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ABSTRACT

Luminescent concentrators (LCs) have received much attention in the solar harvesting
community for their ability to absorb incident radiation intendent of angle. On the other hand, there has
been little effort exploring LCs potential for communication and sensing purposes. The rise of solid-state
photon counting diodes, such as the Single-Photon Avalanche Diode (SPAD), or the Silicon
PhotoMultiplier (SiPM), is promising for Optical Wireless Communication (OWC) as well as cosmic
ray/neutrino observatory scenarios. However, these technologies introduce the need to concentrate an
optical beam, from a wide range of incident angles, or diffuse radiation, to the small package size of the
solid-state photon counting diodes, while maintaining a high quantum efficiency and a fast response.
Here, we propose a densely packed optical fiber array to collect radiation over nearly a full sphere
of incident angles, and characterize its ability to concentrate diffuse, radiation. The bundle splays outward
from a tightly bound base, taking a unique “flower” geometry. An efficient organic polymer, coated onto
the body or doped in the core of each fiber, absorbs incident ultraviolet radiation and rapidly fluoresces. A
portion of emitted photons, trapped in the fiber by total internal reflection, waveguides to the base of the
optical flower and couples out onto an exit photo-absorber or photodiode.
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Chapter 1
Introduction
Traditional geometric optical concentrators achieve concentration, while conserving the system’s
etendue (the extent of angular-spread and spatial-spread of light). The sine-brightness law describes an
exchange between the maximum concentration ratio (CR) and acceptance angle (θacc), demanding high
concentration ratio solar-harvesting systems (CR > 10000 suns) to track the position of the sun for
instance.
As solar tracking remains one of the largest costs in flat-plate photovoltaic panels, much effort
has been towards investigating Luminescent Solar Concentrators (LCs), which are able to concentrate
both diffuse and direct light. A common LC arrangement utilizes a thin polymer waveguide slab
embedded with luminescent molecules. The luminescent molecules absorb incident radiation, and re-emit
light at a lower energy. A portion of re-emitted (Stokes shifted) light is trapped in the slab by total internal
reflection, and travels to photovoltaic cells mounted to the edge of the waveguide. As the absorption of
incident light does not depend on the angle, solar tracking is not necessary.
While much of the attention surrounding luminescent concentrators focuses on energy harvesting
applications, there has been relatively little effort exploring their potential for communication and sensing
purposes. Optical Wireless Communication (OWC) is a growing form of wireless data communication
that utilizes an optical carrier, i.e., visible, infrared (IR), and ultraviolet (UV) bands to deliver high data
rates (> 10 Gbps) over a long range (several kilometers). In fact, plans to form an intersatellite network
“backbone,” from which optical links (visible-infrared) will form connections between satellites, ground,
and aircraft have already been put into motion1,2. However, their estimated costs remain too high for full
commercialization. Early on, it was pointed out that increasing the physical-link communication
efficiency, through photon-counting receivers, would lower the system complexity, weight, and power.
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While traditional photomultiplier tubes have proven difficult to implement in space, the rise of solid-state
photon-counting devices, such as the Single-Photon Avalanche Diode (SPAD), and more recently the
Silicon Photomultiplier (SiPM), make photon counting a viable option.3 A SiPM, is a solid-state
avalanche photodiode on silicon substrate. While SiPM’s uphold a gain comparable to traditional PMT
technology (~106), they also boast magnetic field immunity and low operating voltages at a significantly
lower fabrication cost.
However, the small dimensions required by semiconductor photodiodes to achieve fast data rates
requires a means to concentrate carrier beams that have expanded significantly over long range links (> 1
km). 4 has demonstrated luminescent concentration enables omnidirectionally sensitive geometries that
could eliminate the need for beam alignment and tracking, but more research into high PLQY (> 0.50)
and fast fluorescing molecules (sub-ns) tailored to optical wireless communication remains necessary.
On the other hand, the investigation of cosmic rays and neutrinos at large-scale observatories,
such as the High-Altitude Water Cherenkov Experiment (HAWC) and IceCube, desire a large quantity
(~100-1000s) of single-photon ultraviolet sensors to detect Cherenkov radiation. Currently, these
observatories rely on photomultiplier tubes operating in a discriminated photon counting acquisition
mode. Ultimately the high energy physics community would also like to transition from the
photomultiplier tube to a semiconductor-based photo-detection platform, such as the SiPM or other
APDs. However, switching to such platform requires a means to concentrate faint Cherenkov radiation
over a large variety of incident angles to the reduced collection area of a solid-state array/package, while
maintaining a low-cost. Furthermore, detection modules must be: fast (≈ nanoseconds in rise time
resolution) and durable (≈ years in lifetime)5–8.
Here, we address the need for a low-cost, omnidirectional, concentrator with a novel luminescent
concentrator geometry. Inspired in part by LC technology, we propose a densely packed optical fiber
array to collect radiation over nearly a full sphere of incident angles, and characterize its ability to
concentrate diffuse, radiation. The bundle splays outward from a tightly bound base, taking a unique
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“flower” geometry. Figure 1 shows schematically the process of concentrating incident radiation. An
efficient organic polymer, coated onto the body or doped in the core of each fiber, absorbs incident
ultraviolet radiation and rapidly fluoresces. A portion of emitted photons, trapped in the fiber by total
internal reflection, waveguides to the base of the optical flower and couples out onto the exit photoabsorber or photodiode.

Figure 1: Schematic representation of fiber flower concentrator.Fluorophore absorbs incident
ultraviolet radiation and rapidly fluoresces. A portion of emitted photons, trapped in the fiber
by total internal reflection, waveguides to the base of the optical flower and couples out onto
the exit photo-absorber or photodiode.

The fluorophore, and hence the absorption and emission, can be tailored to fit a desired
application. Historically, organic fluorescent molecules for light emitting or lasing applications generally
exhibit (1) decent quantum efficiency (> 0.50), (2) good photochemical stability, and (3) a short
fluorescence lifetime (5 – 10 ns). Even the fastest commonly used laser dyes, say DCM, only exhibit a
fluorescent lifetime of ≈ 2 ns 9. This is also reflective of current industry standard wavelength-shifting or
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scintillating optical fiber, from Saint-Gobain or Kuraray, which can exhibit high fluorescent efficiencies
(> 0.95) but a decay time of 2-3 ns.
In this study however, we focus on the organic polyfluorene derivative, poly(9,9`dinoctylfluorene-alt-benzothiadiazole) (F8BT). Figure 2 shows the molecular structure of F8BT.
Polyfluorene derivatives are a commonly used emissive layer in Polymer-based Light Emitting Diodes
(PLEDs) due to their relatively high quantum efficiency, processability, stability, and color tunability10,11,
and consequently serve as a flexible starting point for this investigation.

Figure 2: The molecular structure of polyfluorene derivative F8BT. Polyfluorene derivatives are a commonly used
emissive layer in Polymer-based Light Emitting Diodes (PLEDs) due to their relatively high quantum efficiency,
processability, stability, and color tunability10,11.
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Chapter 2
Review of Photoluminescence
Photoluminescence is a form of spontaneous emission in which an excited state forms from the
absorption of light. In the excitation process, a portion of the absorbed radiation is lost in the form of heat.
Consequently, if the luminescent system absorbs photons at energy e1, the emission will red-shift (Stokes
shift) to a lower energy e2 (see equation below).
𝑒1 ↔ 𝑒2 + ℎ𝑒𝑎𝑡
Furthermore, not all excited states participate in fluorescence, but instead will dissipate energy
through nonradiative processes (e.g., vibrations). The PhotoLuminescent Quantum Yield (PLQY),
sometimes referred to as quantum yield or quantum efficiency (PLQE), describes the amount of photons
emitted out of the total absorbed photons. The PLQY will be denoted as ηlum.
𝜂𝑙𝑢𝑚 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

The quantum yield can also be written in terms of the rate at which photons radiatively
recombine (Rr) out of the total recombination rate of all deactivation processes (R)
𝜂𝑙𝑢𝑚 =

𝑅𝑟
𝑅

As the recombination rate is inversely proportional to lifetime, the quantum efficiency can be
rewritten as
𝜂𝑙𝑢𝑚 =

𝜏𝑛𝑟
𝜏𝑛𝑟 + 𝜏𝑟

Where τnr is the nonradiative lifetime and τr is the radiative lifetime. Here, we can see that a
fluorophore that strongly emits must have a large nonradiative lifetime.
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Chapter 3
Theoretical Model of Fiber Flower
The fiber flower concentrator can be thought of as an array of 1D luminescent waveguides, each
fiber possessing length l and radius r. The total ability of a given fiber bundle to concentrate light to its
base is then directly proportional to the combined surface area of all fibers in the bundle. While the
fluorescent fibers splay outward in a rather complex distribution, the fibers are tightly bound at the base,
and are packed into a cross section of a circle of approximate area A (as shown in Figure 1). The optimal
arrangement of circles on a 2D surface is a hexagonal lattice12, with a packing density of η ≈ 0.9069.
If the gain, G, of the concentrator is defined as the ratio of the total surface area of the fiber
bundle to the constant packing area A, then the upper limit to the geometric gain, Gupper, per fiber length l
is given by:
𝐺𝑢𝑝𝑝𝑒𝑟 2η
≈
𝑙
𝑟
Though this idealized geometric analysis of the fiber flower does not account for any loss in the
system, it reveals that high gain is achieved with long and thin fibers. And the number of fiber per square
meter, n, for a given arrangement is:
𝑛=

η
𝜋𝑟 2
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Figure 3: Theoretical limit of fiber flower geometry, in “gain” per length of each fiber. While traditional
passive concentrators outperform the fiber flower in direct radiation scenarios, the fiber flower
dominates at concentrating diffuse radiation.

Figure 3 presents the upper limit to the gain, G, for the proposed ideal fiber flower concentrator.
The fiber flower detector has an ideal gain of ≈ 1000’s, independent of the spatial or angular extent of
incident radiation. While traditional passive concentrators eclipse this in direct radiation scenarios, the
fiber flower does not require any additional tracking processes, and dominates at concentrating diffuse
radiation13.
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Chapter 4
Understanding Sources of Loss is Luminescent Concentration
In practice, we can expect the fiber flower to operate below its limits, though for different reasons
than passive concentrators. However, we can expect many of the challenges luminescent concentrators
face in solar energy applications to be present in data communication and sensing scenarios. Therefore, it
will be beneficial to discuss briefly some of the well-known loss mechanics of LCs.
In 13, Yablonovitch et. al. presents an analysis of how an LC achieves concentration, and
describes some of the major loss mechanisms in luminescent concentrators. In general, an LC achieves
concentration through an exchange in energy, via the Stokes shift, for an increase in radiance (power per
steradian per square meter). If the concentration ratio of a luminescent system is defined as the ratio of
exit radiance to incident radiance, then the ideal concentration ratio for a typical luminescent molecule is
under low levels of incident illumination (L < 100 suns):
𝐶𝑙𝑢𝑚 ≈

𝑒23
𝑒1 − 𝑒2
3 𝑒𝑥𝑝 𝑘𝑇
𝑒1
0

The luminescent molecule absorbs photons at energy e1 and re-emits at e2 at the ambient
temperature (T0). However, in practice luminescent concentrators do not achieve Clum due to several
different loss mechanisms. The experimental gain may be represented as:
𝐺 ∝ 𝐶𝑙𝑢𝑚 𝜂𝑡𝑟𝑎𝑝 𝜂𝑎𝑏𝑠 𝜂𝑙𝑢𝑚 𝜂𝑝𝑎𝑟
Loss mechanisms, introduced with ηtrap, ηabs,, ηlum, ηpar refer to the system’s trapping, absorption,
luminescent, and parasitic efficiencies/losses, respectively. We will review each mechanism.
In two common scenarios for the fiber flower, absorbing fluorophores are conceivably coated on
a thin layer on the body of the optical fiber, or doped within of the fiber core. To this point, fluorophores
are randomly arranged in the solid state. Consequently, the emission takes is assumed to take a random
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angle, and a portion of absorbed photons re-emits into unsupported bounce angles, scattering out. The
trapping efficiency, ηtrap, describes the amount of photons that remain trapped in the waveguide, reaching
the exit aperture or target photodetector.
The absorption efficiency, ηabs, describes the amount of incident photons that will be absorbed by
a given polymer. The absorption largely depends on spectral-position, and can vary dramatically among
different fluorophores. Not all absorbed photons give rise to a radiative re-emission, but instead dissipate
as heat. Out of the absorbed photons, the photoluminecscent quantum yield, ηlum, describes the amount of
photons that will be re-emitted. In solution, many dye molecules exhibit near unity PLQY. In the solid
state on the other hand, the host matrix material and dye concentration largely influences the PLQY14.
Furthermore, the absorption and emission of a given fluorophore will always overlap to a certain
extent (this is evident directly from the Kennard-Stepanov theory). Consequently, a portion of emitted
photons will be re-absorbed by the polymer. With each re-absorption event, additional light may be
thermalized or re-emitted at an unsupported bounce angle and scatter out. The parasitic loss from the
fluorophore’s re-absorption of its own re-emission is described by ηpar,
𝜂𝑝𝑎𝑟 = (𝜂𝑡𝑟𝑎𝑝 𝜂𝑙𝑢𝑚 )𝑘
Where k is the number of reabsorption events. One way to minimize re-absorption is to use
luminescent systems with a large Stokes shift (e1 – e2). Re-absorption introduces a tradeoff in energy
harvesting applications: using a large Stokes shift may allow more light to reach the exit aperture or
photosensor, but each photon now has less energy. However in a data communication or sensing scenario,
the Stokes shift can extend e2 out to the given photodiode’s absorption minimum. For a simple silicon
photodiode with absorption band edge of ~1100 nm and a typical fluorophore absorbing ultraviolet
radiation at ~350 nm, the Stokes shift can be as large as ~ 2.4 eV. One way to extend the Stokes shift is to
dope the fluorophore with small, easily polarizable molecules, such as Camphor15.
For dye-doped polymer host slabs in particular, additional light may be lost owing to the host
matrix itself (scattering or absorption). Experimentally, matrix losses have been shown to be on the order
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of < 1%/cm16. As we shall show in the next section, this loss is negligible compared to that of the selfabsorption and internal reflection losses. For a more rigorous treatment of the loss mechanics of
luminescent solar concentrators, and luminescent concentrators in general, we point the reader to 17,18.
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Chapter 5
Monte Carlo Simulation of Luminescent Concentration

Theoretical Approach
With loss mechanisms in luminescent concentrators well established and observed for quite some
time now by the solar-energy harvesting community, a significant portion of current effort lies in
optimizing the many-parameters of luminescent concentrators to achieve the highest output power across
solar cells via Monte Carlo simulation methods. After applying some initial assumptions about the
distribution of ‘input’ photons to a given LC system, the Monte Carlo method handles the transport of
each photon through now simpler statistical properties of the system itself. For instance instead of
handling the individual absorption/emission processes of a single photon, absorption and re-emission is
addressed by comparing a random variate to the PLQY of the fluorophore.
There is an abundance of ray-tracing Monte Carlo simulations investigating the spatial parameters
such as waveguide geometry, fluorophore properties (absorption/emission band, bandgap energy), ideal
dye concentration, and solar cell configuration (19–23 to name a few) with the goal to achieve the high
output power at an exit photo-absorber. However, to our knowledge, we have yet to see simulations
investigating the evolution of a population of trapped photons in time, or the timing characteristics for a
pulse incident on the LC to reach the exit. While it is clear these properties should depend on the photon
population’s optical path length and the fluorophore’s lifetime, the relationship between the two is not
obvious. Here we present the foundation of a ray-tracing Monte Carlo simulation, including the losses
from re-absorption and total internal reflection, and verify it with 23. In future work, we aim to track the
timing of the LC fiber flowers proposed in this paper by explicitly tracking the path length and
fluorescent properties.
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Figure 4 schematically shows the setup of our Monte Carlo simulation. In the simulation, an
initial population of 1,000,000 photons (defined as generation 1) are released into a thin 2D waveguide (L
>> W), doped with fluorophore concentration M. The frequencies, v, of the initial population, is normally
distributed to the emission profile of the fluorophore. The emission pattern is assumed isotropic, such that
the angle, θ, of each photon is chosen from a random number uniformly distributed between 0 and 2π.
Each photon travels independently through the waveguide, suffering reabsorption and trapping losses (for
each bounce off the sides). Otherwise, the photon contributes to an edge emission spectrum as it escape
from one end. Photons that escape the opposite end of the waveguide are ignored. The distance of the
initial photon population to the counting edge is defined as the excitation distance.

Figure 4: Simulation setup of the self-absorption ray-trace Monte Carlo simulation.

The distance a photon traveled before re-absorption is given by:
𝐿=

− ln(𝑃)
𝛼(𝑣)𝑀

Where P is a random number uniformly distributed between 0 and 1, α(v) is the self-absorption
cross section coefficient of the fluorophore [1 / (M*cm)] (a.k.a. molar attenuation coefficient), and M is
the concentration (Molarity) of fluorophore dopants in the 2D waveguide. We see that re-absorption
becomes more likely the further a photon travels down the waveguide. Upon re-absorption, a new random
number, uniformly distributed between 0 and 1, is compared to the PLQY of the fluorophore to determine
if re-emission occurs. For instance, if a given fluorophore has a PLQY of 0.80, re-emission occurs if the
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new random number is greater than 0.2. The frequency and angle of the “sibling” (next generation)
photon is selected in the same manner as the initial population. Hence, we assume the frequency of the
absorbed photon is independent of the fluorescent emission.
The photon reflects off the side if its incident angle is greater than the critical angle of the LC-air
interface as it travels down the waveguide. For a PMMA-air interface, the critical angle is ≈ 42° (for npmma
≈ 1.499). In addition, another unique random number is compared to a trapping efficiency to account for
the imperfect transmission at the LC-air interface (though it has been shown to improve the overall
trapping efficiency by ≈ 0.01% at best17). This process repeats for each photon until the initial population
is exhausted from (1) exiting either end, (2) dissipation due to non-unity PLQY, (3) or transmission
through the LC-air boundary.

14

Simulation Results
Here, we verify our re-absorption and total internal reflection loss with the results from 23. Using
the same input, a PMMA slab doped with 4-dicyano-methylene-2-methyl-6-p-dimethyl amino-styrl-4Hpyran (DCM), with PLQY ≈ 0.81 and critical angle ≈ 42°. Figure 5 presents the absorption and
fluorescent profiles, and self-absorption coefficient, α(v), used as input to the simulation.

a

b

.
)

Figure 5: (a) Absorption and emission spectrum of DCM used in the Monte Carlo simulation. (b) Self-absorption cross-section of DCM in PMMA.

Figure 6a presents the edge emission profiles over four excitation positions for a 100 cm x 2.5 cm
PMMA sheet doped with M ≈ 1x10-5 Molar DCM. Lastly, Figure 6b presents the collection efficiency, the
number of photons that exit the “counted” edge out of the initial 1,000,000 photons, which represents the
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overall probability that a photon successfully exits the LC without dissipating through re-absorption or
lost due to an unsupported bounce angle (total internal reflection cone loss). Both the edge emission
profiles and collection efficiency are in good agreement with 23.

a

b

.
)

Figure 6: (a) Edge emission profile of DCM over various excitation distances in the Monte Carlo simulation. (b) Collection
efficiency, the overall probability that a photon successful exits the collection edge without dissipating from re-absorption
or escaping from total internal reflection cone losses.
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Discussion
Notice, the collection efficiency drops off quickly over the initial centimeters of excitation
position but then levels off. This is attributed to the low levels of self-absorption exhibited at longer
wavelengths. The fast drop off suggests that perhaps only a handful of reabsorption events occur before
the photons reach the edge. The fluorophore is likely to play a key role in the timing response of LC
systems, as the system must wait a fluorescent lifetime for each re-emission event. Furthermore, there is
also the chance that the isotropic emission redirects a re-emitted photon in the wrong direction.
Nonetheless, the “desired” relationship between fluorophore properties (PLQY, Stokes shift, and
lifetime) is not obvious. Intuitively, one thinks the ideal fluorophore is that with the strongest PLQY,
largest Stokes shift, and fastest lifetime. On the other hand, the isotropic emission of the fluorophore
inherently introduces some level of temporal pulse spreading by ensuring vastly different path lengths
immediately on the generation 1 photons. Successive generations of the photon population potentially
only cause further pulse spreading (independent of the expected drop in intensity from non-unity PLQY).
Consequently, the path to “better” timing characteristics may very well be possible at lower levels of
PLQY because the system does not allow photons that stray far from the collection edge a very good
chance of surviving. In the future, we aim to realize “rise time,” “fall time,” “pulse width,” and “transit
time,” among other timing characteristics, for LC systems via a Monte Carlo-based simulation.
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Chapter 6
Experimental Results

Fiber Characterization
In this experimental, we present a characterization of a current industry-standard fluorescent fiber
generously provided by Nanoptics Inc., as well as demonstrate a custom fluorescent fiber featuring a
highly-efficient organic polymer, commonly used in LEDs, known as F8BT24,25.
Fluorescent fiber manufacturers typically dope fluorophores into a host matrix. Poly(methyl
methacrylate) (PMMA) is the common host of choice, owing to its transparency, photostability 26, and
mechanical and chemical resistance. Nanoptics, Inc. provided a roll of 254 um diameter “red” fluorescent
fiber in which the fluorophore was likely doped into an acrylic based core. Figure 7 displays the roll of
fluorescent fiber exposed to an ultraviolet lamp.

Figure 7: Nanoptics, Inc. red fluorescent fiber. Fiber under ambient room light (left). Fiber under
ultraviolet lamp (right).
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We performed a simple attenuation test of the Nanoptics fiber (Figure 8a). Incremental
movements of an incident 375 nm laser along the body of the fiber varied the excitation position with
respect to the ends of the fiber. At each excitation position, a spectrometer measured the intensity exiting
one of the ends of the fiber. Figure 8b shows the normalized absorption and normalized emission
spectrum of the fluorescent fiber at two different points along the fiber (25 mm and 100 mm from the
excitation source). We observed an attenuation in outcoupled light of ≈ -7 dB/m. Note the intensity
decreases, and red-shifts, as the excitation source moves farther away, indicating some level of
attenuation and reabsorption is present in the fiber.

a

b

.
)

Figure 8: (a) Nanoptics fiber attenuation test. (b) Absorption and emission of Nanoptics fiber at 25 mm and 100 mm excitation position.

Out of simplicity, the F8BT fiber samples were prepared with a conventional dip-coating method.
A mechanical system designed to coat monofilament fiber. A highly geared DC motor slowly and
smoothly pulls plastic monofilament fiber through a bath of luminescent solution of F8BT dissolved in
toluene. Toluene evaporates off the fiber, leaving a thin F8BT film behind. The luminescent solutions
concentration, as well as the draw speed on the DC motor, then control the thickness of the remaining
film.
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Initial samples were prepared on 300 um diameter monofilament PMMA, polycarbonate, and
polystyrene. An example F8BT coated fiber is shown below in Figure 9, exposed to an ultraviolet lamp.

Figure 9: F8BT coated on monofilament PMMA (300 um diameter), exposed to an ultraviolet lamp.

Figure 10 shows the absorption and PL spectrum (yellow-green) of an F8BT thin film on a glass
substrate. The PL spectrum exhibits two emission peaks at ≈540 nm and ≈570 nm, which has been
associated to a strong coupling between intrachain excitons and a lower-energy interchain excimer.
Consequently, F8BT’s PL intensity largely depends on the degree of coupling that forms during the
fabrication process 27. In addition to interchain excimers, some level of chain aggregation is to be
expected in F8BT, and polyfluorene derivatives in general, in the solid-state 28. Unlike an interchain
excimer, aggregates in the solid state are characterized by a unique absorption band, due to the

Figure 10: Absorption and
Emission of F8BT thin film on
glass. (inset) F8BT emission
under ultraviolet lamp.
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delocalization of the wave function in both the ground and excited state, giving rise to a slower, more redshifted emission. For spin-coated organic polymer thin films, some have demonstrated control of the PL
behavior of polymers through proper selection of concentration, organic solvent, spin speed, and thermal
treatment29–31. In addition, the degradation of polyfluorene films has been covered quite extensively11.
The PLQY of F8BT in the solid-state varies significantly from 40% to nearly 80% in
literature25,32–38. Thin film F8BT samples were spin coated onto a glass substrate from toluene solution. In
a comparison to ALQ3, we found these samples exhibited a similar steady state PLQY (~40%), closer to
the lower end of the observations from literature. One possibility for a lower observed PLQY is that there
is a large number of nonradiative processes occurring. As we also observed a fast fluorescent lifetime
(~0.45 ns), it is possible that nonradiative processes dominate the relaxation process. Figure 11 shows the
fluorescent lifetime of the thin film F8BT samples excited with a 40 ps pulsed 374 nm laser.

Figure 11: Fluorescent lifetime
of F8BT thin film on glass slide.
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The plastic core fiber showed strong attenuation, ≈ -60 dB/m, after performing the same
attenuation test with the spectrometer. It is likely that reabsorption by the F8BT molecule itself is
responsible for a portion of the fibers observed loss, as the overlap between the absorption band and
emission is relevant. However, it is also probable that some nonuniformity or roughness in the F8BT
layer, acting as scatter sites, formed during the dip coating process, potentially due to an unsmooth draw
or toluene breaking down the surface of the plastic fiber. Toluene, along with most organic solvents used
to dissolve fluorescent molecules, will dissolve plastics like acrylic, polycarbonate, and polystyrene in
time.

a

b

.
)

Figure 12: (a) Scatter test experimental setup. (b) Scatter of coated (F8BT) vs. bare 300 um fiber.

A “scatter test” (Figure 12a) measured the light lost purely due to the structure of the F8BT
coated plastic fiber. A spectrometer collected light that had scattered out of an F8BT coated fiber, relative
to a bare fiber, in an integrating sphere. To isolate the loss due to the structure of the fiber, a
monochromatic light source coupled into the end of the fiber was well outside the absorption band. Figure
12b displays the ratio of spectrometer “counts” from the F8BT coated fiber to that of the bare fiber versus
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the wavelength from a supercontinuum source. At particularly red wavelengths of light, well outside the
absorption of F8BT, the F8BT coated fiber scattered more light out by a factor of nearly 3.5x relative to a
bare fiber.
To avoid any roughness due to solvent-fiber interactions, a second set of F8BT fiber was prepared
by dip coating 0.5 mm diameter glass (quartz) rods. The F8BT glass fiber demonstrated remarkable
retention of light after performing the same attenuation test (Figure 13, inset). Figure 13 presents a
comparison of the attenuation of Nanoptics fiber samples, F8BT coated PMMA fiber, and F8BT coated
glass fiber. A dramatic improvement occurred in the glass rods after a Tergitol sonication process was
introduced (blue).

Figure 13: Attenuation of Nanoptics red fluorescent fiber, F8BT on PMMA, F8BT on quartz. (inset) F8BT on quartz attenuation setup.
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Figure 14 presents the results of a lifetime study performed with a streak camera with two 0.5
mm, and two 2 mm, F8BT coated glass fiber. In the experiment, the streak camera collected the emission
from the body of the glass rod (excited with a 375 nm laser). The streak camera system collected emission
for the same amount of “counted photons” (as the software refers to it). This way, the relative intensities
could be compared to one another. One of the 2 mm fiber samples was annealed on a hotplate at ≈ 150 °C
for an hour in a nitrogen-rich glove box to see if thermal treatment could improve fluorescent efficiency.
There was little variation in emission intensity and fluorescent lifetime (≈ 0.63 ns).

Figure 14: Observed lifetime from body of F8BT coated glass rods.
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Fiber Flower Prototype
In a concurrent effort, a prototype fiber flower assembled using remaining Nanoptics fiber
provided insight on the ability of the fiber “flower” bundle geometry itself to concentrate light. Figure 15
shows the prototype fiber bundle and a set of small silicon-based photodiodes (BPW 34 by OSRAM)
used to measure light concentrated by the fluorescent optical fiber. Inside the black casing, the bundle
meets flush against the active area of one of the small photodiodes.

Figure 15: Nanoptics fiber "flower." Set of BPW 34 photodiodes (bottom left corner).

To test the ability of the fiber flower to concentrate radiation coming from a wide range of
incident angles, a Xenon lamp based monochromator directed into an integrating sphere created an
environment of tunable monochromatic diffuse light. Varying the incident radiation with the
monochromator, the induced photocurrent for both a bare photodiode and the prototype fiber-photodiode
system was measured.

25
In addition, the responsivity of the photodiode was measured to account for the bias in
photocurrent from the strong red emission of the flower. Figure 16 presents the “gain” of the prototype
bundle - the ratio of the number of photons collected by the photodiode that were emitted at the peak
fluorescence of the fiber itself (≈ 645 nm), compared to the number of photons incident on the bare
photodiode. We observed a six-fold increase in the number of photons incident on the photodiode with
the use of the fiber flower.

Figure 16: Gain of the Nanoptics fiber flower under a monochromatic, diffuse, source.
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Chapter 7
Conclusion
With high PLQY fluorophores quite readily available to manufacturers, industry-grade
fluorescent fibers generally are strong emitters. The Nanoptics fiber flower prototype certainly
demonstrates the potential as a diffuse optical concentrator, but undoubtedly performs well below its
theoretical limit. Furthermore, we demonstrated fiber structures that perform comparably to that of the
Nanoptics fiber, with a fluorescent layer that exhibits a relatively lower PLQY (< 0.50). One possible
solution for the poor performance of the Nanoptics flower is that the fluorophore dopant in the fiber
exhibits high levels of reabsorption. Visual inspection of the absorption and emission patterns reveal the
fluorophore is remarkably similar to that of Lumogen R30539. Although R305 exhibits a near-unity
PLQY, additional light is lost when the fluorophore re-emits light into potentially unsupported bounce
angles.
Previous research in luminescent concentrators extensively explores fluorophore parameters, such
as re-absorption, but remains embedded in the solar-harvesting energy community. On the other hand, the
luminescent concentrator has yet to be considered in the context of data communications or a generalized
form of diffuse light sensing. In future work, we aim to investigate the timing characteristics of
luminescent concentrators by building upon the Monte Carlo simulation we presented here. Namely,
current theory and modeling accurately describes the amount of light coupling out of a given luminescent
concentrator, while the evolution of each photon in time remains unclear.
In addition, the F8BT glass rods exhibited a very fast lifetime (≈ 0.63 ns), but it is likely
accompanied with a low PLQY. Driven in part by the swell of interest in organic lasers, we can even
expect to see high radiative rate fluorophores40 more readily available in the future. Going forward we
plan to assemble a second prototype fiber flower with custom fluorescent fiber, perhaps doped with
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F8BT, to measure the diffusive-gain, and investigate the response of the fiber flower to a short pulse of
light.
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