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ABSTRACT: While luminescent concentrators (LCs) are
mainly designed to harvest sunlight and convert its energy
into electricity, the same concept can be advantageous in
alternative applications. Examples of such applications are
demonstrated here by coupling the edge-guided light of highperformance LCs based on CuInSexS2-x/ZnS quantum dots
into optical ﬁbers with emission covering visible-to-NIR
spectral regions. In particular, a cost-eﬃcient, miniature
broadband light source for medical diagnostics, a spectral-conversion and light-guiding device for agriculture, and a
large-area broadband tunable detector for telecommunications are demonstrated. Various design considerations and
performance optimization approaches are discussed and summarized. Prototypes of the devices are manufactured and
tested. Individual elements of the broadband light source show coupling eﬃciencies up to 1%, which is suﬃcient to
saturate typical ﬁber-coupled spectrometers at a minimal integration time of 1 ms using 100 mW blue excitation.
Agricultural devices are capable of delivering ∼10% of photosynthetically active radiation (per device) converted from
absorbed sunlight to the lower canopy of plants, which boosted the tomato yield in a commercial greenhouse by 7% (fresh
weight). Finally, large-scale prototype detectors can be used to discern time-modulated unfocused signals with an average
power as low as 1 μW, which would be useful for free-space telecommunication systems. Fully optimized devices are
expected to make signiﬁcant impacts on speed and bandwidth of free-space telecommunication systems, medical
diagnostics, and greenhouse crop yields.
KEYWORDS: ﬁber-coupled luminescent concentrator, quantum dot, spectral tissue sensing, lower canopy lighting,
large area luminescent detector
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According to the American Cancer Society, the largest
economic losses for the United States can be attributed to
cancer. The disease costs the country >1.7% of its GDP, with
more than 1.6 M new cancer cases diagnosed annually.7 Of
those diagnosed, more than 600,000 people die from the
disease every year.7 Early diagnosis of cancer greatly improves
an individual’s chance for survival because current cancer
treatments are more eﬀective during the early stages of the
disease.8 Furthermore, the accuracy of treatment can greatly
reduce the risks of recurrence and metastasis. Spectral tissue
sensing (STS) is seen as a promising tool for early and accurate
cancer detection. STS works by determining the optical
properties of tissues, which can be correlated to healthy and
cancerous tissues. To date, STS is being investigated as an aid
for detecting cancers,9−12 monitoring morphological and

ince the introduction of the luminescent concentrators
(LCs) in the mid-1970s,1 the technology has mostly
been developed for use as large-area (>1 m2) solar
energy collectors in windows.2−5 Therefore, a traditional LC is
a large-area device consisting of a transparent surface (glass or
plastic) with incorporated emissive chromophores such as
organic dyes, rare-earth elements, or quantum dots (QDs). In
an LC, incident light is ﬁrst absorbed by chromophores and
then re-emitted at a longer wavelength and waveguided to the
edges of the LC by total internal reﬂection. Generally, solar
cells are attached along the perimeter of the LC to absorb the
waveguided light and generate electricity. The application best
suited for this type of device is generating electricity from
transparent surfaces, such as windows or curtain walls, which
generally have a large area (>1 m2). However, there are other
applications which can make use of smaller devices, which are
typically more eﬃcient than their large-area counterparts.6 As
described below, these applications include medical devices,
agriculture optimization, and telecommunications.
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physiological changes of tissue,13 and monitoring therapy
response, for instance, in photodynamic therapy.14 Multiple
clinical studies have shown that by analyzing the information
on intrinsic physiological tissue properties, such as oxy- and
deoxy-hemoglobin, water, and lipids content obtained by STS,
one can successfully diagnose breast cancer with sensitivity and
speciﬁcity as high as 100% and 96%, respectively.10−12,15−18
STS utilizes absorption and scattering of broadband light, up
to wavelengths ∼1600 nm, to analyze the concentration of oxyand deoxy-hemoglobin (visible light), as well as water and
lipids, which have distinct absorption peaks in the near-infrared
(NIR) spectral region.19 However, it has been diﬃcult to
realize a low-cost miniature commercial diagnostic system due
to inadequate broadband illumination sources. Until recently,
the only appropriate broadband light source was a ﬁbercoupled tungsten halogen bulb. Recently, however (Feb 2019),
Lumileds announced Luxion IR Onyx light emitting diode
(LED) for use in medical applications, which has a ﬂat
emission in the wavelengths range between 650 and 1100 nm.
Still, this product lacks ﬁber-coupling and oﬀers limited
spectral range.
Various teams have worked on developing integrated
spectrometers for STS. One of the major challenges for such
a device is illuminating a sample with a continuous spectrum
covering the visible and NIR spectral regions. To do so, one
has to rely on bulky and ineﬃcient lamps that are too weak to
achieve a suﬃcient signal-to-noise ratio. Thus, a miniature,
bright, and low-cost ﬁber-coupled illumination source is highly
desired. One potential device design is to down-convert a blue
or ultraviolet (UV) LED excitation into a broadband spectrum
using multiple phosphor materials with diﬀerent emission
peaks. Important requirements for such phosphor materials
include broad emission of individual species (to minimize the
number of phosphor materials), low reabsorption (for eﬃcient
light-guiding), high quantum yield (QY, to increase overall
eﬃciency), strong absorption at the excitation wavelength, and
small (nm-scale) physical size to minimize scattering losses.
The materials should also be non-toxic for clinician and patient
safety but also for a more environmentally sustainable waste
stream.
CuInSexS2-x/ZnS QDs are attractive luminophore candidates
for STS because they possess all of the desired properties
(Table 1, Supporting Information). In particular, CuInSexS2-x/
ZnS QDs maintain high photoluminescence (PL) QY across a
broad spectral range covering visible-to-NIR, show minimal
reabsorption due to an inherently large Stokes shift, and their
few-nanometer size scale is much smaller than the emitted
wavelengths. Here we describe a promising broadband light
source design consisting of a group of ﬁber-coupled LCs (FCLCs), where each ﬁber individually emits a portion of a
broadband spectrum. The ﬁber’s individual outputs are then
bundled in a single optical ﬁber used for medical diagnostics.
The broadband light source is not the only application to
beneﬁt from the use of FC-LCs. Other applications, such as
agriculture, can also beneﬁt from the use of this technology. It
is commonly known that photosynthetically active radiation
(PAR)light with wavelengths between 400 and 700 nmis
the most useful for supporting plant growth. Photosynthetic
photon ﬂux (PPF) is the typical metric used by growers to
gauge the number of PAR photons incident upon an area per
unit time.20 One way to improve plant growth is to provide
more PAR light to leaves located below the top of the plant
(lower canopy, so-called intercanopy lighting), which

ultimately improves photosynthetic production in the plant
and increases the plant yield. The leaves of a mature plant, for
example, do not get the same average amount of sunlight. In
fact, the leaves in the lower canopy of the plant are typically
getting 1/10th of light compared to the leaves in the top
canopy. There exist numerous commercially available artiﬁcial
lighting systems that provide intercanopy lighting; however,
these solutions are typically expensive at ∼$50/ft2 and
signiﬁcantly increase electricity costs for plant growers.
Additionally, they introduce excess heat into the growth
environment, thus adding cooling and humidiﬁcation costs in
some climates. Therefore, it is beneﬁcial to design a passive
device that can eﬀectively harvest some of the sun’s spectrum,
modify it, and guide the light to the lower canopy of the plants.
The quality of spectrum also has to be considered for lower
canopy lighting, as diﬀerent wavelengths of light are more
eﬃcient for photosynthesis than others, within the PAR
spectrum.21−24 Thus, the purpose of the FC-LC-based
waveguiding light collector described here is 2-fold: to increase
the number of PAR photons absorbed by the plants and to
provide an optimum spectrum for eﬃcient and improved plant
growth. Similar to medical FC-LCs, CuInSexS2‑x/ZnS QDs are
a promising choice as an active material for FC-LCs used for
intercanopy lighting.
Another area that can beneﬁt from small-scale FC-LCs is in
free-space telecommunications. High demand for fast-data-rate
wireless communication motivates alternative approaches
based on various optical schemes. Trade-oﬀs in electronics
constrain the speed, size, and sensitivity of semiconductor
photodiodes, which are commonly used as detectors in optical
communication. For example, since the response time of a
detector is linked to its physical size, achieving fast speeds
(bandwidth on the order of GHz) requires detectors with an
active area on the order of 1 mm2much smaller than the
typical size of the laser beams used in free-space optical
telecommunication after the light travels a large distance
through the atmosphere. To avoid this size mismatch, one can
focus the light on the detectors using active tracking systems
which can compensate for the pointing instability of light due
to atmospheric eﬀects. However, this makes telecommunication systems signiﬁcantly more complicated and, thus,
increases their cost and reduces reliability. As a potential
solution to avoid complex optics, large-area luminescent
detectors have been proposed.25
Relatively large-area (cm2 sizes compared to current mm2
detector sizes) LC-based receivers can mitigate the complexity
of such telecommunication systems by allowing a larger active
size and a larger ﬁeld of view of the detectors while preserving
the fast speed of small photodiodes. Essentially, this is achieved
by separating light detection into two independent parts:
collection of the light transmitted through large distance and
thus aﬀected by pointing instability is achieved optically by LC
and the transformation of the photons into electrons is
achieved by a small-area fast photodetector. In this case, the
active area of the detection system can be increased by up to 3
orders of magnitude without sacriﬁcing the bandwidth of the
detection system.25 While the working principles of these
devices have been demonstrated previously, and multi-Gbps
data rates with standard modulation schemes and excitation
peak intensities of ∼1 mW/cm2 have been reported,25 the use
of commercially available luminescent materials in large-area
detector applications remains far from optimized. Once again
CuInSexS2‑x/ZnS QDs, which combine the beneﬁts of strong
B
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Scheme 1. Design Possibilities for a Fiber-Coupled Broadband Light Sourcea

a
Key: (a) In its simplest implementation, QDs (or other phosphors) are incorporated in an optical ﬁber next to the ﬁber-coupled LED. (b) In
order to mitigate reabsorption issues, QDs are separated into diﬀerent ﬁber segments with the furthest NIR-emitting QDs closer to the excitation
and the most blue-emitting QDs further from the excitation. This way, reabsorption of the visible emission by NIR QDs is eliminated. (c) In order
to reduce cost of the device, a free-space LED is used instead of the ﬁber-coupled LED. (d) In order to maximize eﬃciency of the free-space LED
excitation, QDs are incorporated into small FC-LCs instead of optical ﬁbers themselves.

Figure 1. (a) PL spectra of the CuInSexS2‑x/ZnS QDs of varying sizes and compositions cover the spectral range from 550 to 1250 nm (peak
positions). (b) Combining QDs emitting at 650, 780, 990, and 1150 nm in a polymer slab allows for broadband emission covering the 440−
1400 nm spectral range when excited by a 450 nm LED. The spike at 900 nm is a second order of the excitation.

spectral range, thus reducing device eﬃciency. By separating
the phosphors into diﬀerent segments along the length of the
optical ﬁber, with NIR emitters closer to the excitation and
visible emitters further away from the excitation (Scheme 1b),
one can mitigate reabsorption in phosphor materials with large
Stokes shifts. However, this reduced reabsorption comes at the
price of increased device complexity and manufacturing cost.
Additionally, both designs shown in Scheme 1a,b use
moderately expensive ﬁber-coupled LEDs as the excitation
source, while less expensive free-space LEDs are preferred.
Free-space LEDs can be used to excite phosphors incorporated
into the optical ﬁbers (Scheme 1c). However, the eﬃciency of
such excitation is limited. A better approach is to use FC-LCs
excited by free-space LEDs, where the QD phosphors are
incorporated within the polymer matrix of the LC (Scheme
1d) instead of in optical ﬁbers. In this case, eﬃcient and cheap
excitation can be achieved. Furthermore, it is possible to utilize
several independently excited and diﬀerently colored FC-LCs
and combine the broadband spectrum in a spliced output
optical ﬁber. By adjusting the excitation power of individual
FC-LCs, a widely tunable output spectrum can be achieved in
a single device. Even more, using diﬀerent excitation
wavelengths for each of the FC-LC allows for better coverage
of the 400−500 nm spectral range. For example, the same type
of LEDs with wavelengths ranging from 365 to 410 nm in
increment of 5 nm are readily available. Several other

absorption, low reabsorption losses, high QYs, and easy
processability, can serve as a promising tunable luminescent
material for the large-area detectors.
In this paper, we ﬁrst demonstrate that the CuInSexS2-x/ZnS
QDs incorporated in small FC-LCs are eﬃcient as the basis of
a broadband light source for medical diagnostics. Next, we
show that a similar design can be used to transform the solar
spectrum and improve the growth of plants in greenhouses.
Finally, we demonstrate that the same concept of the FC-LC
can be used to build eﬃcient large-area receivers for free-space
telecommunication.

RESULTS AND DISCUSSION
Fiber-Coupled Broadband Light Source for Medical
Diagnostics. One of the major challenges for the design of a
miniature ﬁber-coupled light source is overcoming the need for
bulky reﬂectors and other focusing optics to maximize coupling
eﬃciency. One way to simplify such a system is to use downconverting materials, coupled with LED excitation, which are
directly incorporated into optical ﬁbers (Scheme 1a). In this
case, blue or UV light can be used to excite various phosphors
contained within a ﬁber-optics package to emit a broadband
spectrum. However, a mixture of phosphors with such
broadband emission typically faces the problem of reabsorption. Namely, the emission from visible phosphors will be
(partially) reabsorbed by phosphors emitting in the NIR
C
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In order to manufacture high-performance FC-LC prototypes, we optimized the LC form-factor (shape and size), ﬁber
type, QD concentration, and ﬁber attachment method. Tested
FC-LCs were made by incorporating QDs into a liquid
monomer resin. The resin was cured under UV light in a mold
formed from a rubber gasket sandwiched between glass. Part of
the mold included an opening for a glass optical ﬁber
(Thorlabs FP1000ERT) that was inserted into the mold
after injection of the liquid resin. The width, length and
thickness of the active area was determined by the gasket shape
and size. The fabricated samples were excited using a 50 mW
blue LED (450 nm). Figure S1 summarizes some of the
conﬁgurations that were tested and their respective output
powers for FC-LCs with ﬁxed QD concentration. Square LCs
(1 cm2 active area) were found to be more eﬃcient compared
to LCs with an elongated form factor. We also observed better
performance by coupling the optical ﬁber to the bulk of the
LC, rather than to its edge or top surface. Further, by coating
one of the sides of the LC and its edges with a reﬂective paint,
we were able to eﬀectively reduce escape cone losses and
increase absorption of excitation while maintaining low
reabsorption and high LC clarity. QD concentrations between
1 wt % (for elongated devices) and 4 wt % (for square devices
after additional optimization in resin formulation to improve
clarity) were found to be best for eﬃcient absorption of
excitation in a high clarity LC device.
A ﬁrst prototype of the FC-LC was manufactured based on
the optimized device design parameters explored. To optically
characterize the device, a Thorlabs BFT1 adapter was used to
terminate the FC-LC with a standard SMA905 connector.
Photos in Figure 2a show red PL emission of the FC-LC

wavelengths, such as 425, 440, 450, and 490 nm, are also
implemented for the same LEDs. This can also be helpful for
eﬃcient excitation of the QDs emitting at 550 nm (see below).
While LCs are typically designed to have a large size, absorb
a certain portion of sunlight, and deliver the re-emitted light to
solar cells attached to the sides of the LC, there are alternative
designs that could be used for other applications. In our
devices, the FC-LC can eﬀectively absorb all of the excitation
light from an LED, couple it to an attached optical ﬁber, and
guide the emitted light to an output. In this instance, the size
of the FC-LC is not dictated by an external parameter, such as
window size, but instead can be treated as an optimization
parameter to achieve maximum coupling eﬃciency to the
optical ﬁber. Likewise, FC-LC absorption can be optimized to
eﬃciently convert all of the excitation light into a target
emission without introducing any excess losses due to
scattering. Moreover, escape cone losses can be diminished
by applying reﬂective coatings on the side opposite to the
excitation of the FC-LC. Coating the edges of the FC-LC with
a reﬂective material can also be beneﬁcial for device
performance.
CuInSexS2-x/ZnS QDs represent an ideal, inexpensive, lowhazard material for use as phosphors in FC-LCs. Figure 1a
shows that QD emission can be tuned across most of the
visible and NIR spectral regions by changing the size and
composition of the nanocrystals. Moreover, emission from
each of the QD sizes/compositions is broadband, so that the
required spectral range, 400−1600 nm, can be covered by QDs
emitting only at few selected wavelengths. Altogether, these
properties enable the design of an eﬃcient, broadband, ﬁbercoupled light source. Fully optimized QDs from UbiQD
exhibit QYs over 95% across most of the tunable spectral range
(590−1100 nm), while somewhat lower QYs (∼75%) have
been achieved at the edges of the tunability range (550 nm and
1100−1250 nm). When the ZnS shell is grown on CuInSexS2‑x
QDs, alloying at the core/shell interface (due to small lattice
mismatch between ZnS and CuInSexS2-x) leads to blue-shift of
the emission from original core wavelength. The observed
blue-shift is usually largest for the CuInSexS2‑x/ZnS QDs
emitting at ∼1250 nm due to introduction of both Zn and S
atoms into the QD’s core. For the 550 nm QDs, standard ZnS
shell synthesis procedure leads to not only alloying but also to
the creation of antisite and substitutional defects, which may
aﬀect the brightness of the QDs. Further optimization of ZnS
shell growth procedure to improve quantum yield of the QDs
emitting at longer and shorter wavelengths is underway, and
the results will be reported elsewhere. Figure 1b shows that a
broadband spectrum covering 440−1400 nm can be realized
by combining QDs emitting at 650, 780, 990, and 1150 nm in
a polymer slab with their concentrations adjusted to
compensate for the size/composition-dependent diﬀerence in
absorption cross-sections at the excitation wavelength (450
nm).
With emission bandwidths of ∼120 nm, these QDs were
judiciously selected so that the spacing between the PL peaks
would be close to an optimal value of ∼100−140 nm. In order
to cover a broader spectral range, 500−1600 nm, two more
QDs would be required with the peak positions close to 550
and 1250 nm. However, 405 nm or even shorter wavelength
excitation is required for the 550 nm QDs, while further
optimization is still ongoing to achieve ∼95% QY for the 1250
nm QDs. In order to simplify our prototypes, here we limit our
discussion to the spectral range of 600−1400 nm.

Figure 2. (a) Photos of the FC-LS excited by blue LED ﬂashlight
(top) and ChanZon blue LED (bottom). (b) PL spectrum
(uncorrected for spectral response of the spectrometer) shows
FC-LC output measured using ﬁber-coupled spectrometer.

prototype upon excitation with a blue LED ﬂashlight and
miniature blue LED (ChanZon 10DGL-DZ-3W-BL). Figure
2b presents the PL spectrum of the prototype when excited by
the miniature blue LED. In order to characterize the
broadband spectrum, the ﬁber was connected to an Avantes
2048USB2 spectrometer and the spectrum was collected using
a 1.5 ms integration time. An output eﬃciency of 0.2% was
measured for the ﬁrst complete FC-LC prototype. While this
value was lower than expected, it was encouraging because we
could still measure a strong signal even at the spectrometer’s
shortest integration time (1 ms). Moreover, as FC-LCs do not
emit much heat, the complete broadband light source should
still be more eﬃcient than the ﬁber-coupled tungsten halogen
D
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In the next step, it was demonstrated that the FC-LC
prototypes could be used in biological applications even before
the ﬁnal broadband light source is assembled. To do so, a
simple test was performed using a single-color FC-LC. In STS
applications, the absorption features of biologically relevant
species, such as oxy- and deoxy-hemoglobin, water, and lipids,
are measured since they have distinct absorption peaks in the
visible and NIR spectral range, as shown in Figure 4a. By
analyzing these absorption features, information on intrinsic
physiological tissue properties can be obtained and then used
to diagnose cancer, or other diseases.

lamp. Further optimization of the device is expected to
improve the output brightness (see below) enough for
practical applications. The complete FC-LC package has a
relatively small footprint of only 14 cm3. The majority of the
volume (10 cm3) is occupied by a Thorlabs BFT1 adapter and
the LC plus LED package has a footpring of just 1 cm3. For
comparison, a typical ﬁber-coupled tungsten halogen broadband light source, currently used for STS (Ocean Optics HL2000-HP-FHSA), has a 10× footprint of ∼100 cm3.
While a device output eﬃciency below 1% might suggest the
need for further optimization, there exists a theoretical upper
limit to this eﬃciency. Using equations presented in refs 5 and
6, one can estimate the total optical eﬃciency of the small LC
(neglecting reabsorption/scattering losses) as ηopt = QY(1 −
R)Aηtrap, where QY is the quantum yield of the LC, R is the
reﬂection coeﬃcient of the LC, A is the absorption of the
excitation light, and ηtrap is the eﬃciency of light trapping into
waveguide modes. Assuming a typical set of parameters, ηtrap =
0.75 (based on escape cone losses between air and typical
polymer or glass interface), R = 0.04 (typical reﬂection oﬀ the
polymer or glass surface), QY = 0.95 (QY achieved for
UbiQD’s QDs), and A = 0.9 (based on the QD concentration
and excitation wavelength), one can estimate the maximum
attainable optical eﬃciency ηmax
opt ≈ 0.62. For the FC-LC
without a reﬂective coating, the output eﬃciency can be
estimated as η = ηoptAfiber/Aedge, where Afiber and Aedge are ﬁber
cross-sectional and edge areas, respectively. For our prototypes, typical values for these parameters were Afiber = 0.785
mm2 and Aedge = 40 mm2, so that the maximum coupling
eﬃciency is expected to be ηmax ≈ 1.2%. This value is
somewhat higher compared to the experimentally realized
eﬃciency, indicating that further improvements can be made
to the device design.
In order to demonstrate the use of FC-LCs as a broadband
light source, UbiQD manufactured several prototype FC-LCs
using diﬀerent sizes and compositions of the CuInSexS2‑x/ZnS
QDs. Three diﬀerent prototypes with PL peak wavelengths of
590, 650, and 800 nm were tested (see Figure 3). Larger size

Figure 4. (a) Absorption spectra of the species relevant in
determining intrinsic physiological tissue properties (oxy- and
deoxyhemoglobin, water, and lipids) exhibit distinct peaks in the
visible and NIR spectral range. (b) FC-LC with PL peak at 590 nm
is used to monitor changes in concentration (or depth at constant
concentration, as it is easier to realize in a demonstration
experiment) of a hemoglobin solution.
Figure 3. Photographs of three diﬀerent FC-LCs with peak
emission at 590, 650, and 800 nm excited by a blue LED ﬂashlight.
Output light is clearly observed for the FC-LCs with visible PL
peaks.

To test the FC-LCs, we used a simpliﬁed biological sample,
containing oxygenated hemoglobin (HbO2) with distinct
absorption features near 540 and 576 nm, and water or
phosphate-buﬀered saline solution (PBS) with a weak
absorption peak at ∼625 nm. To simulate measuring diﬀerent
concentrations of HbO2 in the PBS, we used the FC-LC to
measure diﬀerent volumes of the biological sample. Measurements of the emission from the FC-LC passing through the vial
containing HbO2 in PBS buﬀer solution with increasing depth
(amount of solution in the vial) are shown in Figure 4b. The
depth was varied from 0 to 4, 8, 16, and 32 mm by adding
more solution into the vial. At depths up to 16 mm, HbO2 was
clearly identiﬁed by all absorption peaks clearly discerned as
dips (local minima) in the PL spectra. While changes in
absorption of up to 2 orders of magnitude can be easily
detected, HbO2 cannot be readily identiﬁed at the largest
depth (32 mm) because the PBS buﬀer absorption dominates

(4 cm × 9 cm LC area) FC-LCs compared to the ﬁrst version
(1 cm × 1 cm LC area) were manufactured to simplify the
handling and processing of the prototypes. This also improved
photostability of the devices as barrier ﬁlm was used to protect
them from oxygen ingress. Namely, the devices were
photostable under illumination (60 mW/cm2, which is close
to the typical excitation conditions) for more than 2000 h, as
illustrated in Figure S2. An output power as high as 0.7 mW
with the eﬃciency up to 0.8% was achieved without the use of
a reﬂective coating. The improved eﬃciency was, most likely,
achieved due to simpliﬁed manufacturing process, as well as
better photostability.
E
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material. Finally, it was found that to achieve the desired total
output power per plant, four of the individual FC-LCs needed
to be combined in a single device, which provided suﬃcient
light output while still being small enough not to disrupt
airﬂow within a greenhouse.
After optimizing the device parameters, multiple prototype
FC-LC devices consisting of four collectors (3 cm × 8 cm
each) with ﬁve 4 ft-long ﬁbers per collector were manufactured
and characterized (Figure 5a). Using the large-area blue

the signal. This saturation behavior is observed at an optical
density of ∼2, which is similar to behavior in typical detection
devices.
In order to prove that the theoretical maximum coupling
eﬃciency can be achieved, a champion FC-LC was
manufactured by combining optimal design features gathered
from the prototypes described above, with a reﬂective coating
included. An output eﬃciency of 1.1% was measured for the
champion device. Furthermore, the acquisition time needed to
saturate the ﬁber-coupled spectrometer with this device would
be as short as ∼0.3 ms, which is below the typical hardware
limits. Despite the possible reduction of the signal in real-world
STS applications, the measured signal should still be enough to
operate close to the fastest spectrometer speed, which is
important for rastering the tissues during STS measurements.
This is comparable to what can be achieved using a typical
tungsten halogen lamps. Therefore, FC-LCs have promise as
alternative broadband light sources for STS as they oﬀer
smaller footprint and reduced cost compared to the traditional
tungsten halogen lamps, all while maintaining a similar level of
brightness.
Agricultural FC-LCs for Lower Canopy Lighting. The
amount of sunlight and its spectrum are two important
determining factors in the rate of plant growth. In greenhouse
horticulture, the growth of vine plants such as tomatoes or
cucumbers is limited by the amount of light that can be
absorbed by the upper leaves of the plants. Typically, the upper
leaves become saturated at high light levels and cannot
produce more biomass if the light intensity is further increased.
The lower leaves, however, are typically shaded by the upper
canopy; thus, plant production can be increased if more light is
directed to the lower canopy. Therefore, a device similar to the
FC-LC broadband light source described above can be
implemented in commercial agriculture. For this application,
a QD-embedded nanocomposite would absorb light above the
plant canopy and down-convert it. The emitted light can then
be coupled into ﬁber optics and guided to the lower canopy.
These devices employ CuInS2/ZnS QDs emitting at 600 nm,
which matches the wavelengths of light that are most eﬃcient
for photosynthesis.21,22 In contrast to the broadband light
source described above, the prototype FC-LC for agriculture
combines multiple LCs into long bundles of acrylic optical
ﬁbers. The major diﬀerences between the FC-LCs discussed
above and the devices described in this section are the length
and number of optical ﬁbers being coupled to the LC. In our
agricultural devices, a multitude of longer ﬁbers are attached to
each collector in order to increase the light power delivered to
the plants.
In order to maximize the amount of light delivered to the
plants, several parameters, including the size of the LCs, the
QD concentration, the number of ﬁbers attached per LC, and
the number of collector segments per device were optimized.
During the optimization process, the samples were excited
using a large-area blue LED at a ﬂux of 1.51 mW/cm2, and the
output power from the ﬁbers was measured using a Si power
meter. The optimization procedure showed that the LCs with
an active area of 24 cm2 gave the highest output power.
Additionally, the number of ﬁbers attached per LC was varied
between 1 and 6 (mainly limited by the size of LC edge), and
the optimum output power was achieved for a device with ﬁve
optical ﬁbers. QD concentration was also optimized in order to
reach a balance between maximal sunlight collection, minimal
PL reabsorption, and high clarity in the LC waveguiding

Figure 5. (a) Photographs of the prototyped FC-LC for
agriculture. Inset shows emission from the agriculture FC-LC
under a large-area blue LED excitation. (b) 82 collectors deployed
over a row of tomatoes in a commertial hydroponic greenhouse.

excitation source, the power output of the devices was
measured to be 0.37 mW/cm2, with a conversion eﬃciency
of 24.5%. We also characterized the devices in the sun as to
compare the PAR output from the ﬁbers to the PPF from the
incident sunlight. The measurements were done at noon on a
clear sunny day. The PPF of the sun measured with a portable
spectrometer was 1340 μmol m−2 s−1. The FC-LC device was
then oriented horizontally, and the output of the ﬁbers was
shaded (to minimize eﬀect of the background sunlight). The
measurement using the same spectrometer yielded 154 μmol
m−2 s−1. Therefore, since the lower canopy only receives ∼10%
the amount of PAR as the upper canopy, our ﬁber devices
could potentially double the amount of light the lower canopy
leaves could absorb.
Once a desired prototype was successfully designed,
manufactured, and characterized, we proceeded to fabricate
and assemble more than 80 devices to be installed in a
commercial hydroponic tomato greenhouse owned by
Growing Opportunities, Inc., and located in northern New
Mexico. As this was the ﬁrst trial to show the feasibility of
using FC-LCs for agriculture application in a commercial
greenhouse, no penetrations made in the greenhouse were
allowed to position FC-LCs outside, so the devices were placed
inside the greenhouse above the tested plants. Figure 5b shows
a photograph of the LC devices after installation in a
commercial greenhouse.
For this trial, we investigated the growth behavior of two
diﬀerent rows of beefsteak tomatoes in the same greenhouse
(180 plants each), where 82 FC-LC devices were deployed on
only a portion of one row to provide coverage for 92 plants.
The plant rows were within the same commercial greenhouse,
close to each other in location, and were subject to the same
environmental controls to ensure they had similar environments, including temperature, humidity and light levels. The
trial was conducted over a 6-month period (June−December
2018), out of which for the ﬁrst month no crop was harvested
as the plants were developing. By the grower’s standard
procedure, the tomatoes were harvested twice a week and the
F
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0.5−1% crop yield improvement.26 The yield improvement
due to light intensity depends on the type of plant, season,
temperature, and other growth factors, but in this low light
regime leaves are not saturated by light and can continue to
increase production almost linearly. However, once the light
intensity increases to a certain level, the net photosynthetic
rate of the plant (deﬁned as the diﬀerence between the total
amount of photosynthesis and the total rate of respiration) will
eventually saturate. Before complete light saturation, the net
photosynthetic rate of the plant will start leveling oﬀ and the
amount of yield beneﬁt due to higher light levels will be less.
According to Masabni et al.,27 in the case of tomatoes, light
levels up to about 1000 μmol m−2 s−1 result in signiﬁcant
changes in the net photosynthetic rate, but after that point,
increases in the net photosynthetic rate are minor until
saturated at 2000 μmol m−2 s−1. Therefore, during the grow
season when light levels are high (e.g., > 1000 μmol m−2 s−1) it
can be beneﬁcial for the plant to reduce the light levels at the
upper canopy in order to provide more light to the lower
leaves. This is what was observed in the tomato trial.
Luminescent Detectors for Telecommunication.
Strong absorption and near-unity QYs of CuInSexS2‑x/ZnS
QDs make them an attractive active material for luminescent
detectors. Consequently, an FC-LC design similar to those
suitable for biomedical and agricultural applications can also be
used to improve free-space telecommunication systems.
As a ﬁrst step of the LC-based receiver demonstration, two
FC-LCs (with 590 and 800 nm PL peaks) were tested in order
to validate the technology. The FC-LCs were excited using
modulated laser or LED light, and the ﬁber output was coupled
to a Si photodiode detector. The detector’s output voltage was
sent to either a fast digital oscilloscope or to a lock-in ampliﬁer.
Due to limitations of the photodiode detector and excitation
sources available in our lab, only 1 kHz modulation was used in
these experiments. Excitation wavelengths of 450 and 640 nm
were used. Given the large Stokes shift (∼350−450 meV)4 in
CuInSexS2‑x/ZnS QDs, the 450 nm excitation would be
expected to eﬃciently excite both FC-LCs, while the 640 nm
wavelength would only eﬃciently excite the 800 nm FC-LC
and should be weakly coupled into the 590 nm FC-LC. This
weak coupling is a consequence of the fact that a small amount
of excitation light is scattered on the imperfections of FC-LC
and trapped inside by total internal reﬂection. It is then
coupled to the optical ﬁber, the same way as the regular PL.

total fresh weight yields per row were recorded from both the
test and control rows.
At the conclusion of the tomato trial, the cultivator reported
back a 7% improvement (compared to the control) in weight
yield from the row that utilized the FC-LCs, as summarized in
Figure 6. The beneﬁt was the largest in the ﬁrst month of

Figure 6. Comparison of the tomato crop yield with and without
use of FC-LCs highlights the beneﬁts of the FC-LCs: a 7% increase
in crop yield per plant is observed when FC-LCs are used
compared to the control, which has no devices. Top graph shows
cumulative beneﬁt weight of crop per plant when using FC-LCs
compared to the control. Bottom section directly compares the
total harvested weight (per plant) each month from the plants
grown with and without FC-LCs. For simplicity, the data are
bundled into harvest per month.

harvest, but it was not observed during the second month of
the harvest. For the next three months, however, the beneﬁt
continued to increase, such that by the end of study, the plants
grown with the help of FC-LCs produced almost two hundred
additional pounds of tomatoes. This translates to an increase of
the crop by ∼2 pounds per plant.
One might ask how decreasing of the light level above the
plants from absorption and redirection of light by the LC
might impact the overall growth beneﬁt. Typically, under low
light conditions, there is a rule that 1% more PAR results in

Figure 7. (a) Excitation of the 590 and 800 nm FC-LCs by 450 and 640 nm light result in a clear signal on the Si photodiode. (b) Ratio of the
signals from the two FC-LCs is drastically diﬀerent for the 450 and 640 nm excitations, allowing for color diﬀerentiation.
G
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Figure 8. (a) Using lock-in detection, linearity (black solid line) of the FC-LC+photodiode system is observed with excitation ﬂux as low as
∼10−3 mW/cm2. (b) Modulation frequencies up to 100 kHz are demonstrated, although it is expected that much faster speed is possible
using faster photodiode and excitation source.

The average ﬂux of the two excitation sources was measured at
0.3 and 4 mW/cm2 for the 450 and 640 nm excitation
wavelengths, respectively. Figure 7a shows the response of a Si
photodiode coupled to the FC-LCs under the abovementioned excitations. Upon 450 nm excitation (bottom
blue/red curves), both FC-LCs show comparable responses,
while the 640 nm excitation (top dark yellow/wine curves)
results in a much stronger signal for the 800 nm FC-LC
compared to that of the 590 nm device. This is due to the fact
that only the 800 nm QDs can be directly excited by 640 nm.
Moreover, the shape of the signal from the 640 nm excited 590
nm FC-LC is somewhat diﬀerent from the other signals, and
more closely resembles the excitation light than it does the PL
of the QDs because some fraction of the excitation light is
coupled into the Si photodiode detector through the optical
ﬁber of the FC-LC. Additionally, we observe that the signal is
always above zero, even when the excitation is oﬀ. This can be
attributed to a constant background caused by the excitation of
the LCs by ambient light. The ratio of the signals from two
FC-LCs with excitation at 450 and 640 nm is shown in Figure
7b. The ratio is below 1.5 and above 4.0 during the 450 and
640 nm excitation, respectively. The ratio is close to 1.0 when
the excitation is oﬀ. A greater than 2-fold diﬀerence in these
ratios makes them easy to discern. Moreover, the shape of the
ratios diﬀers between the two excitations. Therefore, collecting
the signal simultaneously using several FC-LCs with diﬀerent
peak PL wavelengths, can enable schemes with color detection.
Further, to test the excitation power limit, we used both FCLCs to measure signals occurring after the 450 nm excitation
attenuated using a neutral density ﬁlter with an optical
density of 1. The responses of both FC-LCs to this excitation
are shown in Figure S3. A linear dependence of the device
response on the excitation ﬂux is observed. Additionally, a clear
modulated signal is still observed at such a low excitation ﬂux.
Further attenuation of the excitation is still possible,
especially when lock-in detection is used. Figure 8a shows
that the linearity of the detection system is preserved down to
an excitation ﬂux of ∼10−3 mW/cm2 when a 20 dB gain setting
is used on the photodiode. This is 2 orders of magnitude better
than that reported in ref 25. Figure 8b shows that using a 0 dB
gain setting allows for faster modulation frequency, although
limitations of the experimental setup do not allow data speeds
of more than 100 kHz. In principle, a modulation frequency of
up to 530 kHz should be easily achievable given the QD’s PL
lifetimes of ∼300 ns (f−3DB = 1/(2πτ),25 where τ is the PL

lifetime). Here, we stress again that the use of FC-LCs as
luminescent detectors is to split the detection scheme into two
partsone (fast small area photodiode) for the fast detection
by conversion of photons into electrons, and the other (largerarea FC-LC) for all-optical collection of the optical signals
transmitted through the atmosphere using much larger
detection area (up to 3 orders of magnitude), such that the
detection is insensitive to pointing instability of the free-space
telecommunication system. Even faster frequencies can be
achieved if the radiative lifetime can be shortened. An
attractive strategy to achieve this involves the introduction of
metal plasmonic structures into the FC-LSs.28 More complex
core/shell nanocrescents, similar to those described in ref 29,
can be synthesized around each QD to shorten PL lifetime up
to 40-fold. As a result, modulation frequencies above 20 MHz
are possible. Further reduction of the PL lifetimes through the
control of the local dielectric environment and QD-plasmonic
structures synthesis is required to achieve even faster
modulation.

CONCLUSIONS
In conclusion, we have demonstrated prototypes of FC-LCs for
applications as broadband light sources for biomedical
diagnostics, waveguiding sunlight collectors for agriculture,
and large-area luminescent detectors for free-space telecommunication. Each device was built upon the same core
ﬁber-coupled QD-based technology but underwent diﬀerent
optimization steps in order to meet the needs of its respective
application.
Cancer is the leading cause of death, and so any
improvements in our ability to diagnose cancer earlier will
have signiﬁcant impacts. FC-LCs have promise as alternative
broadband light sources for STS in cancer diagnostics as they
oﬀer a smaller footprint and reduced cost compared to the
traditional tungsten halogen lamps, all while maintaining a
similar level of brightness.
An emerging global problem is the long-term decreasing
amount of agricultural land per capita. The trends of increasing
population, urbanization, diminishing water supply, and
continuing climate change have contributed to declining
stocks of arable land per person. Almost every aspect of
greenhouse agriculture is fully optimized and controlled
precisely, from the nutrient delivery system and irrigation to
the temperature and CO2 levels, but the quantity and quality of
sunlight varies by season and climate. There currently is
H
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minimal eﬀort put into controlling the light spectrum in the
greenhouse where growers mainly depend on the sun’s
spectrum for growing crops, which varies by season and
climate. Today, the only way to control spectrum in a
greenhouse is with expensive lighting that consumes electricity.
Using FC-LCs to provide optimized spectra to the lower
canopy of plants could be a sustainable, low-cost route to
improve crop yields for greenhouse growers.
Free-space telecommunication is ubiquitous, and most can
appreciate the value of improving signal-to-noise ratios in such
systems. We have shown that large-area luminescent detectors
can be used to discern time-modulated unfocused signals with
an average power as low as 1 μW, which could have a
signiﬁcant impact in applications like autonomous vehicles and
LiFi.
Future development and optimization will be needed for the
commercialization of FC-LCs, but the proofs-of-concept
shown in this work will hopefully inspire others to work on
FC-LC applications. It is unusual that a technology can have
such a breadth of uses as FC-LCs, and perhaps medical
diagnostics, plants growth enhancement, and free-space
telecommunication systems are just the beginning.

LCs, and low-excitation power FC-LCs modulation
signal (PDF)
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METHODS
Optical characterization of the QDs and FC-LCs was performed using
commercial absorption (Carry-8454) and emission (Horiba FluoroMax-4) spectrometers and a home-built NIR emission spectrometer
equipped with an InGaAs photodiode detector (Thorlabs PDF10C)
and a lock-in ampliﬁer (Stanford Research Systems SR830 DSP). A
Thorlabs PM100USB power meter and a S120VC Si head were used
to measure the input power of the excitation LEDs, laser, and output
power of the FC-LCs. A Si photodiode detector (Thorlabs PDA36A)
connected to a fast oscilloscope (Agilent Technologies DSO-X
3032A) was used to measure the response of the FC-LC-based
receivers. A ﬁber-coupled spectrometer (Avantes 2048USB2) was
used to measure the spectra of the FC-LCs. Excitation sources
included blue LEDs (Thorlabs M455F1 and ChanZon 10DGL-DZ3W-BL), as well as a 640 nm laser (Coherent Cube).
CuInSexS2-x/ZnS QDs were synthesized using methods similar to
those described in ref 30 with minor modiﬁcations aimed to maximize
PL QY and scale up the synthesis. QDs emitting at wavelengths
between 550 and 900 nm are CuInS2/ZnS with size varying from 3 to
9 nm with a typical size distribution of ∼15−19%. QDs emitting
between 950 and 1250 nm are CuInSexS2‑x/ZnS (x = 0.25−1.75) with
size varying from 5 to 10 nm with a typical size distribution of ∼12−
16%. Both sulﬁde and mixed sulﬁde/selenide QDs have tetrahedral
shape. Transmission electron images of representative QDs emitting
at 590 and 990 nm are shown in Figure S4. FC-LCs were
manufactured in several steps. First, three-sided pockets of a
predeﬁned size were made from PET ﬁlm and a double-sided tape
to prevent resin leakage. The optical ﬁber(s) were then incorporated
into the unsealed side of the pocket and ﬁxed into position using more
tape. Next, an acrylate QD resin described in ref 5 was injected into
the empty pocket from the unsealed side and cured under UV
illumination. The resin was formulated to have appropriate viscosity
and good adhesion to PET and contain up to 4 wt % of CuInSexS2-x/
ZnS QDs. Several postprocessing steps were run after resin curing,
including cleaning of the ﬁbers, packaging of the ﬁbers for easier use
and installation, and the application of a reﬂective coating.
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