
with a UV lamp in reflection mode. Right side: Fiber 
samples laterally excited with a UV lamp, where only 
one end of the fibers was doped while the other end 
remained unchanged.   

Fig. 8. Absorption spectra corresponding to the POF samples doped with 
Lumogen Yellow and/or Lumogen Red by using the solution-doping technique 
at room temperature for 7 h. 

Fig. 9. Emission spectra corresponding to our POFs doped with Lumogen 
Yellow and/or Lumogen Red excited at 445 nm (up) and at 475 nm (down) 
using the side-illumination technique. 
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maximum emission intensity corresponding to Lumogen Red and the 
maximum emission intensity corresponding to Lumogen Yellow, 
measured at 609 nm and at 507 nm, respectively. The ratio as a function 
of pumping power is clearly linear, with a coefficient of determination of 
0.999. This implies that, for the power range employed, no saturation 
effects are observed in the energy transfer between the dopants. 
Although higher powers could lead to higher ratio values or even yield 
some kind of saturation effect, they could cause irreparable physical 
damages to the POF samples. Nevertheless, within the power range 
considered, the observed effects may be of relevance when using these 
doped fibers as light sources, as they allow modifying the intensity of the 
red emission band with respect to the other emission band in a very 
controlled way and without the need for sample manipulation or 
replacement. On the other hand, the observed linear behavior suggests 
that variations in the power of the excitation source can be accurately 
determined by observing the ratio between both emission bands, making 

it possible to use these doped POFs also as sensors of the variation on the 
optical power of the excitation source. 

Another interesting emission feature was observed analyzing the 
evolution of the emission spectra as a function of the light propagation 
distance, i.e. the distance z travelled by light from the fiber excitation 
point to the spectrometer. Fig. 13 shows the emission spectra obtained 
when LY10LR0 (top-left side), LY5LR5 (top-right side) and LY0LR10 
(bottom-left side) samples are excited at different launching points, 
varying the light-propagation distance along the fibers. The blue-colored 
spectra were taken close to the detector and the greenish ones were 
obtained further away. From the closest (as close as the SMA connector 
made possible) to the farthest, the difference in propagation distance is 
85 mm. For all the samples, when the excitation point is moved farther 
from the detector, the amount of measured emitted intensity is reduced 
and the emission peak is shifted toward longer wavelengths, as ex
pected. However, the observed shifts are slighter than those observed for 
POFs doped with other organic molecules, such as rhodamine dyes or 
conjugated polymers, which is a direct consequence of the minor over
lap between the corresponding absorption and emission spectra of the 
Lumogen dyes [6]. 

On the other hand, taking into account the reduction on the emission 
intensity for the propagation distance considered, LY10LR0 and 
LY0LR10 samples follow a similar behavior, losing 35 % and 40 % of 
their initial intensity, respectively. In the case of sample LY5LR5, 

Fig. 10. The CIE 1931 chromaticity coordinates of our POFs doped with 
Lumogen Yellow and/or Lumogen Red excited at 445 nm using the side- 
illumination technique. 

Fig. 11. Emission spectra corresponding to the sample LY5LR5 excited at 445 
nm and at 475 nm, and to the sample LY0LR10 excited at 520 nm. In all cases, 
an excitation pump power of 11mW and the side-illumination technique 
were employed. 

Fig. 12. Top side: Emission spectra corresponding to sample LY5LR5 excited 
with different powers at 445 nm. Bottom side: Ratio between maximum emis
sion intensities of Lumogen Red (at 609 nm) and Lumogen Yellow (at 507 nm) 
as a function of the pumping power. 
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although the reduction observed in the red emission band is similar to 
the other two samples, 30 %, the reduction observed in the green 
emission band rises to 90 %. This can be explained as follows. For short 
fiber distances, the novel ring-doped structure of our samples makes it 
possible for a part of the emission corresponding to Lumogen Yellow 
propagate, through the central part of the fiber, without any iteration 
with Lumogen Red molecules. Meanwhile, the other part of the emission 
interacts, providing the coexistence of both emission bands. However, as 
the propagation distance increases, there is a greater likelihood of in
teractions, promoting reabsorption effects. Moreover, it is worth 
mentioning that the emission intensity of the LY5LR5 sample is higher 
than that corresponding to the LY0LR10 sample, due to the energy 
transfer process between dopants. These observed emission features as a 
function of the propagation distance could be very useful to achieve 
tuning characteristic in the emission of light sources based on these 
active POFs. As the side-illumination technique is employed to excite the 
fibers, the excitation point and consequently, the propagation distance, 
can be easily adjusted and modified depending on the application, 
without any need of changing the POF. 

The bottom-right side of Fig. 13 shows the ratio between the 
maximum emission intensities corresponding to Lumogen Red and to 
Lumogen Yellow as a function of the propagation distance for the 
LY5LR5 sample. The evolution is quadratic with a good value of coef
ficient of determination, 0.9985. This fact could be very interesting to 
accurately detect the incident point of the excitation, which is directly 
related to the light propagation distance, and consequently make a po
sition or displacement sensor. 

The attenuation of the doped POFs can also be obtained from the 
analysis of the light propagation distance. Assuming that the illuminated 
fiber section behaves as a plane-wave source, the light irradiance 
propagating towards the spectrometer at any wavelength λ decays 
exponentially with the propagation distance z as follows [27,28]: 

I(λ, z) = I0(λ)exp[ − α(λ)⋅z ] (1) 

where I0(λ) represents the light irradiance measured at z = 0 at the 
wavelength λ, and α(λ) is the linear attenuation coefficient at the 
considered wavelength. Fig. 14 shows the linear-attenuation coefficients 
calculated for LY10LR0, LY5LR5 and LY0LR10 fiber samples by fitting 

the experimental data to Equation (1) for several wavelengths. The main 
reason for the possible increase in attenuation during the doping process 
stems from the excess plasticization and relaxation of the polymer 
molecules by small solvent molecules, so that the microstructure inside 
the POFs is permanently modified. However, the attenuation values 
obtained are very similar to those reported in the literature for other 
doped PMMA POFs [22] and also for POFs doped with Lumogen dyes but 
fabricated by more conventional fabrication techniques, such as the 
thermal fiber-drawing technique [5]. This implies that the doping pro
cedure employed in this work did not add extra losses to the fibers. 

For a better understanding of the energy transfer process from 
Lumogen Yellow to Lumogen Red, the fluorescence decay profiles of all 
doped POFs were recorded -excited at 445 nm by the side-illumination 
technique-, as it is shown in Fig. 3. The top side of Fig. 15 represents 
the time-resolved decay profiles obtained integrating the spectral range 

Fig. 13. Emission spectra as a function of light 
propagation distance (z) for LY10LR0 (top-left side), 
LY5LR5 (top-right side) and LY0LR10 (bottom-left 
side) fiber samples excited at 445 nm by side- 
illumination technique. The increase in propagation 
distance is 85 mm, represented with bluish colors 
those spectra measured closest to the detector and 
with greenish colors those furthest away. Bottom- 
right side: Ratio between the maximum emission in
tensities corresponding to Lumogen Red and to Lum
ogen Yellow as a function of the propagation distance 
for the LY5LR5 sample. The point of the fiber closest 
to the detector was set to zero.   

Fig. 14. Linear attenuation coefficients of LY10LR0, LY5LR5 and LY0LR10 
fiber samples excited at 445 nm by side-illumination technique. 
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460 nm-570 nm for those doped POFs in which the Lumogen Yellow is 
present. As already known, the fluorescence decay of a dopant can be 
expressed as [34]: 

I(t) = I0exp( − t/τ) (2) 

where, I0 is the intensity at time zero (upon excitation) and τ is the 
lifetime. The inset on the top side of Fig. 15 shows the exponential fitting 
of the emission of the LY10LR0 sample to Equation (2), as well as the 
obtained lifetime value for the Lumogen Yellow τLY and its coefficient of 
determination. The same process was repeated for the rest of the curves 
represented in the figure to calculate all the lifetimes. For the curves 
shown in the bottom side of Fig. 15, the lifetime values for the Lumogen 
Red τLR were obtained, integrating the spectral range 570 nm-800 nm 
and repeating, in the same way, the fitting process. All calculated values, 
shown in Table 1, are similar, with lifetimes in the 5–10 ns time range, 
which is in good agreement with values previously reported for organic 
fluorophores [35,36]. By using these lifetime values, the non-radiative 
energy transfer efficiency (ηLY→LR) from Lumogen Yellow to Lumogen 
Red were estimated [37]: 

ηLY→LR = 1 −
τLY(co-doped)
τLY (LY10LR0)

(3) 

τLY(co-doped) and τLY(LY10LR0) are the lifetimes of Lumogen Yellow 

in the presence and absence of Lumogen Red, respectively. Based on this 
equation, the efficiency values were calculated and listed also in Table 1. 

It is noticeable that τLY are shorter and τLR are larger for co-doped 
samples, which means that there is a non-radiative energy transfer 
process from Lumogen Yellow to Lumogen Red [29]. The absence of τLR 
values for samples LY9LR1 and LY8LR2 is a consequence of undetectable 
signal values in the corresponding spectral range and it can be explained 
looking at their energy transfer efficiency values, since they have the 
lowest values. The rest of the co-doped samples present quite similar 
lifetime values and with efficiencies ranging from 10 % to 16 %. Even 
though the sample LY5LR5 is not the most efficient, having a slightly 
lower value than the LY6LR4 and LY1LR9 samples, it has the best 
emission properties, with good intensity values and broad tuning char
acteristics, as demonstrated during the paper. All these features, 
together with the other optical properties observed throughout the 
paper, are very important when designing FOP-based light sources and 
sensors. 

4. Conclusions 

This paper shows a method to fabricate active POFs with a novel 
ring-doped structure by using the solution-doping technique. One of the 
advantages of this doping technique is the ease of controlling the 
amount of dopant penetration because of the clear boundary between 
the doped outer ring and the intact inner region. In addition, the tech
nique allows doping only one end of the fiber, which makes it possible to 
create fibers that are active and passive at the same time, without the 
need to connect fibers of different nature to each other and thus avoiding 
coupling losses. Specifically, two perylene derivatives were chosen, i.e. 
Lumogen Yellow 083 and Lumogen Red 305, with a large overlap be
tween the emission band of the former and the absorption band of the 
latter. Then, active POFs doped with each of them, and with their 
combinations, were fabricated achieving in each case a dopant pene
tration of 35 %. Their spectral characteristics and the evolution of the 
emission intensities were measured and analyzed as functions of the 
dopant combination, the pumping power and wavelength, and the light 
propagation distance. The results obtained show that these doped fibers 
have a great versatility in emission depending on these parameters. 
Moreover, it was also concluded that higher emission intensities could 
be achieved in the red emission band using both dopants together 
instead of using only Lumogen Red, it is because of the energy transfer 
between dopants. Finally, a time-resolved characterization of the doped 
POFs was also carried out to measure their fluorescence lifetimes and to 
extract information about the energy transfer from Lumogen Yellow to 
Lumogen Red. These optical features and ease of fabrication could be 
very interesting in the design process of all-optical devices based on 
active POFs, such as broadband or dual-band light sources and sensors. 
In addition, these fibers are also expected to have interesting properties 
as luminescent solar concentrators, which will be the subject of research 
in future work. 

Fig. 15. Time-resolved decay profiles for those doped POFs in which (top) the 
Lumogen Yellow and/or (bottom) Lumogen Red are presented. The inset on top 
side of the figure shows the exponential fitting of the emission of the sample 
LY10LR0 to Equation (2) and the calculated values (fluorescence lifetime and 
the coefficient of determination). 

Table 1 
Fluorescence lifetimes and energy transfer efficiencies for our doped POFs.  

Sample τLY(ns) and R2 τLR(ns) and R2 ηLY→LR 

LY10 LR0 6.01 0.994   
LY9 LR1 5.65 0.996   0.060 
LY8 LR2 5.68 0.993   0.055 
LY7 LR3 5.34 0.992 8.76 0.973  0.111 
LY6 LR4 5.01 0.991 9.56 0.974  0.166 
LY5 LR5 5.15 0.993 8.98 0.979  0.143 
LY4 LR6 5.37 0.989 9.01 0.975  0.106 
LY3 LR7 5.36 0.986 9.13 0.980  0.108 
LY2 LR8 5.13 0.992 8.85 0.976  0.146 
LY1 LR9 5.01 0.987 9.11 0.965  0.166 
LY0 LR10  6.21 0.985   
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