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ABSTRACT

We present the design and optimization of a polymeric optical fiber luminescent solar concentrator (FLSC) and system-
atically investigate the impact of the geometrical and physical parameters of the fiber and active luminescent dopants
on the FLSC performance. A multiplicity of individual FLSCs may be arranged on a surface to form a low-weight and
mechanically flexible solar concentrating fabric. In addition to these unique structural properties, we find that the overall
optical-to-electrical conversion efficiency of the FLSC rivals that of reported flat slab LSCs while increasing the geometric
gain, thereby potentially reducing the cost. Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Luminescent solar concentrators (LSCs) are a promising
alternative for reducing the cost of solar energy [1]. LSCs
are optical waveguide structures doped with luminescent
materials such as organic dyes [2], quantum dots [3,4], or
inorganic rare-earth ions [5], which are either embedded in
the structure [6,7] or coated on top of it [2] to absorb inci-
dent sunlight. Luminescence emitted into the waveguide
modes reaches photovoltaic (PV) cells placed at the struc-
ture edges. LSCs thereby reduce the area of the PV cells
used and may become economically viable when the cost-
efficiency of LSC manufacturing improves upon that of PV
cells.

The LSC concept may be traced back to an unpublished
proposal (see Ref. [6]) but became known through the work
of Weber and Lambe [8]. The recent surge of interest in
solar energy driven by geopolitical factors, environmental
fears, and the prospect of a dwindling fossil-fuel supply
has rekindled interest in LSCs. It has become useful to
distinguish a first generation (Gen1) of LSCs developed
in the 1970s and 1980s from a recent second generation

(Gen2) that benefits from advances in luminescent mate-
rials, optical polymers, and the fabrication of optical
waveguide structures [1,9]. For example, luminescent
materials with wide absorption bands and low self-
absorption rates, such as quantum dots, have improved
LSC efficiencies [3,10,11]; alignment of luminescent
molecules has increased the directional coupling of their
radiation into guided modes [12–14]; and inter-molecular
energy transfer schemes have reduced self-absorption [2].
As a result, the conversion efficiency of LSCs has topped
7.1% for small-area, but relatively thick, samples (5 �
5 � 0.5 cm3) [15]. Other improvements include exploring
different waveguide geometries [16], patterning the lumi-
nescent material doping [17], improving the LSC-to-PV
coupling using plasmonic particle resonances [18], flu-
orescence resonant shifting [19], and embedding silicon
micro-PV cells in the LSC to reduce self-absorption [20].

Another emerging class of Gen2 LSCs exploits non-
traditional waveguide form-factors such as cylindrical light
pipes, which may have higher concentration efficiencies
compared with slab waveguides [9,21], and may thus
enable solar energy harvesting in new contexts. Along this
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Figure 1. Overall design of a fiber luminescent solar concentra-
tor (FLSC) system with individual fibers assembled in a fabric.
The fiber ends are bundled and connected to a small-area pho-
tovoltaic (PV) cell. The inset highlights a single FLSC having the
cross section shown in Figure 2(c). Incident sunlight is focused
into luminescent dopants, and a percentage of the emitted light

is trapped in the fiber and propagates to the fiber end.

vein, solar concentration via laser-dye-doped optical fibers
was recently suggested but without reporting efficiency
measurements [22]. The use of polymer optical fibers to
realize flexible and low-weight LSCs may enable solar
energy harvesting in mobile applications.

In this paper, we describe the design, detailed numer-
ical simulation, and optimization of a fiber LSC (FLSC)
in which a polymer optical fiber judiciously impregnated
with luminescent dopants absorbs sunlight incident exter-
nally on its outer surface. The fiber then plays the role
of a waveguide for transmission of this luminescence to
the fiber end where PV cells are placed. Figure 1 depicts
schematically the overall FLSC system configuration. A
multiplicity of individual parallel FLSCs is assembled on
a surface, and their ends are bundled and connected to a
small-area PV cell. Each fiber is an independent LSC, and
their juxtaposition enables covering a large surface area.
The geometric gain [2], defined as the ratio of the area
covered by the LSC to the area of the PV cells required,
is approximately the ratio of the fiber length to its diame-
ter, which can be considerably high. Such structures may
potentially lead to wearable solar-harvesting fabrics for
mobile energy.

The specific class of fibers we investigate here has a
non-traditional structure: its cross section comprises a rect-
angle with an axially symmetric cylindrical cap on the top
surface designed to focus externally incident light into the
fiber (Figure 2(c)). Luminescent dopants, located at the
focal spot (extending axially along the fiber), absorb inci-
dent sunlight and re-emit light into the fiber, which is then
guided to the fiber end. Fiber-based LSCs with uniform
luminescent doping results in high self-absorption, while

coating the dopants on the fiber surface, as is usually per-
formed in flat LSCs, eliminates the benefits accrued by the
curved fiber surface. The FLSC design we investigate here
harnesses the focusing capabilities of the curved fiber sur-
face to minimize the amount of dopants needed, thereby
reducing self-absorption. To the best of our knowledge,
this is the first time that an FLSC design has been sys-
tematically investigated and optimized for efficient LSC.
Furthermore, we demonstrate experimentally the feasibil-
ity of producing such non-traditional fiber structures using
the traditional process of thermal fiber drawing from a
scaled-up model called a “preform” (Figure 2) [23].

Previous theoretical studies have examined LSC perfor-
mance from various viewpoints, such as microscopic-level
models based on molecular light-matter interactions [24],
thermodynamic approaches based on radiative transfer
theory from a macroscopic perspective [25], and system-
level design and optimization using Monte Carlo ray
tracing. Here, we primarily employ the ray-tracing method
for optical system design, analysis, and optimization (see
the Appendix for details).

The paper is organized as follows. After providing an
overview of the general strategy in Section 2, we eluci-
date the rationale for choosing the rectangular fiber with an
integrated cylindrical lens cap in Section 3 by comparing
it with two simpler structures, rectangular and cylindrical
waveguides, along with our experimental progress on con-
trollably fabricating “cold” polymer fibers (i.e., undoped)
with cross-sectional structures similar to those studied
theoretically here. Section 4 examines the first stage of
the concentration process, absorption of incident sunlight,
and evaluates the dependence of absorption efficiency on
the fiber geometrical and physical degrees of freedom.
In Section 5, we investigate the capture of the lumines-
cence in the fiber via total internal reflection (TIR), while
Section 6 focuses on the important issue of self-absorption
as a limiting factor for increasing the length of FLSCs (and
hence setting a limit on the geometrical gain). We conclude
Section 6 with a simple empirical model of the dependence
of self-absorption on the fiber degrees of freedom, allowing
for rapid evaluation of multiple designs. Section 7 presents
results on optimizing the performance of the proposed
FLSC over the full parameter space of the FLSC struc-
tural and physical degrees of freedom. Up to this point, the
analysis is carried out using a fixed pair of absorption and
emission wavelengths. We lift this restriction in Section 8,
where we present an analysis that takes into considera-
tion the solar spectrum and the wavelength dependence of
absorption and luminescence by a dopant. We conclude the
paper by summarizing the potential advantages of FLSCs
with respect to traditional LSC designs.

2. OVERALL STRATEGY

Although optical glasses may attain superior optical prop-
erties with respect to polymers, thereby making them
useful in the construction of LSCs, polymers have the pos-
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Figure 2. Schematic cross sections of three fiber luminescent solar concentrator (FLSC) structures: (a) a square fiber, (b) a traditional
cylindrical fiber, and (c) a rectangular fiber with a cylindrical cap on the top surface. In all three cases, a cylindrical core region is
doped with luminescent materials. (d)–(g) Transmission optical micrographs of physical examples of drawn “cold” polymer fibers
(i.e., undoped) corresponding to (a)–(c). (f) and (g) are hybrid fiber structures with different cylindrical cap height; there is no core in
(g). The fibers are made of cyclic olefin polymer (P2), and the undoped core region is polycarbonate (P1). Scale bars are all 100 �m.

(h) is a prototype FLSC fabric assembled from multiple “cold” fibers on a thin polymer film.

itive attributes of easier processing and machining, lower
price, higher mechanical flexibility and robustness, and
lower weight. Optical polymers thus offer a compromise
between these useful attributes and optical performance.
Polymers, such as cyclic olefin polymer (COP), are highly
transparent in the visible and can demonstrate high pho-
tostability with low absorption in the ultraviolet [26]. A
subset of optical polymers, typically thermoplastic poly-
mers such as COP, may be thermally drawn into fibers, and
they are natural candidates for fabricating FLSCs.

From the schematic depiction in Figure 1, we may
divide the operation of an FLSC into three distinct steps:

(1) Absorption of sunlight in the fiber. Sunlight inci-
dent on the external surface of the FLSC is
focused by its curved outer surface into a pres-
elected spot inside the fiber where luminescent
dopants are placed. The fraction of incident sun-
light absorbed in the fiber may be maximized
through optimizing the fiber surface geome-
try, transverse structure, and concentration and
spatial distribution of the luminescent dopants
(Sections 3 and 4).

(2) Luminescence capture by the fiber. A fraction
of the emitted luminescence is captured by TIR,
depending on the refractive index and structure
of the FLSC (Section 5). This captured fraction
further depends on the orientation distribution
of the radiating dipoles, which may indeed be
enhanced if the dopants are engineered in such a
way that preferential radiation along the waveg-
uide is achieved. This would result in excluding
more luminescence from the escape cone and
hence a higher capture efficiency [12,27,28]. In
this study, nevertheless, we have restricted our
simulations to the generic case of isotropic radi-
ation to provide conservative efficiency bounds.

(3) Optical emission delivery. The captured lumi-
nescence undergoes absorption as it propagates
along the fiber, mainly due to self-absorption.
This issue is investigated in Section 6 where
we examine the effects of the FLSC degrees of
freedom on light transport efficiency.

The distribution and concentration of the luminescent
dopants must be chosen to strike a compromise between
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Figure 3. Ray-tracing simulations of normally incident light in the three “cold” (undoped) structures shown in Figure 2. In (a)–(c) there
is no back-reflector below the fiber structures. In the second row (d)–(f), a flat reflective surface is placed under the fiber (thick dashed
horizontal line). Panels (a) and (d) correspond to a rectangular fiber, panels (b) and (e) to a cylindrical fiber, and panels (c) and (f) to
the hybrid fiber structure we consider in this paper. The thin dashed white lines highlight the structure, and the dashed circle in the
middle of each structure corresponds to where the doped core (D = 200 �m) will be placed and is here only a guide to the eye. Scale
bar is 200 �m. The number in each panel is the percentage of light absorbed due to polymer loss and finite reflectivity of the back

mirror (see text for details).

increasing optical absorption and decreasing the self-
absorption, which sets the limit on luminescence prop-
agation along the fiber to the PV cell. We carry out
this optimization in Section 7. Finally, optical-to-electric
energy conversion occurs at the fiber tips that are coupled
to a PV cell optimized with respect to the luminescence
spectrum and not the full solar spectrum. The mechan-
ical flexibility and robustness of polymer fibers allows
bundling them together at their ends, which facilitates
interfacing them to PV cells (Figure 2(h)).

3. GENERAL FIBER DESIGNS

We start by comparing three broad classes of polymer fiber
structures: (i) rectangular fibers (dimensions W � H) that
resemble traditional flat LSCs (Figure 2(a)); (ii) cylindrical
fibers with outer diameter W (Figure 2(b)); and (iii) hybrid
fibers consisting of a rectangular cross section (W�H) with
an axially extending cylindrical cap of height h and radius
of curvature r = (h/2) + (W2/8h) on top (Figure 2(c)).
In all three fibers, the luminescent dopants are located in
a “core” of diameter D, whose center is at a height ` in
the hybrid structure and is located at the geometric center
in the rectangular and cylindrical structures. The refrac-
tive index is uniform over the cross section, and the doped
core differs only in that it has an optical density of ˛d
(in absorbance units per centimeter). The optical density
is a measure of absorbance of light transmitted through an
absorbing material that varies with material thickness and

concentration of the dopants. Here, we characterize optical
density with absorbance per unit thickness of the dopants
absorbing material (abs. units/cm thereon). Light propa-
gating through a material of thickness ` (in centimeter)
and having optical density ˛d (abs. units/cm) undergoes
attenuation by a factor e–˛d`.

We consider a generic polymer with refractive index
n = 1.53 and optical absorption losses 1 dB/m [29]. Such
parameters are comparable with those of typical optical
polymers such as COP [26] or polycarbonate (PC) [30].
We compare the focusing capabilities of the fiber external
surfaces by examining the “cold” fiber structures, that is,
in the absence of luminescent dopants. In Figure 3, we plot
the results of the ray-tracing simulations of light incident
vertically with respect to the horizontal axis of cold fibers
suspended in air (see the Appendix for details).

The rectangular fiber (Figure 3(a); 500�500 �m2) does
not focus incident light, and the fraction of sunlight inter-
cepted by the core is at best D/W. In the cylindrical fiber
(Figure 3(b); W = 500 �m), the external curved surface
focuses incident rays to the opposing side of the fiber, and
the percentage of rays intercepted by the core is now larger
than D/W. This outcome is independent of the fiber diam-
eter: The focal point is always at the opposite side of the
fiber (for typical values of n). In the hybrid fiber structure
(Figure 3(c)), a cylindrical cap is provided on the top that
focuses incident light to a point inside the fiber determined
by its curvature. For example, if the cap is a half cylinder of
diameter W, h = W/2, then incident light is focused into the
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Figure 4. Ray-tracing simulations of normally incident light in the three “hot” structures shown in Figure 2 (cores are doped, in
contrast to the “cold” structures in Figure 3); ˛d = 100 cm–1 in the core, and core diameters are all D = 200 �m. The panels (a)
through (f) correspond to those in Figure 3, except that a doped core is added. The number in each panel is the total percentage of
light absorbed in the fiber. In the second row, a reflective surface is placed below the fiber. Dashed white lines provide an outline for

the structure and the doped core. Scale bar is 200 �m.

core (Figure 3(c); W = H = 500 �m). This structure there-
fore allows one to choose the location of the spot at which
externally incident light is focused by judiciously choos-
ing W, H, and h, in contradistinction to the cylindrical
fiber where the location of the focal spot is predetermined
(see Ref. [31] for a similar concept implemented in a pla-
nar device). In addition, using such a structure facilitates
assembling the fibers on a surface while maintaining cor-
rect orientation, enables a large fill-factor, and potentially
allows placing a back reflector beneath the FLSC assembly.

It is useful to consider the effect of adding a reflector
under the three fiber structures (Figure 3(d)–(f)). We model
the reflector as an aluminum coating with complex refrac-
tive index n = 0.7 – 7.0i giving a 94.6% reflectivity for
normal incidence. The mirror is separated from the fiber by
a thin air gap (1 �m thick; results are not sensitive to the
gap thickness). In this way, by varying the cap height h, it
may be arranged for incident light to pass through the core
twice. (See the Appendix for a further discussion of the
impact of such a back reflector on the proposed structures.)

With our understanding of the trajectories of the light
rays in the “cold” structures, we proceed to determine the
fraction of incident light absorbed by luminescent mate-
rials in doped cores (˛d = 100 cm–1). Figure 4 shows

that the fraction of incident light absorbed is strongly
dependent on the surface geometry. In the square fiber
(Figure 4(a)), the amount of captured light is approxi-
mately D/W = 0.4, as expected. The absorption is highest
in the capped fiber (Figure 4(c)). Although it is conceiv-
able that more complex surface structures may outperform
this one, we limit ourselves here to fibers having axial
symmetry, because they can be drawn from a macroscopic

preform by traditional thermal drawing [23] and do not
require post-processing.

Note that the geometric gain G in a traditional flat LSC
of dimensions L � L and thickness H is defined as the
ratio of the LSC area to the area of the needed PV cells,
G = L2/4LH = L/4H. Considering an FLSC of equal area
(L/W fibers of length L and width W each, such that the
total area is L � L), we have G � L/2H, where a factor
of two improvement is achieved because of the directional
guiding along the fibers. This consequence of the fiber
form-factor is one of the advantages of polymer FLSCs
in addition to others that we describe in the following
sections.

3.1. Progress in fabricating “cold” hybrid
fiber structures

Traditional optical fibers typically have a circular cross
section. There have been few reports of square or rect-
angular fibers, usually to implement novel functionali-
ties [32,33]. The hybrid fiber structure we study here
(Figure 2(c)) has an unusual cross section that has not been
realized heretofore. The reliance on such a fiber structure
may raise concerns, its superior performance as an FLSC
notwithstanding, as to the feasibility of fabrication and
hence the value of the theoretical designs and analysis pur-
sued here. In order to address such concerns, we show in
Figure 2(d)–(g) the cross sections of drawn polymer fibers
we have produced demonstrating the range of control that
is possible using the standard preform-to-fiber fabrication
approach [23]. In all cases depicted in Figure 2(d)–(g), we
draw the fibers from a scaled-up model, a “preform”, in a
standard fiber draw tower. In particular, note the ability to
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control the height, and hence the curvature, of the cylin-
drical cap atop the two square fibers in Figure 2(f) and
(g). The “cold” fibers are made of COP, and the cylindri-
cal cores are PC (see the Appendix for fabrication details).
Such fibers may be assembled on a flexible substrate and
their ends bundled, as shown in Figure 2(h). In the doped
designs we study theoretically in this paper, the core is also
COP, although doped with appropriate luminescent agents.
We will present our experimental results on fiber doping
and FLSC efficiency measurements elsewhere [34,35].

4. IMPACT OF FLSC GEOMETRICAL
AND PHYSICAL PARAMETERS
ON ABSORPTION

After establishing the superior absorption performance of
the hybrid capped fiber design with respect to the cylindri-
cal and square fibers and also the feasibility of fabricating
such a fiber structure, we proceed to examine the impact
of the following structural and physical degrees of free-
dom on its performance: (i) the cylindrical-cap curvature
or alternatively its height h; (ii) the optical density of the
luminescent dopants ˛d; (iii) the doped-core diameter D;
(iv) the fiber aspect ratio W : H; and (v) the location of
the doped core in the fiber ` (Figure 2(c)). We first inves-
tigate the effect of each degree of freedom separately and
then carry out optimization over the full five-dimensional
parameter space in Section 7. This investigation is car-
ried out assuming a single incident wavelength and a
single emission wavelength. The effect of the incident,
absorption, and emission spectra is considered in Section 8.

4.1. Impact of cap height h and doping
concentration ˛d

Fibers with smaller h are easier to fabricate, but absorp-
tion in the core is reduced because of the resulting weaker
focusing. Similarly, lowering ˛d reduces the absorption
of incident light, but lower values of ˛d are easier to
implement and also result in lower self-absorption. We
assess quantitatively the impact of h and ˛d on the absorp-
tion efficiency �abs, defined as the fraction of incident
light absorbed by the FLSC, by determining the difference
between the incident optical power and the total power
emerging or reflecting from the fiber.

The interplay of h and ˛d is depicted in Figure 5(a).
We use a monochromatic, spatially incoherent, unpolarized
optical beam of uniform intensity (see the Appendix) inci-
dent normally on a hybrid fiber structure with W = H =
500 �m, D = 200 �m, and ` = 250 �m. One expects that
increasing ˛d for fixed h will increase �abs. This intuition
is borne out in Figure 5(a). Note that the maximum absorp-
tion at large ˛d is ultimately limited by the focusing effect
of the cap.

Adding a back reflector increases �abs by offering
a longer effective interaction length with the dopants
(Figure 5(b)). Surprisingly, the relation between �abs and h
is no longer monotonic for fixed ˛d, as it is in the absence

Figure 5. (a) Dependence of �abs on the optical density ˛d in
absorbance units per unit length (centimeter)—abs. units/cm—
for different cap heights: 100, 150, 200, and 250 �m. Insets
show ray-tracing simulations in the four structures with ˛d =

100 cm–1. (b) Same as (a) but with a back reflector provided.
Scale bar in insets are both 200 �m. Here, H = W = 500 �m and

` = 250 �m.

of the back reflector. In fact, a smaller h (e.g., 100�m) may
result in a higher �abs than a larger h (150 �m) when the
back reflector is added. The corresponding intensity pro-
files (Figure 5(b), inset) offers the explanation: While light
is initially focused weaker with the lower-curvature cap,
the folded-back beam has its focal point at the core, thereby
increasing �abs after two passes.

Finally, we plot in Figure 6 the full dependence of �abs
on both ˛d and h in the absence and presence of a back
reflector, showing that high absorption may be achieved
over a wide range of values of ˛d and h. Figure 5(a) and (b)
are one-dimensional sections through this two-dimensional
distribution.

4.2. Impact of fiber aspect ratio

It is advantageous to design an FLSC with a large aspect
ratio W : H by decreasing H, that is, a high-aspect-ratio
rectangle. Such a structure requires less material, which
reduces the weight and cost per unit area, while simultane-
ously increasing the flexibility of the FLSC (Figure 2(h)).
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Figure 6. �abs in the hybrid fiber luminescent solar concentrator structure as a function of cap height h and the optical density ˛d, (a)
without and (b) with a back reflector. Here, H = W = 500 �m and ` = 250 �m. Note that �abs for fixed ˛d and increasing h in (b) is not

monotonic as is the case in (a).

Figure 7. (a) Fraction of sunlight absorbed by a fiber luminescent
solar concentrator as a function of h and H while holding the
following parameters constant: D = 200 �m, W = 500 �m, and
˛d = 100 cm–1. (b) Incident sunlight intensity profiles for four

representative structures (i)–(iv), which are identified in (a).

We evaluate the effect of H on �abs while holding W and
D fixed. For each value of H, we choose the location of the
core ` that maximizes �abs. We first perform ray tracing
for a cold fiber structure, determine the point with highest
intensity, center the core at that point, and then carry out the
ray-tracing simulation again with the doped core included.
We plot in Figure 7 �abs versus h and H while holding the
following parameters fixed: D=200 �m, W = 500 �m, and
˛d = 100 cm–1. The vacant part in the plot corresponds
to incommensurate values of H and h, because we choose
H + h > D + 150 to maintain a minimum of 75-�m-thick
undoped polymer both below and above the doped core.
We find that high absorption is achieved when large val-
ues of H and h are chosen simultaneously, and maintaining
high �abs while reducing H necessitates using large h.

4.3. Impact of doped-core diameter

The interplay between the effects of the doped-core diame-
ter D and ˛d on �abs is shown in Figure 8. High absorption
can be achieved by either increasing D or ˛d in the absence
or presence of a back reflector. A large core captures a
wider range of focused rays for fixed ˛d, and a higher ˛d
results in stronger absorption for fixed D. Unfortunately,
configurations that result in the highest �abs, such as those
with large D or high ˛d, usually also induce high self-
absorption, as we shall see shortly. Thus, in choosing the
values of such degrees of freedom, a compromise must be
struck between improving �abs and self-absorption, which
reduces the luminescence reaching the FLSC end.

5. LUMINESCENCE CAPTURE IN
THE FIBER

A fraction of the absorbed optical energy is lost because
of the luminescence quantum efficiency of the dopants
(non-radiative decay of the excited state) and the quantum
defect (the Stokes shift between the absorbed and emit-
ted wavelengths). These two effects are captured in the
parameter �Q, the quantum conversion efficiency, which is
the fraction of absorbed optical energy that is re-emitted
into the fiber. In this section, we determine the fraction of
the emitted radiation that is confined in the fiber via TIR
(�TIR). The remaining fraction, emitted in the so-called
escape cone, leaks out. This captured fraction depends
on the refractive index and the fiber geometry. While
analytic formulae for �TIR have been derived for simple
geometries such as slab and circular waveguides [21], we
estimate �TIR in our hybrid FLSC geometry by ray-tracing
simulations.

We compare �TIR in the square, cylindrical, and
hybrid FLSCs by scanning a luminescent point source
(1-�m radius) emitting isotropically 50,000 rays/�m2 (�
157, 000 rays per point source) and determine the remain-
ing fraction of rays confined in the cold fiber after the
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Figure 8. Impact of D and ˛d on �abs for fiber luminescent
solar concentrators (a) without and (b) with a back reflector. The
insets in (a) and (b) show the incident sunlight intensity profiles
for four representative structures. Here, H = W = 500 �m and

` = 250 �m.

unguided rays have leaked out, which typically occurs in
less than 1 mm. Although dye molecules in a solid matrix
(for example) may retain the memory of the optical excita-
tion, and hence signatures of the dipole molecular emission
may be observed [36,37], the incoherence and unpolar-
ized nature of solar radiation justifies the assumption of
isotropic emission.

For a rectangular waveguide with n = 1.53, we find
that �TIR � 50.8% independently of the emission posi-
tion of the point source and of the aspect ratio W : H
(see Ref. [21]). In a cylindrical waveguide of the same
refractive index, �TIR for a point source that is scanned in
the radial direction changes from � 34.6% for an on-axis
emitter to � 75.5% for a point source located at the sur-
face. In the hybrid FLSC, �TIR changes with h from 50.8%
when h = 0 (rectangular fiber) and drops rapidly to 34.6%
when h = 50 �m, and remains so with increase in h to a
maximum value of h = 250 �m (here W = H = 500 �m).

Crucially, �TIR is independent of position in the hybrid
FLSC, similarly to the rectangular fiber and in contradis-
tinction to the cylindrical fiber. This allows us to imple-
ment a very useful simplification: There is no need to

Figure 9. Intensity profile of incident sunlight in a fiber lumi-
nescent solar concentrator (FLSC) with (a) H = W = 500 �m,
` = 250 �m, D = 200 �m, h = 250 �m, ˛d = 100 cm–1, and
(c) H = W = 500 �m, ` = 250 �m, D = 200 �m, h = 100 �m,
˛d = 100 cm–1. (b) and (d) are the luminescence emission

profiles corresponding to the FLSCs in (a) and (c).

simulate the propagation along each structure with its dis-
tinct non-uniform luminescence emission profile, which
is proportional to the intensity of light absorbed locally.
Two examples of such spatially varying emission profiles
are shown in Figure 9. Instead of using directly these
profiles, we may replace an arbitrarily shaped emission
pattern with an isotropically emitting uniform disc hav-
ing the same diameter as the doped core, with the proviso
that the total luminescence power of this unform disc is
equal to that of the original spatially varying emission pro-
file. We hereon use this simplification, which enables us to
reach general conclusions in the next section with regard
to self-absorption.

6. IMPACT OF SELF-ABSORPTION

Self-absorption is the suppression of the useful output
signal resulting from the unavoidable overlap between
the absorption and emission spectra of the luminescent
dopants, and it typically sets the upper limit on useful LSC
size and performance [2,6]. Two material properties help
quantify self-absorption: (i) the Stokes shift ��S, which
is the difference between the peak absorption �A and the
peak emission �PL = �A + ��S wavelengths, and (ii) the
self-absorption ratio S, the ratio between the absorption
coefficient values at peak absorption and peak emission
wavelengths S = (ˆa(�A))/(ˆa(�PL)), where ˆa(�) is the
absorption spectrum. In an ideal LSC, ��S and S should
be as large as possible. In this section, we use the param-
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eters typical of a laser dye in a solid matrix as a model
luminescent material (S=100).

While simplified analytical models for self-absorption
in planar [2] and cylindrical [22] LSCs have been devel-
oped, the unusual cross section of our FLSC necessitates
the use of simulations to evaluate the impact of self-
absorption. We consider here only the first generation
of luminescent photons; that is, re-emission after self-
absorption is neglected. Consequently, the spectral red
shift resulting from multiple emission/re-absorption events
is ignored.

It is expected that self-absorption increases with prop-
agation distance z along the FLSC, with ˛d, and with the
doped area in the FLSC cross section. We define a figure
of merit �sa, which is the fraction of emitted luminescence
that reaches the fiber end after undergoing self-absorption.
We have performed simulations in the four-dimensional
parameter space of H, h, D, and ˛d, and the results reveal
that �sa may be accurately modeled by an exponential
function of the form

�sa(z) = e–��˛d(�e)�Ar�z (1)

where Ar is the fraction of the cross-sectional area that is
(uniformly) doped, ˛d is the optical density of the doped
region at the emission wavelength �e, and z is the axial
position along the FLSC away from the point where inci-
dent radiation is absorbed. Here, � = 3.064 is an empirical
fitting parameter that results in an average error in esti-
mating �sa of � 1% averaged over all the examined
configurations.

7. OPTIMUM FLSC PERFORMANCE

The overall optical conversion efficiency �O is a product
of the efficiencies of the consecutive processes we have
discussed thus far,

�O(z) = (1 – R) � �abs � �Q � �TIR � �prop(z) (2)

here z is the distance along the fiber measured from the
position of incident light confined to a point; R is the
fraction of sunlight reflected from the fiber outer surface
(Section 3); �abs is the fraction of sunlight absorbed by the
luminescent materials (Section 4); �Q is the quantum con-
version efficiency, which incorporates the luminescence
quantum efficiency and the quantum defect (Section 5);
�TIR is the fraction of luminescence confined by TIR
(Section 5); and �prop is the fraction of trapped lumi-
nescence delivered to the fiber tip after absorption by
the host, waveguide losses due to surface roughness, and
self-absorption (Section 6),

�prop(z) = �host(z) � �r(z) � �sa(z) (3)

The three factors in Equation (3) all typically have the
form of an exponential function, but the exponent of �sa
(Equation (1)) usually dominates.

The overall optical conversion efficiency is obtained by
integrating �O(z) over the length of the fiber L:

�O = (1 – R) � �abs � �Q � �TIR �

Z L

0
dz �prop(z) (4)

This formula corresponds to integrating the amount of
light reaching the fiber ends from a set of incident points
distributed uniformly along its length.

Now that we have in place all the elements of a full
model of our FLSC, we carry out an optimization of its
performance with respect to its degrees of freedom. We
simulate more than 52,000 FLSC configurations using the
full model in search of the maximum optical concentration
efficiency �O, defined as the fraction of normally inci-
dent optical energy that is delivered to the fiber end in the
form of luminescence. We fix the following FLSC param-
eters: length is L = 30 cm, S = 100 (a conservative value;
e.g., DCJTB has S � 180 in a typical solid matrix), and
W = 500 �m. The FLSC parameters we vary are (i) ˛d in
the range 0 to 400 cm–1; (ii) D in the range 8 to 200 �m;
(iii) h in the range 4 to 250 �m; and (iv) H in the range
D – h + 150 to W.

We find a maximum efficiency of �O = 13.92% for a
configuration with ˛d = 340 cm–1, D = 24 �m, H =
W = 500 �m, and h = 250 �m. When the FLSC is pro-
vided with a reflective mirror, a maximum efficiency �O =
14.16% occurs for a configuration with ˛d = 280 cm–1,
D = 24 m, W = H = 500 �m, and h = 100 �m.
Although the optimal efficiencies are similar in the pres-
ence and absence of the mirror, the optimal value in the
former requires a smaller cap height h and a lower doping
concentration ˛d, which ease fabrication constraints.

8. INTEGRATION OVER THE SOLAR
AND LUMINESCENCE SPECTRA
The ray-tracing simulations reported earlier are carried out
assuming incident radiation at a single wavelength and a
single emission wavelength. We now move to a more real-
istic model where three relevant spectral distributions are
incorporated: (i) the incident radiation has a spectral distri-
bution ˆi(�), taken to be AM 1.5 solar spectrum; (ii) the
absorption spectrum of the luminescent dopants is ˆa(�);
and (iii) their emission spectrum is ˆe(�). We normal-
ize these three spectra such that

R
d�ˆj(�) = 1, where

j = i, a, e.
We now generalize the results in the previous sections

by integrating �O over all three spectra using the formula

�O = (1 – R) � �TIR � �Q �

Z
d�i �abs(�i)ˆi(�i)

�

Z L

0
dz
Z

d�e �prop(�e, z)ˆe(�e)
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where �i and �e are the incident and emitted wavelengths
(see, e.g., Ref. [38]). This formula captures a very general
model of an FLSC with the parameters of the incident light,
the fiber, and the luminescent materials included. Note
that both �prop and �abs are now wavelength-dependent at
the absorption and emission wavelengths through ˛d(�) =

˛
(peak)
d ˆa(�), where ˛(peak)

d is a scaling factor for the
normalized distribution ˆa(�). We ignore the wavelength
dependence of �TIR, which amounts to neglecting the poly-
mer material dispersion in the wavelength range of interest,
which is a minor effect.

In performing this spectral integration, we use a simpli-
fied model for ˆa(�) formed by the superposition of two
Gaussian spectra

ˆa(�) =
1

2
q

2�	2
a

(
exp

 
–

(� – �1)2

2	2
a

!

+ exp

 
–

(� – �2)2

2	2
a

!) (5)

with peaks at �1 = 400 nm and �2 = 550 nm, and
full-width half-maximum bandwidths of 120 nm each.
This model represents the absorption spectrum of a broad-
band absorbing fluorescent dye or a compound fluorescent
material. We take ˆe(�) to have a Lorentzian distribution,

ˆe(�) =
1

2�

	e

(� – �3)2 + 1
2	

2
e

(6)

with emission peak at �3 = 730 nm and full-width half-
maximum bandwidth 	e = 15 nm (Figure 10(a)). In
designing an ideal LSC in general, the goal is to choose
materials with the broadest spectral distribution for ˆa(�)
to capture the solar spectrum, while minimizing the overlap
between ˆa(�) and ˆe(�) to reduce self-absorption.

Using the optimal geometrical configuration in the pre-
vious section (H = W = 500 �m, D = 24 �m, and no
back reflector), we searched for the optical density of lumi-

nescent dopants ˛(peak)
d that maximizes �O when the full

spectral integration is carried out. We extended the range of

˛
(peak)
d to 2000 cm–1 because the increase of absorption at

higher ˛(peak)
d outstrips the increase in self-absorption after

spectral averaging beyond the value 400 cm–1 we used in
Section 7.

Figure 10(b) depicts the dependence of �O on ˛(peak)
d

and FLSC length. For this FLSC geometry, maximal val-
ues for two different fiber lengths L = 2.5 and 30 cm are

�O of 7.2% and 6.2%, which occur at ˛(peak)
d = 1670 and

967 cm–1, respectively. We further multiply these values
by 0.7 to account for several factors that contribute to the
reduction in overall FLSC system efficiency.

(1) Power-conversion efficiency at the PV cells
attached to the FLSC ends. We assume PV

Figure 10. (a) The three spectral distributions used in our sim-
ulation model: incident AM 1.5 solar spectrum ˆi, absorption
spectrumˆa, and emission spectrumˆe. The three spectra are
each normalized to their peak for clarity. (b) �O as a function of
optical density of luminescent dopants ˛(peak)

d for different fiber
luminescent solar concentrator lengths L. The FLSC parameters
chosen here are those for the single-wavelength optimal struc-
ture in Section 7: H = W = 500 �m, D = 24 �m, and no back

reflector.

cells are selected such that their peak conver-
sion efficiency occurs in a spectral band that
overlaps with the emission spectra of the lumi-
nescent dopants. Close-to-unity conversion effi-
ciency may be achieved in this fashion (see
Ref. [39]).

(2) Coupling losses from the fiber ends to the PV
cell. These losses can be minimized using clear
index-matching optical glues.

(3) Non-unity �Q for real luminescent dopants. �Q
greater than 0.95 is common in fluorescence dyes
and quantum dots.

The conservative multiplicative factor of 0.7 reduces the
potential optical-to-electrical power conversion efficien-
cies to �conv = 5.0% and 4.3% for FLSC lengths of 2.5
(G = 18) and 30 cm (G = 220), respectively.
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For comparison with conventional flat slab LSCs, we
use Ref. [2] where �conv = 6.8% was estimated from mea-
surements of �O on a small-area, thick LSC of dimensions
25 � 25 � 2 mm3 (G = 3). Currie et al. [2] projected a
reduction to �conv = 6.1% for an LSC having G = 45
(surface area of 36 � 36 cm2). The values in Ref. [2],
however, were obtained using a high-index glass (SF10,
n = 1.8), which improves �TIR by 27% over the polymer
FLSC here (n = 1.53). By incorporating this effect, we
find that the calculated values of �conv here for an FLSC
and the reported values for a slab LSC are comparable,
although while achieving much larger values of G in the
FLSC having the same area as the slab LSC.

9. SUMMARY AND CONCLUSION

While the proposed polymer FLSC structure yields com-
parable values of �conv to those of state-of-the-art glass-
based slab LSCs, there are nevertheless several advantages
that suggest the usefulness of FLSCs. First, polymer-
based FLSCs are lighter-weight than glass-based LSCs.
For example, the density of SF10 glass (used in Ref. [2])
is 4.8 g/cm3, compared with 1.02 g/cm3 for COP. Using
the dimensions W = H = 500 �m and h = 250 �m for
the FLSC and the dimensions in Ref. [2], the weight of
the FLSC per unit area is reduced by a factor of � 13.5.
The FLSC fabric is projected to weigh only � 700 g/m2.
The superior mechanical properties of polymers versus
glasses with respect to bending forces further suggest the
usefulness of FLSCs in mobile applications.

Finally, FLSCs may improve the economics of solar
energy because the cost of unit power generated by a
concentrator is directly proportional to the cost of col-
lector system and inversely proportional to the product
G � �conv (see Equation (1) of Ref. [2]). The larger G for
the FLSC’s designs investigated here (but with compara-
ble �conv) means that both the smaller-area PV cells are
required and the smaller quantity of polymer is needed in
constructing the FLSC compared with a glass-based slab
LSC of the same area. The cost is reduced on all three
counts, thereby potentially reducing the cost by an order of
magnitude.

Future investigations will examine the performance of
these FLSCs with respect to diffuse incident light and
the potential of combining both the down-conversion and
up-conversion materials to harness the full solar spec-
trum. Our experimental results on FLSC fabrication and
characterization will be presented elsewhere [34,35].

In conclusion, we have presented a full investigation
of the design of a luminescent solar concentrator having
the form-factor of a fiber, an FLSC. We have examined
the impact of the geometric and physical degrees of free-
dom of the FLSC on its performance. Such FLSCs may
be readily fabricated using the traditional and scalable pro-
cess of thermal drawing. These new concentrators offer
several unique advantages in terms of weight and flexibil-

ity without sacrificing the performance in comparison with
state-of-the-art glass-based slab LSCs.
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APPENDIX

Ray-tracing simulations—We carried out our modeling
and optimization simulations using the Monte Carlo ray-

tracing software package ZEMAXr in the non-sequential
mode in conjunction with MATLABr. We employ ray
tracing in lieu of the beam-propagation method, for
instance, because of the large bandwidth of the radi-
ation in k-space in conjunction with the typical sizes
of FSLCs under investigation (� 106�2), which makes
beam-propagation methods computationally prohibitive.
We account for the effects of the angles of incidence
and polarization on reflection and refraction at inter-
faces through the use of the “polarization ray-tracing”
method.

The fiber structures are defined by either overlapping
simple geometrical shapes or extruding objects through
user-defined apertures. This allows us to set the geometric
parameters of the cross section, such as width W and height
H of the rectangular section, the cylindrical cap height h,
and diameter D and location ` of the core. The physical
parameters of the fiber, such as the wavelength-dependent
refractive index n(�) and the optical absorption coefficient
˛(�) of the luminescent dopants, are also adjusted. The
polymer refractive index throughout the visible was fixed
at its value at 550 nm, thereby in effect neglecting material
dispersion for the polymer. Furthermore, ray-tracing calcu-
lations over a set of fiber structures in which a geometric
or physical parameter is scanned over a range of values is
carried out in a loop using macros written in the ZEMAX
programming language (ZPL).

The incident light throughout the paper is assumed to be
spatially incoherent and unpolarized. The source is a rect-
angle of dimensions 500 � 100 �m2 producing collimated
rays with unity radiation power illuminating the fibers ver-
tically from the top. Simulations to estimate the percentage
of incident sunlight absorbed by the fiber make use of a
source producing 10,000 rays. Increasing the number of
rays to 200,000 in these simulations changes the estimated
absorption percentage by less than % 0.01.

To estimate the power absorbed by the “cold” fiber
(Figure 3), we place flat detectors surrounding all sides of
the fiber to detect light emerging from it. The percentage
of absorbed light is the difference between the source and
the detected signal. In order to obtain the intensity distri-
bution inside the fibers, we place a detector normal to the
fiber axis at the location of interest tilted 1ı with respect
to that normal. The detector intercepts the rays at the
plane of interest while introducing minimal distortion in
the acquired distribution. To isolate the desired absorption
by the luminescent dopants from background absorption of
the host polymer, all materials in the doped fibers except
the luminescent dopants were assumed lossless for the
simulations, and the host material absorption was subse-
quently added separately. For the case of doped cores, we
utilize the “bulk scattering” feature of ZEMAXr, which
simulates fluorescence in ray tracing.

To simulate the propagation of the captured fraction
of light axially along the fiber, ray-tracing simulations
were performed. We used ray tracing in lieu of the beam-
propagation method that is usually applied in optical fiber
configurations but is less appropriate in the case of an
FLSC. The reason is that the luminescence is emitted over
a wide range of angles—even after eliminating light within
the escape cone. In beam-propagation method, the grid
resolution in the transverse plane has to be fine enough
to allow the largest transverse k-vector components to
be still far away from the boundaries of the simulation
window in k-space. This constraint makes beam prop-
agation calculations of luminescence in FLSCs of the
size described here extremely time-consuming. Because
the fiber dimensions are much larger than optical wave-
lengths, we choose to rely on ray tracing using a ray
density of 5 rays/�m2 in the luminescing core, as described
in the main text. We monitor the fraction of emitted
light that remains confined within the fiber as a function
of length while varying the FLSC degrees of freedom,
which led to developing the empirical model presented in
Equation (1).

The ability to absorb and concentrate diffuse light is
one of the major advantages of flat LSCs in general. In
the FLSC described here, the flat symmetry is broken, and
two new symmetry axes emerge: one symmetry axis runs
along the fiber, while the other symmetry axis is trans-
verse to the fiber. Incident diffuse light falls within a cone
of angles whose axis is normal to the fiber (the vertical
direction here) and with principal axes aligned with the
two new symmetry axes. Our FLSC design retains com-
pletely the advantages accrued by traditional LSCs for
diffuse light with angular spread along the symmetry direc-
tion parallel to the fiber axis. That is, light inclined with
respect to the fiber axis but lying in a plane formed of
the vertical direction and the fiber axis is captured in an
identical fashion to the normal rays examined in our sim-
ulations. This advantage is partially compromised along
the orthogonal direction in the specific simple fiber design
studied here. The larger the doped core diameter or the
smaller the lens cap height, the less pronounced this effect
will be. We have tested this hypothesis quantitatively by
performing ray-tracing simulations on an FLSC with sub-
optimal parameters: H = W = 500 �m, h = 250 �m,
and D = 120 �m. The percentage of rays intercepting
the doped core drops from 93% to 57% by changing the
incident angle from normal to 10ı with respect to nor-
mal for an individual fiber with only the fiber curved cap
surface illuminated. The situation may be improved by
taking two measures: increasing the core diameter or by
including multiple small-diameter cores in the transverse
cross section to increase the external geometric accep-
tance angle along the direction impacted by the fiber
broken symmetry.

The sole purpose of adding the back reflector is to
reflect back incident sunlight that was not absorbed upon
the first pass through the fiber. The goal therefore is not
for this reflector to contribute to the optical guidance of
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the luminescence,but only to increase the transverse inter-
action length between incident sunlight and the dopants
in the core. Indeed, imperfect reflection from the mirror
results in considerable loss in the transport of luminescence
if the mirror is in contact with the waveguide, thereby
necessitating that one incorporates an air gap between
the fiber and the reflective surface. Adding a mirror—
and an associated air gap—to the proposed fiber system
will of course incur further system complexity. An emerg-
ing technology for transparent or reflective adhesive films
has been recently developed for Organic light emitting
diodes (OLEDs) and other applications (e.g., United States
Patent 8427747), in which low-index adhesive material
is applied to narrow regions forming adhesive strips or
squares. Such films may address the need in our scenario.
Alternatively, modified fiber cross sections can be envi-
sioned with slightly protruding or pronounced edges such
that the majority of the fiber bottom surface is not in touch
with the reflective surface. The results of our simulations
presented here demonstrate that FLSCs with and without
the back reflector achieve similar total optical efficien-
cies at the price of higher concentration of dopants needed
and larger core diameter in the case of the FLSC with-
out a back reflector. Thus, while the back reflector would
be helpful, if it proves not to be feasible on a practical

level, the proposed FLSC will still function with a similar
total efficiency.

“Cold” fiber fabrication—Figure 2(d)–(g) demon-
strates the feasibility of thermal drawing of polymer fibers
even when unusual cross-sectional structures are desired,
such as the hybrid fiber shown in Figure 2(c). The cold
fibers shown in Figure 2(d)–(g) are fabricated as follows.
Carefully cleaned PC (LEXAN 104 from SABIC innova-
tive plastics) granules are heated to 240 ıC and extruded
under vacuum into a solid rod that is used as the preform
core. Cleaned COP (Zeonor 1420R from Zeon Chemicals)
75-�m-thick polymer films are tightly rolled around the
PC rod and then consolidated under vacuum at 180 ıC.
The consolidated preforms, consisting of a cylindrical PC
core and concentric cylindrical COP cladding, are subse-
quently machined into the desired forms for the square
(Figure 2(e)) or hybrid (Figure 2(f) and (g)) fibers. No
core was provided in the hybrid fiber structure shown
in Figure 2(g). The preforms are then thermally drawn
in a fiber draw tower [23]. As can be seen in Figure 2,
except for slight deformations in the fiber cross section that
occur during the drawing process, the overall geometry of
the preform is controllably reproduced in the fiber. Our
results on controlled doping with luminescent agents will
be reported elsewhere [34,35].
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