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Abstract. The color gamut of a luminous-reflective display (LRD) shrinks when the incident
light lacks blue photons. A frontlight unit (FLU) emitting in blue can prevent this and ensure
readability in the dark. A one-dimensional model was developed to express spectral fluxes
emerging from the subpixels in an energy-harvesting LRD (EH-LRD) in terms of its design
parameters and the ambient lighting condition. In the experiment, a luminescent layer stacked
on an infrared pass filter was excited by monochromatic light from an edge-lit FLU at 405 nm
in the dark. The model roughly reproduced the relative peak intensities measured with the three
materials (BBOT, Coumarin 6, and Lumogen F Red 305). It quantifies the trade-off between
the two objectives of an EH-LRD: displaying images and harvesting energy. Hence, the model
might be used to set goals for future developments of materials and components. © The Authors.
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1 Introduction

The readability of emissive displays is poor under the sun.1 A reflective display solves this prob-
lem by utilizing ambient light. Its contrast remains the same irrespective of illuminance. But its
color gamut is narrow in general. Limiting the transmission bands of its color filters (CFs) can
expand the color gamut only at the expense of luminance.2 A practical design prioritizes lumi-
nance over color gamut. For example, the prototype reported in 2019 by one of the leading
manufacturers has a color gamut covering only 19% of the triangle defined by the National
Television System Committee (NTSC) in the Commission Internationale de l’Eclairage (CIE)
1931 xy chromaticity diagram.3 A luminous-reflective display (LRD) solves this dilemma by
utilizing luminescent materials: its subpixel consists of an electro-optic shutter, a luminescent
layer, a CF, and a reflector stacked in this order. Additive color mixing is accomplished by plac-
ing subpixels for three primary colors side by side.4,5 Because the ambient light that is otherwise
absorbed by CFs can be converted to photoluminescence (PL) photons, its luminance can exceed
that of a conventional reflective display. Its color gamut is expected to be wider and more stable
because the shapes of the PL spectra are independent of the excitation light. A spectral study on
stacked structures of a luminescent layer, a CF, and a reflector confirmed these facts.6 However,
the color gamut of an LRD shrinks under the illumination lacking ultraviolet and blue photons.
For example, as shown in figure 11 in Ref. 6, the color gamut measured under the illumination
by a white light-emitting diode (LED) was 82% of the NTSC standard. It decreased to 44%
when illuminated by a halogen lamp.6 The luminescent materials used in this experiment were
Coumarin 6 and Lumogen F Red 305 for the green and red subpixel, respectively, with no
luminescent material for the blue subpixel. Using a blue-emitting backlight unit (BLU) and
an appropriate dichroic filter has been proposed.7 Because the ambient blue light passes through
the dichroic filter as well, it cannot be utilized for displaying an image.
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By replacing the reflector with an infrared (IR) pass filter (IRpf) and a solar cell, one can
harvest energy from the ambient light not utilized for displaying images.8 This is one step for-
ward from a mere energy-saving device. Such an energy-harvesting LRD (EH-LRD) might be
applied for billboards and portable devices. Because ambient light is utilized for the two objec-
tives, it is important to consider the trade-off between them. A model would link its design
parameters and lighting conditions to the performance indices, such as luminance, color gamut,
and photocurrent. The auxiliary light source for an EH-LRD must be a frontlight unit (FLU)
rather than a BLU because its solar cell would block the blue light from such a BLU.

In this paper, a simple model for an EH-LRD is developed and checked by the experiment
with an FLU. Using this model, utilization of ambient light for the two objectives is discussed.

2 One-Dimensional Model

A simple model relates input parameters (design parameters and ambient lighting condition)
to performance indices (luminance, chromaticity coordinates, and photocurrent). As shown in
Fig. 1, a luminescent layer (lum.), a CF, an IRpf, and a solar cell (PV) are stacked without a gap
between each other. An electro-optic shutter (not shown) is placed above this structure to control
the transmittance of ambient light. This constitutes a subpixel in an EH-LRD. We assume normal
incidence for simplicity. Any angular dependencies of the material properties are neglected.

Let Sa be the spectral flux of the light incident on the luminescent layer, which absorbs Sa
partially and emits PL photons. Let us denote this spectral flux as SPL. Our goal is to express the
upward spectral flux emerging from the top surface (Sup), the downward spectral flux entering
PV (Sdown) in terms of Sa, and the parameters characterizing each layer.

In the analysis below, the transmittance and reflectance of each layer are as defined in Fig. 1.
They all depend on the wavelength λ. Here, we assume zero reflectance at each interface of lum.,
CF, and IR layers. This is justified because the refractive indices of these layers are similar,
and we can eliminate the air gap at each interface. The transmittance of each layer is denoted
as TLL, TCF, and TIR, respectively. Absorption is given by ð1 − TLLÞ, etc. A solar cell has reflec-
tive electrodes on its top surface. Because its transmittance is zero, we use RPV to denote its
reflectance.

2.1 Spectral Fluxes

First, the spectral flux absorbed by the luminescent layer (Sabs) is formulated. Three routes are
considered. The first passage of Sa contributes ð1 − TLLÞSa. The transmitted flux TLLSa can be
absorbed via two ways: the second passage after the reflection by IRpf contributes ð1 − TLLÞð1 −
TIRÞT2

CFTLLSa and the reflection by PVadds ð1 − TLLÞRPVT2
IRT

2
CFTLLSa. Hence, Sabs is given as

EQ-TARGET;temp:intralink-;e001;116;281Sabs ¼ ð1 − TLLÞ½1þ ð1 − TIR þ RPVT2
IRÞT2

CFTLL�Sa: (1)

Second, let us express the spectrum of the PL photons generated by the luminescent material.
Denoting the quantum yield of the luminescent material as ηQY, the total number of PL photons
generated is given as ηQY∫ SabsðλÞdλ. These are distributed over a certain wavelength range, and

Luminescent layer

Color filter

Solar cell

IR pass filter

Sa Sup

Sdown

SPL

TLL

TCF
TIR

RPV

Fig. 1 Cross section of the layered structure that constitutes the subpixel in an EH-LRD. An
electro-optic shutter above the luminescent layer (not shown) controls the transmittance of the
incident light.
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this distribution is denoted Sem. Assuming that Sem is normalized (∫ SemðλÞdλ ¼ 1), the spectrum
of the PL photons inside this structure SPL is given as

EQ-TARGET;temp:intralink-;e002;116;710SPLðλÞ ¼ ηQYSemðλÞ
Z

SabsðλÞdλ: (2)

Third, we consider the upward and downward spectral fluxes exiting the luminescent layer.
The upward flux Sup is formulated as follows. The PL photons contribute via three routes. One
half of SPL goes upward directly. The other half goes downward. It is partially reflected by either
IRpf or PV. Multiplying SPLðλÞ∕2 by the corresponding probabilities gives the upward flux
inside this wave-guiding structure. Note that SPL is the spectral flux inside this structure. For
the outgoing upward flux, the probability of light extraction ηext needs to be multiplied. In addi-
tion, the flux Sa passing through the luminescent layer can go upward after being reflected by
either IRpf or PV. Multiplying TLLSa by the corresponding probabilities gives this contribution
from the ambient light. Hence, the upward flux exiting the luminescent layer is expressed as

EQ-TARGET;temp:intralink-;e003;116;557Sup ¼ ηextf1þ ð1 − TIR þ RPVT2
IRÞT2

CFTLLg
SPL
2

þ ð1 − TIR þ RPVT2
IRÞT2

CFT
2
LLSa: (3)

The expression for the downward spectral flux Sdown is derived in a similar manner. There are
two components. The first is the downward PL photons passing CF and IRpf and avoiding reflec-
tion by PV. The second is the incident light passing all of the layers and avoiding reflection at the
PV surface. Hence, the downward flux is given as

EQ-TARGET;temp:intralink-;e004;116;467Sdown ¼ TCFTIRð1 − RPVÞ
�
SPL
2

þ TLLSa

�
: (4)

Tristimulus values are calculated from the spectral flux Sup and the CIE color matching
functions. A color gamut is defined by these chromaticity coordinates. It specifies how vivid
a displayed image can be.

One can prioritize energy harvesting by eliminating IRpf in Fig. 1. For such a configuration,
the spectral fluxes are calculated by setting TIR to unity in Eqs. (3) and (4).

2.2 Numerical Example

Luminescent solar concentrators (LSCs) utilize luminescent materials to generate power by con-
verting ambient light to PL photons.9 Simple down-conversion is also applied for improving
spectral matching to solar cells.10 A wide variety of luminescent materials exists, and the quest
for ideal materials continues in these fields.

In this numerical example, we select BBOT, Coumarin 6, and Lumogen F Red 305 for
each primary color because they are readily available for proof-of-concept experiments. In fact,
we fabricated luminescent layers with these materials.8 The emission spectra and the spectral
transmittances measured with some off-the-shelf CFs are reproduced in Figs. 2(a) and 2(c),
respectively. The data in Fig. 2(b) are obtained by scaling the absorption coefficients in the
literature11,12 based on the transmittances of these layers measured at 450 nm.8 We purchased
an IRpf and measured its spectral transmittance. The reflectance and the external quantum effi-
ciency of a commercial polycrystalline solar cell were also measured. These results are shown in
Fig. 2(d) together with the CIE luminous efficiency function.

It is well known that a planar waveguide traps PL photons by total internal reflection. This is
the operation principle of an LSC. The probability of trapping PL photons in a wave-guiding
structure is well studied for this application.13 For an LRD, the PL photons need to be extracted
as much as possible. A diffuse reflector increases the probability of light extraction.6,8 In this
numerical example, we set ηext in Eq. (3) to unity for simplicity and neglect its dependency on the
wavelength.

As for the input parameter Sa, the standard solar spectrum air mass 1.5 global (AM 1.5G)14 is
selected. This is shown by the dotted curve in Fig. 3. The unit of its ordinate is proportional to the
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number of photons rather than Watt (W). The spectrum is normalized such that ∫ SaðλÞdλ ¼ 1.
Note that there are a lot of IR photons in this spectrum.

Plugging the parameters in Fig. 2 and the AM 1.5G spectrum into the equations above gen-
erates the spectral fluxes for the two objectives. Each colored curve in Fig. 3 represents the
upward flux from the simulated subpixel for each primary color. The downward fluxes are shown
in Fig. 4 in a similar manner. The fluxes from the two configurations with and without IRpf are
compared in both figures. The layered structure is as indicated in each graph. The AM 1.5G
spectrum serves as a reference.

The fluxes in Fig. 3(a) are larger than those in Fig. 3(b) roughly by a factor of 2. This is
because IRpf reflects the downward fluxes in the visible range. The blue curves in Fig. 3 are
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Fig. 3 Spectral fluxes to be utilized for displaying images for each configuration: (a) with and
(b) without the IRpf.
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Fig. 2 Input parameters for the model. (a) Emission spectra of the three luminescent materials.
(b) Transmittance of the luminescent layers. (c) Transmittance of the CFs. (d) Transmittance of the
IRpf, reflectance, and external quantum efficiency of the solar cell and the CIE luminous efficiency
function.
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relatively small. This does not pose a problem for displaying white because we can always mon-
itor the ambient light and adjust the transmittance of each electro-optic shutter accordingly.

In Fig. 4(a), there are no downward fluxes in the visible range, and the three curves are almost
identical. This configuration prioritizes energy harvesting. The red curve around 750 nm is
slightly larger. This wavelength range is where the IRpf transmittance (TIR) abruptly varies,
as shown in Fig. 2(d). In Fig. 4(b), the shapes of the spectra in the visible range resembles those
in Fig. 3(a). They have the same two components: the PL photons and the transmitted incident
light.

In Fig. 3(a), the upward fluxes in the red and green wavelength ranges exceed the incident
flux. This is the very reason that an LRD can be brighter than a purely reflective display: the
effect of downconversion by the luminescent materials.5–8 Among the three subpixel configu-
rations, the red one always has the largest spectral flux, and the green one follows. This is related
to the wavelength range that these materials can utilize. A red-emitting material converts blue
and green incident light, whereas a blue-emitting material utilizes ultraviolet light only. In
Fig. 3(b), the upward flux exceeds that of the incident light only around 600 nm. The configu-
ration without IRpf sacrifices the advantage in luminance and prioritizes energy harvesting.

In addition, chromaticity coordinates for the two-layered configurations are shown in Fig. 5.
The color gamut is comparable to the NTSC standard. As shown by the open squares, insertion
of IRpf extends it slightly. The light reflected by IRpf needs to pass the two layers (CF and lum.),
and this extra distance narrows the spectra, as shown in Figs. 3(a) and 3(b).
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Fig. 4 Spectral fluxes to be utilized for harvesting energy for each configuration: (a) with and
(b) without the IRpf.
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The open triangles in Fig. 5 are the coordinates of a white point for the configuration with
IRpf. They are calculated by adding the spectra in Fig. 3. The three numbers indicate the weight-
ing factors for this addition. In practice, we can set these factors by controlling the transmittance
of each electro-optic shutter. Because the blue curves in Fig. 3 are relatively small, equal weight-
ing (1, 1, 1) results in the white point (0.43, 0.41). When the weighting factor for the blue spec-
trum is set to 3, it moves to (0.36, 0.33). Note that these results are based on the characteristics of
the materials at hand. There are opportunities to improve TCF in Fig. 2(c) for example.

3 Experiment

In complete darkness, an auxiliary light source is required for a reflective display. For an LRD,
an FLU emitting blue light will increase the luminance of all three colors. In this section, we
describe the experiment with such an FLU and some layered structures. The input parameters for
the model in Sec. 2 are drastically simplified by adopting a monochromatic light source and
eliminating the CFs. Hence, this experiment serves as a test for the model.

3.1 Frontlight Unit

In a commercial e-book reader (Amazon Kindle, Model J9G29R), an edge-lit FLU illuminates
an electrophoretic display. In this FLU, four white LEDs are installed at the edge of a light-guide
plate. Some microstructures are distributed on its surface to extract the light toward the reflective
display. Their density is set higher at the region further away from the LEDs. In this way, the loss
of light propagating inside is compensated for, leading to uniform illumination.

We removed the white LEDs and attached a light-diffusing film (Tsujiden Co., Ltd., Model
D114) on the edge surface of the plate. As shown in Fig. 6(a), a laser module is positioned such
that its beam enters the film normally. A black acrylic plate was placed at the edge to block any
light leakage from the light source side. A black cloth was placed beneath the FLU to absorb the
light extracted downward. A photograph of this setup is shown in Fig. 6(b). When the laser is
turned on in the dark, the scattered light spreads inside the light-guide plate. Unfortunately, as
shown in Fig. 6(c), the blue light leaks toward an observer. Nevertheless, this leakage degrades

Laser module Light-guide plate 
Light-shield 

Light-guide plate

Laser beam

Light-diffusing film

Film with microstructures

Light shield

Black cloth

(a)

(c)

(b)

Fig. 6 A schematic drawing and photographs of the experimental setup. (a) Cross section of the
modified FLU. A laser module is placed near the light-guide plate. (b) Photograph of the setup.
(c) The laser light (wavelength 405 nm) hits the film and the scattered light spreads inside the
light-guide plate. The microstructures at the surface of the plate extract them. A black cloth placed
beneath the FLU absorbs the downward light, and the upward light from the FLU is recorded in this
picture.
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the contrast ratio of the images to be displayed. The light extracted downward is larger as will
become clear later.

In this experiment, three luminescent materials were used for the three primary colors:
BBOT, Coumarin 6, and Lumogen F Red 305. A thin layer of each material was formed on
a 50 mm × 50 mm × 1.0 mm acrylic plate. Its preparation procedure is described elsewhere.8

The emission spectra from these layers are shown in Fig. 2(a). A 25 mm × 25 mm × 3.2 mm

IRpf was attached to its bottom surface. As shown by the curve marked as TIR in Fig. 2(d), the
transmittance of this filter drops abruptly at about 700 nm. Note that this is for the case of normal
incidence. We purchased an adhesive film developed for attaching a polarizer film to the surface
of a liquid-crystal display (LCD) panel. This film was used to eliminate the air gap between the
acrylic plate and IRpf.

As shown in Fig. 7(a), each layered structure was placed beneath the modified FLU. The
downward blue light from the FLU illuminated each luminescent layer, denoted as “lum.” in
Fig. 7(a). Images captured by a camera are shown in Figs. 7(b)–7(d). In addition to the upward
PL photons from the luminescent layers, any light leaking from the FLU upward is recorded in
these pictures. Emission from each lum. area appears uniform, indicating that illumination by the
FLU is uniform over this area. The central 25 mm × 25 mm region is covered by IRpf, and it
appears brighter than the surrounding 50 mm × 50 mm area. In this region, the downward PL
flux from the luminescent layer and the unabsorbed excitation light from the FLU are added after
being reflected by IRpf. Note that the edge surface of the acrylic plate appears brighter. Some PL
photons are trapped in the light-guide plate. They propagate inside, become concentrated, and
escape from the edge surfaces.

3.2 Measurement

Spectrum measurement allows us to distinguish the PL photons from the luminescent layer and
any background light leaking from the FLU. As shown in Fig. 8(a), an optical fiber head is held

Modified FLU

Black cloth

lum.
Acrylic plate

IRpf

(a) (b)

(c) (d)

Fig. 7 Excitation of the luminescent layers by the modified FLU. (a) Cross section of the experimen-
tal setup. The luminescent materials are (b) BBOT, (c) Coumarin 6, and (d) Lumogen F Red 305.
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in the vicinity of the FLU, above the center of IRpf. It guides the light from the fixed region of the
FLU to a spectrometer. First, only the acrylic plate attached to IRpf is illuminated by the FLU.
The spectrum acquired in this case (Flu/IRpf) is denoted as SBG. When a luminescent layer is
present, the PL photons from it can reach the spectrometer. The spectrum recorded in this case is
expressed as ηextSPL þ SBG, where ηext is the light extraction efficiency and SPL is the spectrum
of the PL photons generated inside the luminescent layer. The component ηextSPL is obtained
from these two measured spectra. For the configuration FLU/lum./diff./IRpf, a light-diffusing
film (diff.) is inserted to extract the PL photons trapped inside this light-guiding structure. The air
gap between each layer is eliminated by the adhesive film described earlier. The spectrum
recorded with the configuration without the light-diffusing film (FLU/lum./IRpf) shows the
effect of the film on ηext. The measured spectra are compared in Figs. 8(b)–8(d) for each lumi-
nescent material. The legends specify the layered structures. Each inset shows magnified spectra
around 405 nm.

The black curve labeled as “FLU alone” is the spectrum recorded with the FLU placed above
the black cloth. Because the downward light is absorbed, only the light emitted upward by the
FLU is recorded. This curve represents the background to be subtracted from the spectra
acquired with a luminescent layer. Unexpectedly, low-intensity emission is observed up to about
580 nm. The relative magnitude of this component remains the same irrespective of the distance
between the measurement spot and the edge of the light-guide plate. Hence, it is likely that some
luminescent materials are contained in the film with the microstructures.

The dotted red curve labeled as “FLU/IRpf” is the spectrum acquired with the configuration
Flu/IRpf. The downward light reflected by IRpf is added to the upward light. The intensity at
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Fig. 8 Spectrum measurement for identifying the PL photons from a luminescent layer. (a) Setup
for the measurement with and without a luminescent layer. The luminescent materials used
for measuring the spectra in panels (a)–(d) are (b) BBOT, (c) Coumarin 6, and (d) Lumogen F
Red 305. Each inset shows magnified spectra around 405 nm.

Anekawa, Shigeta, and Fujieda: Front lighting for an energy-harvesting luminous-reflective display. . .

Optical Engineering 095102-8 September 2022 • Vol. 61(9)



405 nm is more than doubled, as shown in the inset. Ideally, the peak intensity ratio for the red
and black curves should be infinity if no light leaks upward from an FLU. We discuss this issue
in Sec. 4.3.

As shown by the solid blue and broken green curves in Figs. 8(b)–8(d), PL photons are
observed in the wavelength range intended for each color. The light-diffusing film increases
these intensities, especially for the green and blue luminescent materials. Specifically, scattering
enhances the light extraction efficiency more at shorter wavelengths.

A closer look at each peak by the PL photons in Fig. 8 reveals that there is little change at
shorter wavelengths. Self-absorption in the luminescent layers hinders the emission at shorter
wavelengths.9,15 One might expect that the absorbed energy is liberated in the form of PL pho-
tons. However, the measured intensity of the re-emitted PL photons from a planar waveguide is
at least four orders of magnitude smaller than the original emission.16 It is likely that the phe-
nomenon of self-absorption in the luminescent layer masks the potential gain brought by the
light-diffusing film in the shorter wavelength range for each color.

The insets in Fig. 8 indicate that the downward excitation light is mostly absorbed by the
luminescent materials. It also shows that it is partially reflected by IRpf. As is shown next, the
color gamut calculated from these spectra becomes narrower by this component. This is because
there are no CFs under the luminescent layers to absorb the transmitted excitation light in this
experiment.

3.3 Analysis

The result of the background subtraction is shown in Fig. 9(a) for each luminescent material.
The solid curves are for the structures with the light-diffusing film, and the dotted curves are
for those without it. The light-diffusing film increases the peak intensities by a factor of two for
the blue and green material, whereas this gain is not much for the red material. This behavior
might be attributed to the change in the probability ηext. Because the blue and green PL photons
are scattered in wider angular ranges than the red photons, they are more likely to be extracted
from the layered structures.

The CIE 1931 color matching functions are used to calculate chromaticity coordinates in
Fig. 9(b). The square and triangle markers are the coordinates from the six curves in Fig. 9(a).
The open circles are those from the measured spectra in Fig. 8 (FLU/lum./IRpf). Compared to
the NTSC standard, the areas of these triangles increase from 39.7% (circle markers) to 73.1%
(square markers) and 74.6% (triangle markers). The light-diffusing film slightly extends the
color gamut. For the red material, this trend is reversed. This is due to the broadening of the
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Fig. 9 The PL components exiting the luminescent layers. (a) Spectra measured with the
luminescent layers after subtracting the background component from the FLU. (b) Chromaticity
coordinates calculated from the spectra in panel (a) (square and triangle markers). Open circles
are from the spectra measured without the light-diffusing film (FLU/lum./IRpf in Fig. 8).
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spectrum, as shown in by the red solid curve in Fig. 9(a). The color gamut can be further
expanded by inserting CFs between the luminescent layers and IRpf. Nevertheless, this is accom-
plished at the expense of luminance.

4 Discussions

4.1 Model and Experiment

For checking the validity of the model, let us assume a monochromatic incident light at 405 nm,
no absorption by the CFs, and perfect reflection by the reflector. Specifically, the input param-
eters for the model assumed in Sec. 2 are modified as follows: Sa ¼ δð405Þ, TCF ¼ 1, and
TIR ¼ 0. For the moment, the probability of light extraction ηext in Eq. (3) is assumed to be
unity, i.e., no trapping of PL photons in the layered structures. The upward spectral fluxes
calculated by the model under these assumptions are shown by the solid curves in Fig. 10.

In Fig. 10(a), the spectra measured without the diffuser film are reproduced for comparison.
The scale for the second y-axis is adjusted such that the measured peak intensity for the green
material approximately matches the model. The relative peak intensities are about the same for
all three materials. The peak wavelengths are slightly shifted toward longer wavelengths. This
redshift is likely to be caused by the self-absorption inside luminescent layers. Specifically, the
PL photons propagate longer distances inside the layer after being scattered, and those with
shorter wavelengths are absorbed by its own material. In fact, the PL spectrum from a uniform
luminescent layer depends on its emission angle because of self-absorption in the layer.15

The current model cannot handle oblique propagation.
Next, the spectra measured with the diffuser film is compared with the model calculation in

Fig. 10(b). The redshift in each measured spectrum becomes larger. After being scattered by the
diffuser film, the PL photons need to traverse longer distances in the luminescent layer. Hence,
they suffer more from self-absorption. This results in a larger redshift. In addition, the spectrum
measured with the red material is quite deformed. This might be explained by considering the
change in the cut-off wavelength of an interference filter. As shown in Fig. 2(d), the IRpf used in
the experiment reflects the light below 700 nm. This is valid for normal incidence. When the red
light enters the filter obliquely, they are more likely to be transmitted. Hence, the model over-
estimates the spectral intensity for this subpixel at wavelengths shorter than 700 nm.

Another discrepancy from the experiment is notable at the wavelengths <405 nm in Fig. 10.
When the monochromatic light at 405 nm is absorbed in the experiment, no PL photons are
generated below 405 nm. The law of energy conservation prohibits emission below the excitation
wavelength. This fact is not implemented in the model.
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Fig. 10 Comparison of the model and the experiment. Solid curves are the spectra calculated for
the layered structure lum./IRpf. The model assumes monochromatic excitation at 405 nm, no CFs,
100% reflection by the reflector, and 100% extraction of PL photons. Dotted curves are reproduced
from Fig. 9(a). Those in panel (a) are the spectra measured without the diffuser film. Those in panel
(b) are the spectra measured with the diffuser film.
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4.2 Ambient Light Utilization

Although the current model does not provide exact answers, it helps us understand which design
parameters are important for better performance. In this section, we discuss the trade-off between
energy-harvesting and displaying images. With the design parameters in Sec. 2, we show how far
apart the current level of performance is from an ideal case.

Let us define performance indices appropriate for an EH-LRD. Luminance and photocurrent
come to mind immediately. They are measurable with standard instruments. Here, we define two
indices as follows:

EQ-TARGET;temp:intralink-;e005;116;633εL ¼
Z

VðλÞSupðλÞdλ∕
Z

SaðλÞdλ; (5)

EQ-TARGET;temp:intralink-;e006;116;577εph ¼
Z

ηPVðλÞSdownðλÞdλ∕
Z

SaðλÞdλ; (6)

where V and ηPV are the CIE luminous efficiency function and the external quantum efficiency of
a solar cell, respectively. These dimensionless quantities imply the efficiency of converting
the input to something of value. The index εL becomes maximum if Sup is equal to Sa. This
corresponds to the case of a perfect reflector. The index εph peaks when Sdown is set to Sa.
This is equivalent to the case of a bare solar cell.

Next, the two performance indices were calculated from the spectral fluxes in Figs. 3 and 4
and the efficiency curves in Fig. 2(d). The open markers in Fig. 11 represent the indices for the
structures with IRpf and the solid markers for those without it. The circle, square, and triangle
markers correspond to the indices for the luminescent materials BBOT, Coumarin 6, and
Lumogen Red F 305, respectively. The vertical dotted line and the horizontal broken line indicate
the upper limits for the two indices.

The index εph is almost the same for the three subpixel configurations with IRpf (open mark-
ers). When IRpf is removed, εph increases at the expense of εL (solid markers). The incident
energy is directed either up or down. One cannot have large indices simultaneously. The hori-
zontal broken line and the vertical dotted line indicate the upper limits of the two efficiencies:
εL ¼ 0.176 for a perfect reflector and εph ¼ 0.804 for a bare solar cell. The major loss mech-
anisms are the absorption by the CFs and nonunity ηPV. An LRD needs CFs to absorb the
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light utilization efficiency for displaying images and harvesting energy. The horizontal broken line
and the vertical dotted line indicate the upper limit for each index corresponding to a perfect reflec-
tor and a bare solar cell, respectively.
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excitation light passing through the luminescent materials. Therefore, absorption by CFs is inevi-
table, and the upper limits will never be achieved.

The index εL for the blue subpixel is significantly smaller than those for the other two colors.
This is partly because V is smaller and partly because there are not many photons in the AM 1.5G
spectrum to excite BBOT. An auxiliary light source may be used as described in Sec. 3.
Alternatively, one can enlarge the blue subpixel area to compensate for the low luminance.
A new material would help.

4.3 Future Development

Light leakage from an edge-lit FLU toward an observer degrades the contrast ratio and the color
gamut. In this respect, the organic LED (OLED) technology is well suited for enhancing read-
ability of a reflective display in general. Emission from an OLED with a reflective electrode is
usually one-sided. Apertures can be fabricated in an OLED to let ambient light go through. Other
advantages of the OLED technology include compactness and uniform illuminance over a large
area. This concept was conceived two decades ago,17 and it was demonstrated independently
with a reflective LCD.18 The OLED technology is certainly useful for an LRD. An FLU would
block some of the incoming light, and it would consume some power. Discussion on this trade-
off for adding an FLU requires quantitative analysis for each specific application. Practical
design considerations such as this deserve attention in future.

The LCD technology is a good candidate for the optical shutter in an LRD. A commercial
LCD panel, including its CFs and polarizers, is highly transparent in the near-IR wavelength
range.19 Monocrystalline and polycrystalline silicon solar cells have high power conversion effi-
ciency in this wavelength range. Compactness is required for mobile applications. A 0.2-mm-
thick LCD panel has been demonstrated.20 Thin glass substrates have been developed for flexible
OLED applications.21 This knowledge might encourage one to stack an FLU, a thin LCD panel
without CFs, an array of luminescent layers, CFs, and IRpfs on a Si-based solar cell.
Alternatively, integration of components will simplify the device structure of an LRD. For exam-
ple, in-cell polarizer technology22 will be useful for an LRD. It might be worthwhile to consider
integrating an OLED-based FLU in an electro-optic shutter. As these technologies mature and
various materials become available, the OLED-LCD integration proposed in the past23,24 might
be considered for an LRD in the future.

Regarding luminescent materials, we used organic dyes in our experiment to check the
validity of the model. They are widely available, and their properties are well documented.
By contrast, quantum dots and quantum rods have been intensively studied for applications such
as LCDs,25 micro-LED displays,26 and LSCs.27 Their narrow emission spectra result in a larger
color gamut for display applications. Large Stroke’s shift mitigates the photon loss due to self-
absorption in LSCs. These advantages of quantum dots and rods are expected for EH-LRDs
as well.

5 Conclusions

An LRD is expected to be brighter than a purely reflective display because some of the ambient
light otherwise absorbed by CFs are converted to PL photons. Its color gamut can be wider and
more stable because the shapes of the PL spectra are independent of the excitation light. Under
the illumination lacking ultraviolet and blue photons, however, blue-emitting material might
not be excited. Then, blue subpixel needs to rely on reflection only, leading to a narrower color
gamut. An auxiliary light source will prevent this and ensure readability in the dark as well. For
an EH-LRD, it must be an FLU because its solar cell would block the light from a BLU.
A one-dimensional model has been developed for an EH-LRD. The spectral fluxes from its
subpixels are expressed in terms of its design parameters and ambient lighting condition.
Luminance, chromaticity coordinates, and photocurrent are calculated from them. In an experi-
ment, the FLU in an Amazon Kindle was modified to emit monochromatic light at 405 nm.
It illuminated a luminescent layer stacked on an IRpf. The model roughly reproduced the relative
peak intensities measured with three materials (BBOT, Coumarin 6, and Lumogen F Red 305).
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The measured spectra were slightly redshifted. This is because the PL photons propagating
obliquely in the luminescent layers suffer more from self-absorption. The current one-dimen-
sional model cannot handle oblique propagation. Insertion of a light-diffusing film between the
luminescent layer and the IRpf doubled the spectral intensities for the blue and green materials,
indicating that more PL photons are extracted from the layered structures. The spectrum mea-
sured with the red material was deformed. This is attributed to the angle-dependent transmittance
of the IRpf. Light leakage from an edge-lit FLU toward an observer degraded the contrast ratio
and the color gamut in this experiment. The spectral measurements allowed us to remove this
component, and the color gamut covered about 74% of the NTSC standard in the CIE 1931 xy
chromaticity diagram. An FLU based on the OLED technology is a solution to this problem
because its emission can be completely one-sided. Nevertheless, inserting CFs would expand
the color gamut further at the expense of luminance. An EH-LRD utilizes ambient light for the
two objectives: displaying images and harvesting energy. The model quantifies the trade-off
between them. It shows how far apart the calculated characteristics are from an ideal case.
Thus, it might be used to set goals for future developments of materials and components.
An EH-LRD will add flexibility to the power management system of billboards and portable
displays.
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