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ABSTRACT: In the race to develop new luminescent materials for the next
generation of light-emitting-diode (LED)-based solid-state lighting and display
applications, it is often forgotten that color theory and human perception should
be some of the principal factors guiding materials design. In this Viewpoint, we
explore some of the antiquated colorimetrics established originally for
incandescent and fluorescent lighting and discuss how they are still widely
applied in the literature today to interpret the color quality of luminescent
materials, like inorganic phosphors and quantum dots, and to analyze prototype
devices, despite their shortcomings. We then shift our analysis toward
contemporary ideas in color theory that more accurately describe the color
quality of modern LED light bulbs and flat-panel displays. Finally, the perspective
examines the opportunities and challenges of applying these new concepts to
guide the design of luminescent materials used in LED-based applications.

1. INTRODUCTION

The world was transformed approximately 150 years ago when
the incandescent light bulb was improved to the point where
artificial light could be reliably produced at a commercial scale.
It was finally possible to begin replacing the sun, fire, or
candles as our only sources to illuminate the world. From the
earliest forms of electric lighting that used carbonized cotton
and bamboo filaments to the improved tungsten-filament-
based bulbs, incandescent lighting has made modern human
civilization possible.1 Indeed, artificial lighting has helped
humans function equally during the day and at night, indoors
and outdoors. The man-made source of this light was
revolutionary, and yet incandescent lamps produce white
light identical with the natural blackbody radiationsun-
lightthat humans have been exposed to throughout our
entire evolution. The only significant drawback of incandescent
bulbs is that ≈95% of the electricity that they use is converted
to heat, making these lights tremendously energy-inefficient.2

Today, lighting has moved beyond using blackbody
radiation as our source of light to more energy-efficient light
production. Modern methods use a semiconducting light-
emitting diode (LED) combined with one or more inorganic
phosphors. Unlike halogen and fluorescent light bulbs, whose
line emissions were among the first alternative light sources
that did not follow the blackbody curve, LED chips more
efficiently convert electricity to a nearly monochromatic light
that is used to excite the phosphor(s) coated on the chip’s
surface.3 The resulting photoluminescence from the LED and
phosphor blend creates a broadband emission spectrum that
appears as white light to the human eye. The white light from

these so-called phosphor-converted LEDs is functional and
cheap to produce, but the emission spectrum is not
continuous. Depressions appear in the white-light spectra
stemming from the poor overlap between LED and phosphor
emission or between the emission spectra of two phosphors.
These areas, which are not present in a blackbody radiation
curve, give some of these lights their notorious artificial
appearance and imperfect color rendering in contrast to a
blackbody radiator’s natural appearance and perfect color
rendering. Nevertheless, LED light bulbs are 75% more energy-
efficient than incandescent or halogen bulbs, and they do not
contain toxic mercury like fluorescent bulbs.4,5 Phosphor-
converted LEDs also have the advantage of being color-
tunable. Changing the LED-to-phosphor emission intensity
ratio or varying the phosphor blend are both approaches to
tuning the light’s color from a calming, warm white light to an
energizing, cold white light.6

Fortunately, the crystal chemistry of inorganic phosphors is
well understood, making novel phosphor design one of the
most sought-after ways for tweaking phosphor-converted LED
lighting. Phosphors are composed of a crystalline oxide, nitride,
or halide host crystal structure substituted with a small
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percentage of a rare-earth or transition-metal activator ion. The
composition and connectivity within the host crystal structure
control the coordination environment and orbital energies of
the activator, which determine the energy of the resulting
optical transitions. In rare-earth-substituted phosphors, the
magnitude of crystal-field splitting around the activator
regulates the distance between the 4f and 5d orbitals that, in
tandem with the nephelauxetic effect, control the photon
absorption energy. Subsequent lattice relaxation guides the
perceived color of the ensuing photon emission.7 The choice
of the host crystal structure also affects the efficiency and
thermal stability of the phosphor emission. Decades of research
have shown that crystalline hosts composed of dense bonding
networks provide a rigid local structure that prevents the
formation of nonradiative pathways, whereas wide optical band
gaps help to prevent thermally induced photoionization.8 The
formalization of these design rules, among others, has allowed
for new phosphor materials to be used in a myriad of advanced
applications.
Phosphor-converted LED technologies were first applied in

emergency signage and medical imaging and have slowly
evolved to basic illumination.9,10 Now, the development of
high-powered LEDs and the discovery of efficient and
thermally stable phosphors have allowed LED-based solid-
state lighting devices to be used almost exclusively in modern
domestic and commercial lighting, street lighting, car head-
lights, flat-panel LED televisions, monitors, laptops, tablets,
and smartphones.6,11−14 Given the diversity of uses for
phosphor-converted LEDs, research on phosphors, in partic-
ular, has intensified dramatically to address many technological
needs. The field has rapidly evolved from exploratory synthesis
to creating computational methods, applying data science and
machine learning, and building combinatorial chemistry tools
to accelerate phosphor discovery.15−19 The outcome is
hundreds of new phosphor publications in peer-reviewed
journals every month. Nevertheless, the optical properties and
subsequent production of prototype phosphor-converted LED
light bulbs or display panels, no matter how well described in

these papers, often do not take human perception of light into
account.
The underlying principles that dictate whether a novel

luminescent material is appropriate for a specific application
are based on color theory and how humans perceive light.20

However, color theory is often overlooked or misapplied in the
race to develop new phosphors and incorporate these materials
in light bulbs, televisions, or monitors. The discussion here
focuses on the experimental and theoretical studies that
integrate colorimetry and the human perception of color in the
development of new phosphor materials and creation of
prototype solid-state LED-lighting devices. This Viewpoint
first discusses the application and drawbacks of the original
color theories often used in the literature today. We then
expand to modern concepts in colorimetry that were
developed in response to the rise of LED-based lighting.
Finally, this Viewpoint suggests promising research directions
that should aid the development of next-generation, high-
color-quality LED-based white light.

2. CURRENT APPLICATIONS OF COLOR THEORY IN
PHOSPHOR CHARACTERIZATION

2.1. Formulation of the 1931 CIE XYZ Color Space
and Its Implications. Colorimetry is the field of science
developed to quantify and describe the perception of color.
Our brain’s interpretation of color is a psychophysical response
to photons in the visible region of the electromagnetic
spectrum striking the retina. Light is detected at the back of
the eye by photoreceptor rods and cones, which transmit
signals to the optic nerve via retinal bipolar cells and ganglion
neurons.21,22 The latter are activated by the blue region of the
visible spectrum to control humans’ natural circadian
rhythm.23 Photoreceptors, on the other hand, are critical to
human vision. Rods do not contribute to our color vision
because they are equally sensitive at all wavelengths of light.
Conversely, the combination of three unique cones, called
short (420−440 nm), middle (530−540 nm), and long (560−

Figure 1. (a) 1931 CIE XYZ diagram representing all colors that the average human eye can perceive. Emission spectra of (b) β-SiAlON:Eu2+ (λem
= 540 nm) where ○ = 1 (data were taken from ref 29) and (c) Sr1.975Ce0.025Ba(AlO4F)0.3(SiO5)0.7 (λem = 542 nm) where □ = 2 (data were taken
from ref 31). The 1931 CIE XYZ coordinates of these phosphors are denoted as a circle and square in part a, respectively. (d) Emission spectra of
Ca2+xLa8−x(SiO4)6−x(PO4)xO2:Eu

2+ (x = 0, 2, 4, and 6). The CIE coordinates are represented in part a by × (data were taken from ref 33).
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580 nm), enables color vision.24 The cones differ based on
their peak spectral sensitivity in the blue, green, and red
regions of the visible spectrum, respectively.25 Different levels
of stimuli affect the three types of cones independently, known
as the tristimulus, which allows humans to perceive different
colors.
The International Commission for Illumination (Commis-

sion Internationale de l’Eclairage, or CIE) was the first
organization to standardize how the human eye perceives
color. Their original creation was the 1931 CIE XYZ color
space, which represents all colors visible to a person with
average eyesight. This color space was formalized to serve as
the first quantitative link between the distribution of
wavelengths across the visible region of the electromagnetic
spectrum and the physiology involved in the perception of
color in human vision.26 The CIE diagram was derived by
determining spectral response curves that could mathemati-
cally describe humans’ trichromatic vision. These color-
matching functions, or the standard (colorimetric) observer,
provided a standardized, numerical method to convert spectral
radiance to trichromatic color space.26,27 The resulting
tristimulus values (X, Y, and Z) are converted to (x, y)
coordinates to represent a specific color on the 1931 CIE XYZ
color space.25 The 1931 CIE XYZ diagram, illustrated in
Figure 1a, is a two-dimensional mapping of the colors visible to
the average human eye. The curved outer edge of the diagram,
known as the spectrum locus, comprises monochromatic
sources. The straight edge near the bottom is called the purple
line, where the colors on this line are produced through the
combination of blue and red sources.28 All colors inside the
spectrum locus directly result from the trichromatic nature of
human perception, where the highly saturated colors lie near
the locus and white falls near the center.
Mapping a perceptible color space is instrumental in

conveying the emission color of luminescent materials like
inorganic phosphors. For example, β-SiAlON:Eu2+ is arguably
the most popular green-emitting phosphor used for display
applications today owing to its narrow emission full width at
half-maximum (fwhm) of 55 nm (1760 cm−1), the impressive
internal quantum efficiency of 97%, and thermally robust
emission at 150 °C under blue-light excitation (λex = 450
nm).29,30 Applying the CIE’s color-matching functions to
analyze the emission spectrum of β-SiAlON:Eu2+ (Figure 1b)
yields the 1931 CIE XYZ chromaticity coordinates that allow
researchers to clearly illustrate this phosphor’s brilliant green
color, as shown within the circle plotted in Figure 1a. The
superiority of β-SiAlON:Eu2+ can be further highlighted by
comparing the emission from β-SiAlON:Eu2+ (λem = 540 nm)
to another green-emitting phosphor, such as Sr1.975Ce0.025Ba-
(AlO4F)0.3(SiO5)0.7 (λem = 542 nm). Despite having an
emission maximum nearly identical with β-SiAlON:Eu2+,
Sr1.975Ce0.025Ba(AlO4F)0.3(SiO5)0.7 has a significantly broader
emission of 128 nm (4127 cm−1), as shown in Figure 1c. The
broadness of the emission hinders saturation of the green
color, resulting in a more yellow-green hue, as shown within
the square plotted in Figure 1a.31 The 1931 CIE XYZ color
space is an excellent way to display the relationship between
the color saturation, emission maximum, and emission fwhm.
Figure 1 also emphasizes the somewhat counterintuitive point
that the perceived color is not just determined by the emission
peak wavelength.32

The 1931 CIE XYZ color space is also used to easily
visualize a phosphor’s color tunability through chemical

modification, such as the preparation of a solid solution. For
example, the emission of Ca2+xLa8−x(SiO4)6−x(PO4)xO2:Eu

2+

(x = 0, 2, 4, and 6) red-shifts upon the incremental substitution
of [SiO4] units for [PO4], as plotted in Figure 1d.33 The actual
shift in the perceived color is illustrated by plotting the 1931
CIE XYZ coordinates in Figure 1a as the × symbol. An obvious
color change occurs from blue to green upon the incorporation
of [PO4]. This outcome is crucial because the 1931 CIE XYZ
color space allows researchers to observe the exact range of
colors produced by tailoring the composition of a phosphor.
The Planckian locus, which represents blackbody radiation

at a specific temperature, is also usually included in the 1931
CIE XYZ color space. It is shown as the black solid line in
Figure 1a. The locus goes from a deep red, indicating
blackbody radiation at low temperatures (1500 K), to orange
(2000 K), then to white (≈4000 K), and finally to bright blue
(10000 K). The Planckian locus represents the actual
temperature that a blackbody radiator must be heated to for
a photon of that color to be emitted.34 For example,
incandescent light bulbs produce light through thermal
radiation of a tungsten filament. The characteristic warm
white light is produced when the bulb’s filament reaches
temperatures between 2000 and 3000 K while driving the
filament above 5000 K produces a colder white light.28

However, the light produced from nonblackbody sources, such
as fluorescent and phosphor-converted LED light bulbs, does
not arise from the same mechanism. Thus, a new scale, known
as the correlated color temperature (CCT), was developed to
describe the color of light from these sources. The CCT refers
to the temperature required for a blackbody radiator to
produce white light with chromaticity most similar to that of
an artificial light source.34 In this case, cold white fluorescent
light bulbs with a CCT of 5000 K will generate white light
similar to that of a blackbody radiator heated to ≈5000 K.20,35

Commercially available light bulbs are often marketed with
their CCTs printed on the box to describe the hue of white
light they produce. The simplest modern solid-state white light
bulb design comprises a blue-emitting InGaN LED and a
yellow-emitting phosphor, Y3Al5O12:Ce

3+.36 The phosphor
absorbs the blue LED emission and partially downconverts
the emission to produce yellow light, with the combination of
blue and yellow emissions appearing as white light. The lack of
an explicit red spectral component in these lights causes the
resulting white light to appear cold and have a CCT between
4000 and 8000 K, depending on the ratio between the blue
LED emission and yellow phosphor emission.7 High CCT light
(>5000 K) is not suitable for in-home or commercial lighting.
Therefore, a second, highly efficient, thermally robust red-
emitting phosphor such as Sr2Si5N8:Eu

2+ (λem = 618 nm; fwhm
= 83 nm) or CaAlSiN3:Eu

2+ (λem = 650 nm; fwhm = 92 nm),
among others, are included in the phosphor blend of
commercial light bulbs.37−39 Here, the ratio of blue, yellow,
and red emissions controls the observed CCT. Solid-state
lights that contain phosphor blends with a lower red spectral
component relative to the blue LED emission are typically
tuned to have a CCT of ≈5000 K. These lights are commonly
used in offices and schools and are often referred to as
“daylight” in commercially sold bulbs. These devices are
indeed excellent for reproducing daylight indoors. In contrast,
there is a strong preference for in-home lights to have a warmer
white hue. This is made possible by increasing the contribution
of red emission relative to the yellow phosphor and blue LED
emissions.40 The more intense red spectral component within
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the phosphor blend allows the CCT to be lowered and tuned
to ≈2700 K to mimic the light created by a warm tungsten
filament light bulb. These bulbs are often marketed as a “soft
white” LED light bulb.
Interestingly, there are some instances where a single

phosphor produces an ultrabroad emission that covers most
of the visible spectrum, appearing as white light.
Sr2AlSi2O6N:Eu

2+ is one example of these unique compounds.
This phosphor produces an emission centered at 600 nm with
a fwhm of 230 nm (≈7057 cm−1).19 The broad emission stems
from the presence of three crystallographically independent
Sr2+ sites for rare-earth substitution. Combining this phosphor
with an UV LED (λem = 375−380 nm) produces a white light
with a CCT of ≈3900 K. It is clear through these analyses that
the 1931 CIE XYZ diagram is the most straightforward
method for visualizing the complex emission spectra of
luminescent materials and reducing these data into a single
(x, y) color point.
2.2. Maximizing the Color Gamut for Display Light-

ing. The 1931 CIE XYZ diagram is also widely employed in
the development of materials for display lighting. The choice of
red-, green-, and blue-emitting materials controls the range of
colors produced by a screen or monitor. Connecting the CIE
chromaticity coordinates of these three colors forms a triangle
representing the palette of available colors, known as the color
gamut. This is among the most defining visual characteristic of
any display.41 All image-based applications need a specific and
well-defined color gamut to reproduce colors accurately, giving
rise to many standard color gamuts. The first color gamut was
established in 1953 by the National Television System
Committee (NTSC) for color cathode-ray tube screens.41

Cathode-ray tube screens produced colored images using three
electron beams to excite a phosphor-coated screen of red-,
green-, and blue-emitting materials. The phosphor emissions
were then passed through a set of color filters, where the
desired wavelength of light required to hit the gamut’s color
points was allowed to pass.42 This caused most of the emission
from a broadband phosphor to be filtered off, making these
devices inherently inefficient. Narrow-emitting phosphors
would have created a more efficient display by minimizing
the amount of light that gets filtered out and by preventing
light from leaking through the wrong color filter, such as
broadband green emission through a blue filter.43 Unfortu-
nately, the ZnS-based phosphors utilized in the color television
were broadband and not saturated enough to cover most of the
NTSC-defined gamut (white triangle, Figure 2). In fact, the
gamut produced by ZnS:Ag+, Zn1−xCdxS:Cu

+, and
Zn1−xCdxS:Ag

+ as the blue, green, and red emitters,
respectively, led to only 60% of overlap with the NTSC
gamut (gray dashed triangle, Figure 2).44 The low NTSC
coverage was further impacted from the desaturated yellow-
green color point of Zn1−xCdxS:Cu

+ stemming from its broad
emission spectrum. Nevertheless, the ratio of Zn/Cd and the
resulting color point were intentionally chosen to balance the
ratio of the three primaries to create white light with higher
luminance at the sacrifice of a narrower gamut.44,45

The poor performance of the ZnS-based materials spurred
the search for new highly saturated blue-, green-, and red-
emitting phosphors to maximize the overlap with the NTSC
gamut. Because narrow-emitting phosphors tend to yield
saturated 1931 CIE XYZ color coordinates, the phosphors
utilized for display lighting must have a narrow emission
(fwhm ≤ 40 nm) in addition to a high photoluminescent

quantum yield and thermally robust emission.46 This
fundamental knowledge originally used for cathode-ray tube
screens was eventually applied to the development of
phosphor-driven flat-panel LED screens. Flat-panel LED
screens contain a white LED backlight that produces white
light by exciting a red and green phosphor blend with a blue
LED. This white light also passes through color filters to split
the light into individual red, green, and blue components that
set the gamut.43 The blue LED is ideal for display applications
because its nearly monochromatic emission yields a highly
saturated, deep-blue color. The CIE chromaticity coordinates
of a blue LED (λem ≈ 450 nm; black square, Figure 2) lie just
outside the vertex of the NTSC triangle, indicating excellent
coverage of the blue region of the NTSC gamut. The blue LED
not only is the blue color point but also functions as the
excitation source for the red- and green-emitting phosphors.
The most popular red-emitting inorganic phosphor used in
today’s displays is arguably K2SiF6:Mn4+ because of its strong
blue-light absorption and highly efficient, narrow line emission.
The transition metal’s electronic transition is spectrally
equivalent to a Gaussian with a fwhm of 30 nm centered at
630 nm.46 The 1931 CIE XYZ coordinates of K2SiF6:Mn4+

(black circle, Figure 2) show that the red emission from this
phosphor is more saturated than the red color point set by the
NTSC, meaning that this material is better than the NTSC
standard. Despite these excellent optical properties, this
material has a relatively long luminescent lifetime of ≈8.8
ms, which can lead to adverse saturation effects and a lower
absorption cross section compared to rare-earth-substituted
materials. K2SiF6:Mn4+ is also sensitive to moisture unless extra

Figure 2. Color gamut (gray dashed line) produced by the first
phosphors used in cathode-ray tube televisions: ZnS:Ag+ (gray
diamond), Zn1−xCdxS:Ag

+ (gray upside-down triangle), and
Zn1−xCdxS:Cu

+ (gray star). Data were taken from ref 42. Wider
color gamuts (black solid line) can be produced utilizing a blue-
emitting InGaN LED (black square), β-SiAlON:Eu2+ (black triangle),
and K2SiF6:Mn4+ (black circle). Data were taken from ref 30.
Replacing β-SiAlON:Eu2+ with green-emitting RbLi(Li3SiO4)2:Eu

2+

(black ×) produces a color gamut (black dashed line) that covers
nearly the entirety of the NTSC color gamut (white line). Data were
taken from ref 48.
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precautions are used.46,47 The green-emitting phosphor of
choice for display applications is β-SiAlON:Eu2+, as previously
mentioned, because it is one of the narrowest commercial
green phosphors available today. Connecting the chromaticity
coordinates of these three luminescent materials creates a
gamut covering ≈72% of the NTSC (black solid triangle,
Figure 2), which is a significant improvement over the ZnS-
based phosphors.30 It is obvious though that the green color
point is still responsible for the less than complete NTSC
coverage. Xia et al. recently reported a new green-emitting
phosphor, RbLi(Li3SiO4)2:Eu

2+, that potentially rivals β-
SiAlON:Eu2+.48 This green-emitting phosphor has an emission
band centered at 530 nm with a fwhm of 42 nm (1551 cm−1)
under blue-light (λex = 460 nm) excitation. Plotting the 1931
CIE XYZ coordinates of RbLi(Li3SiO4)2:Eu

2+ (black ×, Figure

2) and creating a gamut with a blue LED and K2SiF6:Mn4+

allows for a direct comparison of the gamuts created by
RbLi(Li3SiO4)2:Eu

2+ and β-SiAlON:Eu2+. Interestingly, the
gamut created by RbLi(Li3SiO4)2:Eu

2+ shown as the dashed
black line, covers 107% of the NTSC gamut because the 1931
CIE XYZ coordinates of this phosphor nearly overlap with that
of the NTSC green color point.48 It is evident through this
analysis that using β-SiAlON:Eu2+ in our current displays does
not allow access to the broadest color gamut possible, and
further research should be done to maximize the color gamut
coverage.

2.3. Evaluating Color Reproduction through the
Color Rendering Index. Chromaticity does not provide all
of the color information needed to describe a light source.
Curiously, artificial light sources (i.e., nonblackbody radiators)

Figure 3. (a) White-light spectra produced by a compact fluorescent bulb and (b) the color of the Munsell samples when illuminated by a reference
source (top) and the device (test, bottom). (c) Emission spectrum and (d) the color rendering from a device composed of an InGaN LED,
Y3Al5O12:Ce

3+, and Sr2Si5N8:Eu
2+. Data were taken from ref 54. (e) Emission spectrum and (f) the color rendering of an InGaN LED,

NaBaB9O15:Eu
2+, and Sr2Si5N8:Eu

2+. Data were taken from ref 30. Blackbody radiation curves are provided as the red dashed line corresponding to
the appropriate CCT. (g) Large portion of the emission spectrum of CaAlSiN3:Eu

2+ lying outside the upper limit of the sensitivity of the average
human eye (black dashed line) but (h) only a small portion of the emission from SrLiAl3N4:Eu

2+ lying outside the sensitivity limit of the average
human eye. The overlap between the emission spectra and the limit of spectral sensitivity is highlighted in red. Data were taken from ref 40.
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do not necessarily reproduce the colors of an object accurately,
whereas all blackbody radiation sources achieve perfect color
reproduction. This property is referred to as color rendering.
Color rendering is vital in color-critical settings such as
museum lighting, restaurants, or retail stores. It has even
proven critical in neonatal care units, where the appearance
(color) of a newborn is often used to assess its health.49

The only internationally agreed-upon metric for evaluating
color rendering is through the color rendering index (CRI).
The CRI was first developed in 1971 to evaluate the color
rendering performance of fluorescent lamps, the first
commercialized nonblackbody artificial light source. The CRI
is determined by calculating the 14 spectral CRIs, Ri, as the
difference, ΔEi, in the color rendering of a color sample
between a reference source, typically a blackbody radiator
because of its perfect color rendering, and the test light source
using the 1964 CIE U*V*W* color space (eq 1).20,25 The
maximum value for Ri is 100, indicating no difference in color
rendering between the reference and test light source. Negative
values of Ri can be obtained if the color difference between the
source and test is large.

= − Δ =R E i100 4.6 ( 1, ..., 14)i i (1)

There are 14 standard test color samples, known as the
Munsell samples, that the reference and test light source
illuminate. The first eight Munsell samples are medium
saturated colors and are evenly distributed across the visible
region. The average Ri from the first eight Munsell samples
yields the general CRI, Ra, which is generally used to relay the
color rendering capabilities of a light source. The last six
Munsell samples offer supporting information about the color
rendering. Specifically, standard colors R9−R12 represent the
color rendering of highly saturated red, yellow, green, and blue,
while R13 and R14 describe the color rendering of complexion
and the color of leaves, respectively.
The CRI was first developed to evaluate the difference in

color rendering between fluorescent bulbs and the perfect
color rendering of incandescent bulbs.35,50 Plotting the
emission spectrum from a fluorescent bulb in Figure 3a
shows that these lights have multiple discrete line emissions
that in combination result in white light with a CCT of 2373
K. The spectrum also contains numerous regions, like from
500 to ∼530 nm, that barely cover the visible spectrum. By
only covering certain wavelength regions of the visible
spectrum, fluorescent bulbs cannot accurately reproduce
every color in the visible spectrum, such as yellow-green,
where R3 is only 56 (Figure 3b). As a result, modern
fluorescent bulbs have an overall CRI Ra of 80−87, which falls
within the minimum required CRI Ra of 80.

51 This is distinct
from a blackbody radiator whose broadband emission covers
the entirety of the visible spectrum in a smooth, continuous
manner (red dashed line, Figure 3), resulting in CRI Ra = 100.
The CRI is widely used by researchers today as the metric

for evaluating the quality of light produced by all lamp types,
including LED-based light bulbs, relative to a perfect
blackbody source. A Ra ≥ 80 is generally considered to be
acceptable for indoor lighting, whereas a Ra > 90 is usually
excellent. The simple LED “daylight” bulbs that combine the
blue-emitting InGaN LED and yellow-emitting Y3Al5O12:Ce

3+

typically have a Ra of only ≈70.52 These devices have a
prominent gap in the 480−520 nm region, known as the “cyan
gap” and minimal red spectral coverage, reducing the CRI.6,53

These absences are reflected in the spectral CRIs where the R5

value, which represents light blue-green, is typically between 60
and 70, and the R9 value representing highly saturated red is a
negative value, such as −44. The R9 value is readily improved
by adding a red phosphor like Sr2Si5N8:Eu

2+ to produce a
warmer white light (CCT = 3862 K).54 Recalculating the CRI
utilizing InGaN, Y3Al5O12:Ce

3+, and Sr2Si5N8:Eu
2+ yields an

improved R9 of 0 because of better coverage of the 620−700
nm region (Figure 3c). It is essential to note that this R9 value
still indicates poor rendering of highly saturated red.
Nevertheless, adding a red-emitting phosphor is the only
approach to improve the Ra to 80 because the slight increase in
the red region improves the medium saturated color rendering
(R5 = 75, Figure 3d).54−56 For this reason, “soft white” LED
light bulbs composed of InGaN, Y3Al5O12:Ce

3+, and a red-
emitting phosphor have been commercially produced at low
cost for consumers.
The Ra can be most easily improved by adding additional

phosphors or utilizing broadband-emitting phosphors in a
device to cover most of the visible spectrum. This strategy is
based on mimicking the spectra of blackbody radiators, which
have perfect color rendering. In addition, this allows issues like
the cyan gap to be resolved. The cyan gap in “soft white” LED
light bulbs appears because of the minimal overlap between the
emission spectra of the nearly monochromatic InGaN LED
and the phosphors. The color rendering can be improved by
using phosphors with an appropriate emission peak position
and a fwhm broad enough to fill the cyan gap. For example, the
emission spectrum of β-SiAlON:Eu2+ is typically too narrow to
cover the cyan gap. The most popular broadband green-
emitting phosphor for solid-state lighting is Lu3Al5O12:Ce

3+

(λem ≈ 550 nm) because of its high efficiency and excellent
blue-light absorption.57 As a result, many prototypes and
commercial light bulbs use Lu3Al5O12:Ce

3+ and a red-emitting
phosphor to downconvert blue LED emission and produce
white light. Unfortunately, even though the fwhm of
Lu3Al5O12:Ce

3+ is quite broad (fwhm = 103 nm, 3474
cm−1), there is still a cyan gap in the white-light spectrum
because of the position of the emission maximum.58

Alternatively, it is possible to use the NaBaB9O15:Eu
2+

phosphor, which has a deep-green emission (λem = 515 nm)
and a fwhm of 61 nm (2294 cm−1).30 Combining this material
with red-emitting Sr2Si5N8:Eu

2+ and a blue LED produces an
impressive Ra of 89 (Figure 3e). The device has superior color
rendering capabilities based on the values of R1−R8, which all
exceed 70, shown in Figure 3f, as a direct result of using this
green-emitting phosphor. NaBaB9O15:Eu

2+ specifically pro-
vides excellent color rendering of saturated green (R11 = 90)
while covering the cyan region of the visible spectrum, yielding
an impressive R5 of 97 for blue-green rendering (Figure 3f).

2.4. Determining the Appropriate Balance between
Color Rendering and Energy Efficiency. The spectrum
produced by a white-light source affects not only the color
rendering but also the energy efficiency of the light.55 The
energy efficiency is evaluated by determining the luminous
efficacy of a light, a term used to describe the conversion
efficiency from the input, electrical power (watts), to the
output, luminous flux (lumens). The luminous efficacy of a
light source is dependent on two factors: the conversion
efficiency from electrical power to optical power, called the
radiant efficiency (unweighted), and the conversion from
optical power to luminous flux, which is the lumen output
weighted against the sensitivity of the average human eye to
the visible region.20 The latter conversion is known as the

Inorganic Chemistry pubs.acs.org/IC Viewpoint

https://doi.org/10.1021/acs.inorgchem.1c02975
Inorg. Chem. 2022, 61, 4205−4218

4210

pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c02975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


luminous efficacy of radiation (LER), which has a theoretical
maximum of 683 lm/W from a monochromatic 555 nm light
source. This wavelength corresponds to the green region of the
visible spectrum and is where the human eye has the highest
spectral sensitivity.28

There is an inherent trade-off between the luminous efficacy
and color rendering. Maximizing the luminous efficacy requires
a nearly monochromatic source, whereas color rendering is
best achieved using a broadband spectrum distributed evenly
across the visible spectrum.59 This phenomenon is most clearly
observed by varying the ratio of yellow-emitting Y3Al5O12:Ce

3+

and red-emitting CaAlSiN3:Eu
2+ (λem = 650 nm; fwhm = 92

nm) in prototype devices and monitoring the simultaneous
change in Ra and luminous efficacy.60 Table 1 shows that the

spectrum produced from 1 wt % CaAlSiN3:Eu
2+ and

Y3Al5O12:Ce
3+ has a moderate efficiency of 122 lm/W but

poor color rendering (Ra = 58). Incrementally increasing the
amount of CaAlSiN3:Eu

2+ in the phosphor mixture improves
the Ra, reaching a maximum of 76.1 at 5 wt % CaAlSiN3:Eu

2+.
The consequence of enhancing the color rendering is a 70%
decrease in this device’s overall efficiency to 37 lm/W.
The main reason for such a dramatic loss of efficiency is that

a portion of the CaAlSiN3:Eu
2+ phosphor’s red emission falls

outside the upper limit of sensitivity of the average human eye,
shown as the black dashed line in Figure 3g. Photons emitted
above this line penalize the LER because of the inherent
inefficiency in producing light that humans cannot see.40,56

This also contributes to the inefficiency of fluorescent light
bulbs; the discrete optical transitions located in the
imperceptible near-UV and near-IR regions of the electro-
magnetic spectrum plotted in Figure 3a penalize the LER.28

These examples demonstrate the trade-off between the color
rendering and LER. Despite this fundamental relationship,
careful tuning of the emission spectra can allow trichromatic
sources to achieve good color rendering and high luminous
efficiencies.36 The efficiency of LED-based light bulbs can be
maximized by the development of red-emitting phosphors with
emission bands located entirely within the spectral sensitivity
region of the average human eye. One such promising
phosphor is SrLiAl3N4:Eu

2+. This material produces a bright-
red emission band centered at 655 nm with a fwhm of 52
nm.40 As plotted in Figure 3h, only a small fraction of the
emission band, highlighted in red to represent the lost photons,
extends beyond the upper limit of human sensitivity.
Therefore, SrLiAl3N4:Eu

2+ can potentially increase the CRI
of a device while minimizing efficiency loss.40 Similarly, Mn4+-
substituted fluorides, like K2SiF6:Mn4+, have narrow line
emissions, which limit the amount of photons lost into the
near-IR.61,62 The intense red line emission is spectrally

equivalent to a Gaussian centered at 630 nm with a fwhm of
30 nm, which meets the spectral requirements for high-color-
quality lighting.63 As a result, General Electric uses this
phosphor in their TriGain luminaires to simultaneously reduce
the CCT and improve the CRI while maintaining the LER.46

An alternative route to maximizing the optical properties and
efficiency includes utilizing a violet LED (λem ≈ 405 nm) and
blue-, green-, and red-emitting phosphors. Phosphor-converted
light bulbs can use violet LEDs to cover the 400−450 nm
range, which is lost when utilizing a blue LED. For example,
the white-light spectrum from a mixture of blue-emitting
Na2MgPO4F:Eu

2+, β-SiAlON:Eu2+, and Sr2Si5N8:Eu
2+ driven

by a violet LED covers the entirety of the visible region while
staying nearly within the limits of human perception. The
prototype device has an impressive CRI Ra of 93 and an LER
of 279 lm/W, which is comparable to the LER of a commercial
bulb that is driven by a blue LED (LER = 359 lm/W) with a
lower CRI Ra = 83.64 This indicates that next-generation solid-
state lighting devices should be designed to maximize overlap
with the range of spectral sensitivity of the average human eye
to more evenly balance the improvement of the color
rendering and energy efficiency in LED light bulbs.

3. MODERNIZING LIGHTING EVALUATION WITH
LEDS IN MIND

The 1931 CIE XYZ color space (1931), NTSC gamut (1953),
and CRI (1965) were each developed to evaluate the quality of
light produced by cathode-ray tube screens and fluorescent
lamps and are still being applied today in the characterization
of new phosphor materials and prototype devices.41,65 These
metrics, however, were developed before the invention of the
high-brightness blue LED in 1993. Unfortunately, most of
these metrics do not account for the superior optical properties
provided by new LED-based devices. The rapid commercial-
ization of LED-driven devices in general illumination and
display technology has revealed many shortcomings in the
original color-quality metrics. The following section discusses
the limitations of these color-quality evaluation tools and
suggests ways to apply modern color theory principles to
improve the design of next-generation LED lighting and
display technologies.

3.1. Evaluating Chromaticity Differences through the
1976 CIE L*u*v* (CIELUV). The 1931 CIE XYZ color space
was the first quantitative method to translate emission spectra
into a perceived color and allowed for easy color discrim-
ination and specification. Nevertheless, the 1931 CIE XYZ
color space is not perceptually uniform, meaning a numerical
change in the CIE coordinates does not correspond to a similar
magnitude of perceived color change.65 For this reason, the
1931 CIE XYZ color space is not adequate for evaluating
chromaticity differences. Instead, the CIE developed the nearly
uniform 1976 CIELUV color space for calculating chromaticity
differences. The CIELUV coordinates are obtained by applying
a nonlinear function on the X, Y, and Z tristimulus values to
form a nearly uniform color space.65 In the CIELUV, L*
represents perceptual lightness, i.e., light versus dark, ranging
from 0 (black) to 100 (white). The tristimulus yields values of
u*, and v* values are used to calculate the chromaticity
coordinates (u′, v′) that are plotted on the 1976 CIELUV
diagram.
The 1976 CIELUV is particularly useful for interpreting

color shifts in a phosphor or light bulb during operation. LED-
based devices typically generate heat during operation, where

Table 1. Color Properties and Efficiency of Devices
Containing Y3Al5O12:Ce

3+ and Varying Weight Percentages
of CaAlSiN3:Eu

2+ (Reproduced with Permission from
Reference 60. Copyright 2004 American Ceramic Society)

wt %
CaAlSiN3:Eu

2+
luminous efficacy

(lm/W)
CCT
(K)

CRI
Ra

1931
CIE x

1931
CIE y

1 122 3539 58 0.448 0.511
2 131 3000 66 0.451 0.469
3 57.3 2886 68.6 0.431 0.379
4 45 2508 69.6 0.430 0.347
5 37 3777 76.1 0.346 0.242
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the device can reach temperatures up to ≈400 K. The high
temperatures have been known to affect a phosphor’s emission
peak shape, intensity, and position.7 The uniform CIELUV
color space correlates a phosphor’s changing emission
spectrum as a function of the temperature and the resulting
differences in the perceived color of the phosphor in terms of
the distance between the (u′, v′) chromaticity coordinates. For
example, Ba2SiO4:Eu

2+ is a well-known phosphor because of its
bright-green emission. Running this phosphor at elevated
temperatures causes some changes to the optical properties,
such as a decrease in the photoluminescence intensity and a
broader emission peak, as plotted in Figure 4a.66 The 1976
CIELUV chromaticity coordinates, provided in Figure 4b,
illustrate the slight shift in the phosphor’s emission color away
from the highly saturated green region, resulting from the
emission spectrum broadening as a function of increasing
temperature. Regardless, the position of the emission band is
relatively unaffected, so the temperature-dependent chroma-
ticity coordinates overlap. This suggests that the emission from
Ba2SiO4:Eu

2+, as seen from the average human eye, should
have only a slight change in the perceived color at high
temperatures. Plotting the chromaticity coordinates of these
emission spectra on a 1931 CIE XYZ color space (Figure 4c)
shows a significant shift in the chromaticity coordinates. The
original 1931 color space is misleading because it portrays a
considerable difference in the perceived color because the
distance between the chromatic coordinates is large. This is a
direct result of the nonuniformity of the color space. The 1931
CIE XYZ color space clearly penalizes this phosphor for what
is only a slight shift in perceived color. Thus, researchers
should use the CIELUV color space for a more reliable
description of perceived chromaticity differences as a function
of the distance between two sets of chromaticity coordinates,
especially when considering the effects of applied stimuli like
temperature or applied current or when demonstrating how

color shifts when the chemical composition is changed in a
solid solution.

3.2. Classifying Perceptible Color Differences Using
MacAdam Ellipses. Creating the uniform CIELUV color
space has allowed researchers to address how a material’s
chromaticity coordinates and perceived color evolve. However,
the CIELUV does not indicate whether the shift in
chromaticity is distinguishable by the average human eye.
Distinguishable chromaticity differences need to be specified to
account for any changes in perceived color during a device’s
operational lifetime. The creation of the MacAdam ellipses met
this need. David MacAdam was assigned by the photography
company Kodak Inc. to determine how accurately the human
eye could differentiate between similar colors. Through color-
matching experiments involving human test subjects, MacAd-
am noticed that the color matches determined by the human
subjects were not perfect matches, but all of the “match” colors
fell within an ellipse that could be plotted on the CIE color
spaces. These ellipses, now known as MacAdam ellipses, vary
in size and orientation, but each encloses a series of colors
indistinguishable to the human eye.67 The ellipses are
described using numerical steps representing the same number
of standard deviations away from the reference color point.
The creation of the MacAdam ellipses is instrumental to
lighting because it allows researchers to express a tolerance
around a target color.68 Lighting companies, for example,
typically require their materials to fall within a three or four-
step MacAdam ellipse during their operational lifetime.
Conversely, two devices made with two different phosphor
blends should have chromaticity coordinates within a two-step
MacAdam ellipse to ensure that comparisons of the color
rendering or LER are being made for light sources with
indistinguishable perceived colors.69

Employing MacAdam ellipses as a standard consideration in
LED lighting design is crucial because it allows researchers to
determine when a color shift causes a meaningful difference in

Figure 4. (a) Temperature-dependent emission spectra of Ba2SiO4:Eu
2+. The chromaticity coordinates of Ba2SiO4:Eu

2+ are plotted on the (b) 1976
CIELUV and (c) 1931 CIE XYZ color spaces. (d) Three-step MacAdam ellipse (white) centered on the 300 K 1976 CIE chromaticity coordinates
revealing the chromatic instability of Ba2SiO4:Eu

2+. Data were taken from ref 66.
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the color perceived by the average human eye. The
temperature-dependent chromaticity shifts of Ba2SiO4:Eu

2+

can now be qualified based on this analysis. A three-step
MacAdam ellipse centered on the room temperature (300 K)
chromaticity coordinates reveals that at 400 K, the operational
temperature of many LED-based devices, the perceived
emission color is distinguishable from the room temperature
color (Figure 4d). Thus, the perceived color of any light that
uses this phosphor would be noticeably different as the bulb’s
operational temperature increases. In contrast, the green
emission color from NaBaB9O15:Eu

2+ appears invariant to
the average human eye from 300 to 680 K because the high-
temperature chromaticity coordinates lie within the room
temperature three-step MacAdam ellipse.30 This indicates that
NaBaB9O15:Eu

2+ is more chromatically stable than
Ba2SiO4:Eu

2+. This analysis is essential and should be applied
to interpret the emission color of all new luminescent materials
and their prototypes to support claims of “chromatic stability”
and avoid noticeable color drifts in light sources and displays.
3.3. Transitioning to the Color-Quality Scale Using

the 1976 CIE L*a*b* (CIELAB) Color Space. While the
1976 CIELUV color space and MacAdam ellipses are used to
evaluate chromaticity differences, these scales are not involved
in determining the color rendering. The first color space the
CIE developed to calculate the color rendering was the nearly
uniform 1964 CIE U*V*W* color space. This color space is
outdated and no longer recommended to evaluate color
differences.65 For this reason, in 1976, the CIE concurrently
developed an improved nearly uniform color space, the 1976
CIELAB, to calculate color rendering differences. This color
space is described by L*, which represents perceptual lightness,
while a* and b* represent the ratio between the contrasting

colors, red-green and yellow-blue, respectively.70 This three-
dimensional color space measures color differences as the
Euclidean distance between two sets of color chromaticity
coordinates (a*, b*).71 Perfect color rendering occurs when
the chromaticity coordinates of a test light source overlap
entirely with the coordinates of a blackbody reference.
It is surprising that the CRI, the scale most commonly used

to evaluate color differences, is still based on the obsolete 1964
CIE U*V*W* color space.50 This is just the first of many
shortcomings of the CRI. The CRI measures the color
reproducibility of 14 Munsell samples, yet the equation used to
calculate the value of Ri (i = 1, ..., 14) given in eq 1 only
specifies the upper bound of Ri as 100 for perfect color
rendering, leaving the lower boundary unrestricted. This makes
it difficult to compare the color rendering abilities of two light
sources, such as a cool white fluorescent lamp with an R9 value
of −89 versus a high-pressure sodium lamp with an R9 value of
−214.20 The color rendering of saturated red is virtually
nonexistent in both devices, and the different negative R9
values do not convey any real variation in the rendering.
Moreover, Ra is determined through the mathematical average
of R1−R8. Averaging allows a light source to have a
comparatively high Ra even if the light renders one or two
colors poorly. Most importantly, the eight Munsell samples
used to determine Ra are of low chromatic saturation. This
means that a light source is not penalized for the poor color
rendering of highly saturated colors, which is especially
problematic considering that the current energy-efficient light
bulbs and monitors are driven by nearly monochromatic and
highly saturated LEDs.
The inability to directly compare the color rendering of light

sources, along with the rapid commercialization of LED-based

Figure 5. (a) Simulated white-light spectrum from blue, green, and red LED emissions centered at 466, 538, and 603 nm, respectively. (b) CIELAB
chromaticity coordinates of 15 saturated color objects and (c) the color of the 15 Munsell samples when illuminated by a reference source (gray
squares, ref.) and the simulated spectrum (black circles, test) in (part a. (d) Simulated white-light spectrum from blue, green, and red LED
emissions centered at 455, 534, and 616 nm, respectively. (e) CIELAB chromaticity coordinates of 15 saturated color objects and (f) the color of
the 15 Munsell samples when illuminated by a reference source (gray squares, ref.) and the simulated spectrum (black circles, test) in part d.
Adapted with permission from ref 50. Copyright 2010 Society of Photo-Optical Instrumentation Engineers.
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lighting, motivated researchers at the National Institute of
Standards and Technology to develop the color-quality scale
(CQS) in 2010. The CQS uses the 1976 CIELAB color space
to determine the color rendering differences of 15 highly
saturated color samples by a test and references light source.
Saturated color samples were chosen because computational
models have shown that a light source that reproduces
saturated colors well would never poorly render desaturated
colors.50 After the difference in color reproduction is
determined, a saturation factor is applied. This factor negates
any contributions to color differences that arise from improved
color saturation, meaning the source is neither rewarded nor
penalized for increased saturation. The resulting values are the
special CQS, or Qi (i = 1, ..., 15). The calculation of the general
CQS, Qa, addresses the concerns of the CRI Ra by using the
root mean square of all 15 color differences to equally weigh
the color reproducibility of each color sample and applying a
scaling factor so the CQS Qa falls within 0 to 100. For a more
in-depth review on the development of the CQS, the reader is
directed to Ohno’s Color Quality Scale.50

The advantages of the CQS and the limitations of the CRI
are demonstrated using two hypothetical white-light LED
simulations. The first simulated white-light spectrum is
composed of blue, green, and red LED emissions centered at
466, 538, and 603 nm, respectively (Figure 5a). This light
source has a CCT of 3300 K and a Ra of 80, indicating that the
color rendering of this device is just acceptable for indoor
lighting. Interestingly, while Ra suggests that this source may be
utilized, the R9 value of this device is −110, illustrating how Ra
can be misleading because it is derived from the average of R1−
R8 and does not consider the rendering of highly saturated
colors. The 1976 CIELAB coordinates of the 15 saturated
color objects (not to be confused with the Munsell samples)
when illuminated by a reference and the simulated source
significantly deviate in the saturated red and purple regions of
the color space (Figure 5b). This indicates that this device
would poorly render these colors, which is also reflected in the
rendering of the Munsell samples seen in Figure 5c. This test
source is appropriately penalized for this using the CQS; the
Qa value of this simulated light source is only 75, which would
prevent this device from being used for indoor lighting.
A second simulated spectrum with blue, green, and red LED

emissions centered at 455, 534, and 616 nm, respectively,
plotted in Figure 5d, has an identical CCT of 3300 K but a Ra
value of only 67. The CIELAB plot in Figure 5e shows that the
CRI unfairly penalizes the light source for deviating from the
reference source by having a more saturated color point in the
green region. The difference, in reality, increases the color
gamut and produces light that appears more appealing to the
average human.50 However, the CQS does not reward
increased saturation, meaning that Qa is identical with that of
the first LED spectrum. It is important to note that this does
not indicate that these two light sources reproduce color
equally. The simulation depicted in Figure 5a is penalized for
poor saturation of red (Q1 = 37), purple (Q13 = 59), and pink
(Q15 = 61), whereas the simulation in Figure 5d is penalized
for the poor rendering of the large color difference between the
saturated green colors (Q6 = 74; Q7 = 49; Q8 = 69; Figure 5f),
regardless of this source rendering these color samples with
increased saturation. The CQS exposes the current generation
of LED light bulbs that cannot render highly saturated colors
well. Therefore, one possible future direction in the develop-
ment of solid-state lighting devices is determining the

appropriate combination of phosphors that yields an excellent
rendering of saturated colors. It is conceivable that simulations
of white-light spectra can also be used to create high-color-
rendering light sources. Simulated white-light spectra that
maximize Qa can be modeled to guide the choice of phosphors
depending on the fwhm, position, and shape of the emission
bands used in the simulation. The derivation for the white
LED simulation program can be found in Spectral Design
Considerations for White LED Color Rendering.20

3.4. Analyzing Display Materials with the Rec. 2020
Color Gamut. The invention of the modern blue LED chip
transformed display technology and spurred the search for new
highly saturated phosphors that maximize the color gamut.
Most display phosphors published today are being evaluated
using the 1953 NTSC color gamut. While this was the first
official standard color gamut, the primary color points chosen
in the NTSC were too saturated and unattainable using the
luminescent materials available in the 1950s. As a result, the
NTSC was never considered to be an actual standard color
gamut and is not used in any consumer content.41 This begs
the question of why, more than 70 years later, phosphors are
still being analyzed using the obsolete NTSC gamut when the
potential of new materials is discussed in publications. The
phosphors that were used in early color televisions actually
established the SMPTE-C color gamut (1968).72 Since then,
many additional and attainable color gamuts have been
developed, such as sRGB/Rec. 709 (1993), Adobe RGB
(1998), and DCI-P3 (2008) color gamuts.72,73 Most of these
gamuts are used in commercial devices such as 4K UHD
televisions and high-end digital cameras.41 The next-generation
color gamut is the notably large ITU-R color space
recommendation BT. 2020 standard color gamut, commonly
referred to as the Rec. 2020 gamut (2012). The Rec. 2020 is
72% larger than sRGB/Rec.709 and 37% larger than DCI-P3,
allowing the reproduction of colors beyond even the most
recent gamuts.41

The Rec. 2020 color gamut is plotted as the white solid line
on the 1931 CIE XYZ color space in Figure 6. The primaries of
this gamut are all extremely saturated, such that few existing
displays come close to providing the full range of colors
specified. It may be possible to use an InGaN LED,
RbLi(Li3SiO4)2:Eu

2+, and K2SiF6:Eu
2+ to cover 107% of the

NTSC color gamut, as described above, but the calculated
overlap area when using these same primaries is only 76% of
the Rec. 2020 gamut (gray dashed line, Figure 6). Thus, the
overlap area must be improved by developing new saturated
red-, green-, and blue-emitting luminescent materials. One
such promising material is green-emitting γ-AlON:Mn2+,Mg2+.
The color gamut formed by using this green emitter with a
blue LED and red-emitting K2SiF6:Eu

2+ improves the Rec.
2020 color gamut to 78% coverage.74 More drastic improve-
ments in the fulfillment of the Rec. 2020 have been reported by
using K2GeF6:Mn4+, an isostructural derivative of
K2SiF6:Mn4+.75 The calculated color gamut from
K2GeF6:Mn4+, γ-AlON:Mn2+, Mg2+, and a blue LED covers
85% of the Rec. 2020, seen as the gray solid line in Figure 6.
These materials are some of the few examples of phosphors

that approach fulfillment of the Rec. 2020 gamut, indicating
that there is still a need for highly saturated phosphors to
satisfy the entirety of this standard gamut. One potential
avenue in the rapid discovery of new luminescent materials is
through the single-particle diagnosis approach, where
phosphors from polycrystalline samples that exhibit appropri-
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ately narrow and bright emission under blue-light excitation
can be selected from a bulk sample for crystal structure
analysis.76 The optimal materials can then be scaled up for
production. Derivatives of new materials can also be developed
through solid solutions or structural modification.31,37,77,78

Alternatively, with publications on phosphors coming out
daily, data sets containing the absorption, emission, sub-
stitution site symmetry, and other properties of phosphors can
be constructed and used to train machine-learning models to
rapidly identify new ultranarrow-emitting phosphors.17,79,80

Researchers have also shifted their focus to using quantum dots
to cover the red and green regions of the Rec. 2020.41 The
chemical stability and toxicity of these materials hindered their
initial widespread use in display technology. However, QLEDs
have started to make their way to the marketplace.25 In
addition, the current generation of blue LEDs have out-
standing optical properties, including a fwhm of ≈25 nm. Yet,
it is obvious from Figure 6 that the LED emission and the
resulting chromaticity coordinates are not yet saturated enough
to reach the vertex of the Rec. 2020, which represents the
deep-blue color required to fulfill the gamut.81 The discovery
of blue-emitting organic-light-emitting-diode materials may
provide the ultimate solution for display applications,
providing the necessary high efficiencies, narrow emission
bands, and physical flexibility that could transform future
display lighting.82

4. CONCLUSION AND OUTLOOK
This Viewpoint presents a brief overview of the current
applications of color theory in the characterization of phosphor
materials and solid-state lighting devices. Phosphors reported
today are often characterized using the CRI and NTSC color
gamut, which provide an outdated and sometimes misleading
characterization of the color quality of new phosphors and

prototype devices. The spectral design of next-generation
luminescent materials and solid-state lighting devices must
consider modern colorimetric characterization techniques
developed in response to the rise of LED-driven technology.
The use of each metric is dependent on the potential
application of the material. At a minimum, researchers should
utilize the 1976 CIELUV color space when discussing the
evolution of chromaticity coordinates as a function of the
applied stimuli, McAdam ellipses to determine chromatic
stability, and the CQS to evaluate color rendering. The Rec.
2020 gamut is specifically helpful for determining the
suitability of a material for display lighting. Each of these
metrics provides invaluable guidance for interpreting the
properties of advanced materials.
This transition to high-quality lighting and display devices

starts with the intentional use of these modern colorimetrics to
highlight the areas in which our current solid-state lighting
devices are lacking. This transition should not be difficult
considering that commercial software such as PTI FelixGX
(Horiba), fluorEssence (Horiba), Fluoracle (Edinburgh Instru-
ments), and AvaSoft8 (Avantes), among others, is capable of
generating many of these data, including mapping of the
different color spaces and determination of the chromaticity
coordinates. Alternatively, researchers can download the open-
source program ColorCalculator directly from the OSRAM
Web site; it can execute much of the advanced colorimetric
analysis highlighted in this work, including calculating
MacAdam ellipses and evaluating color rendering through
the CQS.
The next generation of high-color-quality lighting and

display devices can only be achieved by meeting the
requirements set forth by advanced colorimetric analysis.
These metrics have been known for decades, yet only a small
percentage of peer-reviewed papers correctly employ these
techniques to characterize new phosphors and prototype
devices. The reluctance to transition to these advanced
colorimetrics likely stems from the desire to characterize a
new phosphor or prototype device with outdated techniques
that would inflate the quality of optical properties rather than
use modern approaches that accurately illustrate any short-
comings. There can be no progress in the design of the next-
generation LED-based devices using antiquated metrics.
Instead, it is up to the solid-state lighting and phosphor
communities to commit to analyzing materials against these
difficult-to-achieve standards. Each new material that brings us
one step closer to producing high-quality light will serve as the
stepping stone for new and potentially improved derivatives.
Even though the data from new materials may not meet the
requirements, these data can also be used in data-driven
methods to uncover relationships that can further expedite new
material discovery. This will further motivate the development
of new luminescent materials through advanced synthetic
techniques, modeling and simulations, and data-driven
machine learning. Addressing these challenges is undoubtedly
the only way to produce materials for the next generation of
high-quality solid-state LED lighting devices.
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