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A B S T R A C T

Solid-state light-emitting diodes (LEDs) are capable of reaching high visual performance, both in terms of
efficiency and color quality. The lighting industry is however increasingly considering the non-visual, biological
effects of light. These non-visual or circadian effects can be quantified by considering the overlap of the light
source spectrum with the melanopic action spectrum. To ensure optimal visual and non-visual impact of LED-
based light sources, high spectral flexibility is required. This can be achieved with multi-channel systems
and specific color-converting materials such as quantum dots (QDs). Despite their flexibility, multi-channel
systems come with increasing system complexity and cost. This paper presents a simulation-based design
method for single-chip InP-based QD on-chip white LEDs that achieve state-of-the art circadian performance
while maintaining visual performance. These results are experimentally replicated by fabricating single-chip
QD-LEDs with 3 types of InP-based QDs (including cyan-emitting) that set a new standard for spectral circadian
performance.
1. Introduction

Solid-state light sources, in particular light-emitting diodes (LEDs),
have dominated the commercial lighting scene over the past decades,
due to their benefits in terms of efficiency, lifetime and compact-
ness [1]. Evaluation of LED performance is typically done by consid-
ering the luminous efficacy (LE, lm W−1), i.e. the visual light produced
versus the electrical power consumed, and the color rendering index
(CRI 𝑅𝑎). If a modern lighting system performs poorly on both metrics,
it is generally not applicable for commercialization [2,3]. The CRI 𝑅𝑎 is
gradually being replaced by the more complete TM-30 color fidelity 𝑅𝑓 ,
which considers color rendering of 99 samples instead of 8 [4,5]. But
light also has important non-visual consequences. Over the last decades,
physiologists have studied the biological effects of light, and found that
light significantly impacts the circadian rhythm [6,7]. Light influences
the human biological clock via the intrinsically photosensitive retinal
ganglion cells (ipRGCs), located at the eye retina. These ipRGCs excrete
melanopsin, which is strongly linked with the production of the sleep
hormone melatonin [8,9]. Importantly, the production of melanopsin
by the ipRGCs depends on the wavelength of the incident light on these
photoreceptors. This wavelength dependency is officially described by
the CIE-defined melanopic action spectrum 𝐶(𝜆) (CIE S026/E:2018),
which is the circadian equivalent of the photopic luminous efficiency
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function 𝑉 (𝜆) (Fig. 1a), and allows quantitative assessment of the
melanopic impact of a certain spectral power distribution (SPD). Since
melanopsin production has a significant impact on melatonin, it is
commonly regarded as a proxy to determine the circadian effects of
light [10]. Having such measures for the biological impact of light
allows lighting designers to consider these non-visual effects. This is
done within the field of human centric lighting (HCL), in which both
the visual and biological response of humans to light is taken into
account [11].

Following the discovery of melanopsin, various HCL systems have
been designed. Since both visual and non-visual effects are consid-
ered, high spectral flexibility is required, especially when taking into
account that energy efficiency and color rendering cannot be ne-
glected. Spectral engineering of white LEDs is mainly done by using
wavelength-conversion materials, typically phosphors [12,13]. This is
directly linked to the fact that the efficacy of multi-chromatic LEDs is
hampered by the green gap of LED technology [14]. In order to achieve
specific LED emission spectra, quantum dots (QDs) have seen increasing
interest over the last years [15–17]. This can mainly be attributed to
their narrow emission spectrum and flexible peak wavelength, which
depends on the size of these nanoparticles [18,19]. By combining
multiple narrow-band QD-LEDs in a multi-channel configuration, high
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Fig. 1. (a) Comparison of the melanopic action spectrum 𝐶(𝜆) with the photopic efficiency curve 𝑉 (𝜆). For two typical white LED spectra, it is clear that there is a strong overlap
with 𝑉 (𝜆), whereas the overlap with 𝐶(𝜆) is limited. (b) Comparison of the normalized spectral power distribution of 𝐷65, 𝐷55 and 𝐷50 daylight illuminants.
c
v

𝛷

T
i
i
r

𝐾

t

l
a
v
f
S
t
t
t
𝐷
F
𝐷
t
l
r
M
t

spectral flexibility can be achieved [3,20,21]. Although such multi-
channel systems perform well both in terms of visual and non-visual
effects, they have some important disadvantages. First of all, a complex
driving circuitry, as well as multiple QD-based LEDs are required.
Sufficient color mixing of the emission spectra of the individual LEDs is
challenging, often resulting in a significant decrease in efficiency. Fur-
thermore, ensuring stable color emission typically requires advanced
control systems [22,23]. This results in more expensive light sources
compared to white, single-chip LEDs. In addition, various of these
systems use cadmium-based QDs, which is a restricted element in many
countries, under the RoHS and similar directives [15].

In this paper, single-chip QD-LEDs with high circadian performance
are investigated and demonstrated. The used QDs are InP-based, which
are increasingly considered for QD-LEDs, due to their large absorption
cross section, broad wavelength coverage and narrow emission spec-
trum [24]. Moreover, InP-based QDs pose less toxicity issues compared
to Cd/Pb alternatives [25]. It has recently been shown that InP-based
QDs even have the potential to reach near-unity photoluminescence
quantum yield across the entire visible spectrum [26,27]. These merits
make InP-based QDs highly suitable for the spectral flexibility imposed
by HCL. Red-emitting InP-based QDs have already been combined with
traditional green/yellow powder phosphors in order to obtain efficient
white LEDs with high color rendering [15], but for the high spectral
constraints that are imposed on HCL LEDs, the emission spectrum of
these phosphors is likely too wide. Alternatively, this study considers a
single blue LED chip combined with multiple, on-chip InP-based QDs.
This configuration is similar to an RGB QD-LED configuration, which
has only recently been demonstrated with high efficacy, due to the
important problem of QD re-absorption losses [28,29].

The paper starts off by providing a brief summary of the relevant
circadian metrics and the state-of-the-art, followed by an optimization
procedure that relies on a representative optical simulation model of
an on-chip color-conversion mixture with 3 types of QDs, in order
to reach optimal circadian performance. One of the most promising
results is then experimentally replicated by mixing the required InP-
based quantum dot particles into a thiol-ene resin, which is UV-cured
onto a blue LED chip. The results show that, while maintaining color
rendering and whiteness, record-breaking circadian performance is
obtained by integrating cyan-emitting InP-based QDs in the QD-LED
configuration. This result is followed by a discussion on the trade-off
between circadian performance and energy efficiency, as well as how to
deal with QD re-absorption losses, which are highly present in this case
due to the usage of cyan-emitting QDs at high concentration. To end,
we take this important trade-off into account to design and demonstrate
a more energy efficient circadian QD-LED, which includes an extraction
dome with cyan-emitting QDs in order to reduce re-absorption effects.
This final QD-LED provides state-of-the art performance in terms of
circadian luminous efficacy of radiation, while only using a single LED
2

chip. f
2. Background

Having a spectral power distribution of light 𝑆(𝜆) in W nm−1, the
melanopic action spectrum 𝐶(𝜆) allows for calculation of the emitted
ircadian power – the melanopic radiant flux – defined over the human
isible spectrum as [30]:

𝑚𝑒𝑙 = ∫

780

380
𝑆(𝜆)𝐶(𝜆)𝑑𝜆. (1)

his quantity is useful as a measure for melanopic effects, but metrics
ncluding the luminous flux are more frequently used. In 2018, the CIE
ntroduced the melanopic efficacy of luminous radiation (MELR) as the
atio between the melanopic radiant flux and luminous flux:

𝑚𝑒𝑙,𝑣 =
1000 ×𝛷𝑚𝑒𝑙

683.002 × ∫ 780
380 𝑆(𝜆)𝑉 (𝜆)𝑑𝜆

. (2)

This results in a quantity in mW/lm, intuitively representing the
amount of melanopic power per visual response. Due to the relevance
of natural daylight within our daily lives, it is an important reference
to compare with. There are different standard illuminants that are
used to represent the spectrum of daylight (Fig. 1b), of which 𝐷65 is
he most common. Given the spectral power distribution 𝐷65, a new

dimensionless quantity can be considered that scales the light source’s
MELR relevant to that of 𝐷65; the CIE-defined melanopic daylight
efficacy ratio (MDER) [30,31]:

MDER =
𝐾𝑚𝑒𝑙,𝑣

𝐾𝐷65
𝑚𝑒𝑙,𝑣

=
𝐾𝑚𝑒𝑙,𝑣

1.326
, (3)

A value larger than 1 for MDER consequently implies that the light
source has a higher MELR than the 𝐷65 illuminant.

In human centric lighting, it is important that the SPD of a white
ight source corresponds with the environmental setting, e.g. low MDER
t night and higher MDER during the morning or in an office en-
ironment. Most white LEDs have fairly low MDER values (≤0.75)
or different correlated color temperatures (CCTs), as indicated by
chlangen et al. (2021) [30]. This is due to the fact that white LEDs are
ypically designed to have high luminous efficacy without considering
he circadian effects (Fig. 1a). In a previous publication, we studied the
heoretical spectral MDER boundaries under different color rendering,
𝑢𝑣 and CCT constraints [32]. These theoretical limits are shown in
ig. 2 for 𝑅𝑓 ≥ 80, together with the MDER values for the reference
50, 𝐷55 and 𝐷65 illuminants. When including the MDER values of some

ypical white LEDs within these boundaries, it is clear that relatively
ow MDER is obtained for all CCTs. In order to expand this MDER
ange, several companies have developed white LEDs that target high
DER. The MDER values of these LEDs are also shown in Fig. 2 and

hey demonstrate clearly higher MDER, but still leave ample room for
urther improvement.
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Fig. 2. Visualization of multiple typical white LEDs and the standard illuminants 𝐷50,
𝐷55 and 𝐷65 within the fundamental spectral MDER boundaries (𝑅𝑓 ≥ 80). It is clear
that typical white LEDs offer fairly low MDER values. Some recent, commercialized HCL
LEDs target higher MDER values, but there is still ample room for further improvement.

To close this gap, a previous study combined red-emissive CdSe/ZnS
QDs, a yellow YaG:Ce phosphor and a blue 455nm-emitting LED chip
to achieve a minimal MDER of 0.389 (2700K, CRI 95) and a maximal
MDER of 1.223 (7808K, CRI 95) [33]. As mentioned before, cadmium is
a restricted element, and the MDER values at lower CCT were still quite
modest. In order to pursue higher spectral flexibility, multi-channel
QD-LEDs with 4 to 6 channels have also been studied. By combining
cadmium-free, perovskite QD-based LEDs in a multi-channel system
with 6 channels, the MDER could be tuned in a range between 0.33
(2128K, 𝑅𝑓 87.3) and 1.104 (6459K, 𝑅𝑓 91.4) while altering the
CCT [20]. Luminous efficacy values of up to 61.4 lm W−1 were obtained
for the resulting six-channel system. A similar approach has been
adopted in other research, with the focus slightly shifted to attaining
higher luminous efficacy values [3,21].

3. Methods

3.1. Optical simulation model

For accurate predictions and optimization of the emitted spectral
radiant flux by the quantum-dot-on-chip LED, an optical simulation
model of the QD-LED package is considered that includes all relevant
losses (e.g. package losses and re-absorption losses by the QDs). This
optical simulation model is implemented in the commercial ray-tracing
software LightTools, as described in earlier work [28,34]. For the LED
package, a LUXEON 3535 LED from Lumileds is considered, consisting
of a single blue LED chip with peak emission around 450 nm and a
wall-plug efficiency of 70%. This LED package contains a transparent
3

resin with a mixture of 3 different types of QDs on top of the blue LED
chip. A picture of the simulated configuration and emission spectrum
of the blue LED chip are shown in Fig. 3.

In order to achieve high MDER values, emission around 490 nm
is crucial (see Fig. 1a). This requirement is achieved by considering
InP-based cyan-emitting QDs with measured absorption and emission
spectra as shown in Fig. 4a; cyan-emitting QDs have already been con-
sidered to replicate daylight spectra in the past [35,36]. For emission
in the green-red spectral region, the model considers two different
InP-based QDs with a variable emission peak location that depends
directly on the QD core size. The impact of changing the InP-based QD
core size (𝑑𝐶 ) on the resulting QD emission and absorption is modeled
according to an empirical QD model [37]. As can be seen in Fig. 4b,
the InP-based QD core size determines both absorption and emission
spectrum. Considering 𝑑𝐶 as a variable in the optical model for two of
the three QD types, allows for high spectral flexibility. For simplicity,
the photoluminescence quantum yield (PLQY) of all QDs is initially set
to 80%.

3.2. Parameter optimization

To optimize the emission spectrum of the QD-LED model, 5 pa-
rameters are varied: the concentrations of each QD type and the core
size (𝑑𝐶 ) of the two QDs for the red-green region. For each combi-
nation of these 5 parameters, the resulting output spectrum can be
simulated using the model described in the previous section. This 5-
parameter model is optimized using a global optimization algorithm,
i.e. differential evolution (DE), which was introduced by Storn & Price
in 1997 [38]. Optimizing the model parameters consists of forcing the
output spectrum to satisfy the metric constraints in terms of 𝐷𝑢𝑣, color
rendering and the targeted CCT, while minimizing or maximizing the
MDER. Sufficient perceived whiteness is obtained by limiting the 𝐷𝑢𝑣
tolerance to 0.006 according to ANSI C78.377.

3.3. QD-LED fabrication and characterization

For fabrication of the QD-LEDs, the LUXEON 3535 LED packages
were filled with a slurry of three different InP-based QDs mixed within
UV curable resin. Following the outcome of the optimization study,
green-emitting QDs with peak emission at 528 nm (PLQY 85%), and
red-emitting QDs with peak emission at 600 nm (PLQY 66%), shown
in Fig. 5, were used in addition to the earlier mentioned cyan-emitting
QDs emitting at 483 nm (PLQY 82%). The synthesis of all QDs followed
a similar procedure as described in Tessier et al. (2015) and Van
Avermaet et al. (2022) [26,39], and further details can be found in
sections 1.1–1.3 of the supplementary material. After synthesis, the
QDs were dispersed into a thiol-ene resin consisting of pentaerythritol
tetrakis (3-mercaptopropionate) (PETMP), with a detailed explanation
in section 1.4 of the supplementary material. To obtain the required
Fig. 3. (a) Emission spectrum of the blue LED chip in the considered Lumileds LUXEON 3535 LED package. (b) 3D view of the simulated LED package with (1) bottom reflector,
(2) diffusing bar, (3) blue LED chip, and (4) reflective cup which contains the QD mixture.
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Fig. 4. (a) Measured emission and absorption spectrum of the InP-based cyan-emitting QD. (b) Impact of changing the core size for the used InP-based QD model; full lines
epresent the emission spectra, dashed lines show the absorbance. In (a) and (b), the band-edge peak absorption and emission are normalized to 1.
Fig. 5. The optical properties for the green (a) and red (b) QDs. These have PLQY of respectively 85% and 66%. The band-edge peak absorption and emission are normalized to
1.
concentrations of cyan, green and red-emitting QDs for reaching the
targeted emission spectra, the separate QD-in-thiol-ene mixtures were
mixed within a clear photopolymer resin from Formlabs, using the
correct mass percentages [40]. The homogenized QD slurry was then
deposited in the Luxeon LED recycling cavity with a micropipette, and
cured with UV light with peak emission at 398 nm. To characterize
the resulting spectral radiant flux of the emitted light, the LEDs were
operated with a drive current of 10 mA and a typical forward voltage
of 2.6 V. As mentioned earlier, the blue LEDs have an emission peak
at 450 nm and wall-plug efficiency of 70% (±3.5%). The spectral
adiant flux of the LEDs was measured with a custom-made integrating
phere [41].

. Results

.1. MDER optimization

The optical simulation model was optimized to reach minimal and
aximal MDER at CCTs ranging from 2000K to 6500K, with an 𝑅𝑓 ≥

80 constraint and a maximal 𝐷𝑢𝑣 deviation of 0.006. For each setting,
the algorithm was terminated after 200 iterations without improvement
(tolerance 5e−6). A detailed overview of the acquired MDER values is
shown in Fig. 6, where these results are compared with the fundamental
spectral boundaries under the same constraints. The acquired MDER
values clearly indicate that a single-chip QD-LED with three types of
QDs, including cyan-emitting QDs, can reach both very low and very
high MDER values at all CCTs. For example, at 5000K, the QD model
reaches a maximal MDER value that is at 90% of the fundamental
spectral maximum and almost 40% above the 𝐷50 illuminant MDER.
Looking at the shapes of the obtained spectra in Fig. 7, it is clear that
all 3 QDs are essential for reaching the desired spectral performance.
The cyan-emitting QDs play a crucial role in tailoring the MDER, by
4

Fig. 6. The obtained minimal and maximal MDER values with the QD-LED simulation
model for various CCTs, compared with the fundamental spectral MDER limits (𝑅𝑓 ≥
80 and 𝐷𝑢𝑣 ≤ 0.006).

lowering or increasing their concentration respectively, while the other
two QDs are needed for meeting the required color constraints.

4.2. Experimental QD-LEDs (1)

Using the obtained parameters from the optimization for the QD
concentrations and core sizes, we tried to replicate the simulated QD-
LED with maximal MDER at 5700K in practice. The measured spectral
radiant flux for three different fabricated QD-LEDs is shown in Fig. 8a.
One notices the very strong correlation between the obtained CCT and
MDER. The measured spectral radiant flux with a CCT of 5571K is
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Fig. 7. MDER optimized spectra at (a) 3000K and (b) 5700K using the optical simulation model .
Fig. 8. (a) Measured normalized spectral radiant flux for three different fabricated QD-LEDs, targeting maximal MDER. (b) A comparison of the simulated (MDER = 1.088, CCT
= 5700K) and experimental (MDER = 1.080, CCT = 5700K) spectra. The total radiant flux of the simulation result is re-scaled to the total radiant flux of the experimental result,
to allow better assessment of the overall spectral shape.
compared in Fig. 8b with the simulated QD-LED spectrum with max-
imal MDER at 5700K. Although there is a good overall correspondence
between the simulated and experimental spectrum, there is a clear
deviation in the cyan region. This deviation is most likely caused by
the strong self-absorption and re-absorption of the cyan-emitted light,
by the cyan and green/red-emitting QDs, respectively. In principle,
the optical simulations include these self- and re-absorption effects.
However, small variations in the implemented absorption/emission
spectrum compared to the real spectra, can give rise to significant
deviations of the resulting output spectrum for wavelength regions with
much self/re-absorption [42]. This effect is compounded by the fact
that self-absorption makes it also very difficult to experimentally char-
acterize the intrinsic QD absorption/emission spectra in their overlap
region [43]. Despite this deviation in the important cyan region, the
obtained MDER value of 1.080 is still very close to the simulated value
of 1.088. To our knowledge, this experimentally obtained MDER value
sets a new record for single-chip package white LEDs at this CCT.

In terms of other lighting parameters, the 𝑅𝑓 of the simulated
spectrum is 80.06, with a 𝐷𝑢𝑣 of 0.0009 and CIE 1976 LUV u’= 0.207,
v’= 0.476. For luminous efficacy, the simulated LED reaches 97 lm W−1,
while the experimental QD-LED reaches an efficacy of 62 lm W−1. These
relatively low values can again be attributed to the multiple self- and re-
absorption effects that occur, especially in the crucial cyan/green area.
These self- and re-absorption effects are known for having a detrimental
effect on the overall efficiency of QD-LEDs, when using QDs with a
non-unity PLQY [28]. These QD-LED losses are also combined with
a circadian target metric that only considers the circadian/luminous
flux ratio. This important aspect of circadian optimized light sources is
5

further discussed in the next section.
5. Discussion

5.1. Balancing melanopic and luminous efficacy

When considering the spectral shape of 𝐶(𝜆) and 𝑉 (𝜆) in Fig. 1, it
is clear that there is an inherent trade-off between melanopic radiant
flux and luminous flux when optimizing the SPD of a light source, as
already indicated in past research [32]. Furthermore, when considering
equation (2), it is important to note that the MELR and MDER actually
scale the melanopic radiant flux with the luminous flux. This implies
that it is actually possible to obtain higher MDER values by reducing
both melanopic and luminous flux, as long as the latter decreases
more than the first. Optimizing SPDs for high MDER can thus lead to
inefficient systems, both in terms of luminous efficacy and circadian
efficacy; an aspect that is seldom considered in previous research.

To analyze this delicate balance, a spectral optimization was per-
formed following the methodology of Cerpentier and Meuret (2021),
that maximizes the melanopic radiant flux of a flexible parametrized
SPD with 1 W of optical power, when constraining MDER to different
values in the range of minimal and maximal MDER at 5700K and
𝑅𝑓 ≥ 80 [32]. When dividing the obtained melanopic radiant flux
and corresponding luminous flux by the considered optical power, one
obtains circadian efficacy of radiation (CER) and luminous efficacy of
radiation (LER); the former is expressed in biolumen (blm) per Watt, a
circadian equivalent of lumen [3]. The obtained results for each MDER
value are visualized in Fig. 9. This figure first of all confirms that
spectra with maximal MDER values are indeed acquired by reducing
both melanopic and luminous radiant flux. Such spectra are therefore

only useful in situations where maximal circadian impact is desired for
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Fig. 9. Maximal circadian efficacy of radiation (CER, blm W−1) and luminous efficacy
of radiation (LER, lm W−1) for various MDER targets, when optimizing the melanopic
radiant flux of a flexible parametrized spectrum (full lines), and the optical QD-LED
model (dashed lines). The trend is similar for both parametric models.

a fixed luminous output, and energy consumption is of no concern. In
most cases however, consumed energy is important, and Fig. 9 shows
that spectra with less extreme MDER actually provide both higher CER
and LER. Taking this insight into account, the QD-LED optical model
was also re-optimized to obtain maximal melanopic radiant flux for
various MDER values (5700K, 𝑅𝑓 ≥ 80). The resulting CER and LER
values with this QD-LED optical model also are added to Fig. 9, and
these confirm that significantly higher LER and CER can be obtained
for slightly lower MDER.

5.2. Experimental QD-LEDs (2)

To realize a QD-LED with higher luminous (and circadian) efficacy
compared to the QD-LED described in Section 4.2, several adjustments
to the QD-LED package configuration, used materials and target spec-
trum were made. First of all, the simulated QD-LED spectrum that
was optimized for maximal melanopic radiant flux, instead of maximal
MDER, was used as spectral target. This allows improving both the
luminous efficacy and circadian efficacy of the considered QD-LEDs, as
explained in previous section. Second, new batches of red and green-
emitting QDs were synthesized with emission spectra in correspondence
with this new QD-LED target spectrum. The experimental peak emis-
sion wavelength of the green-emitting QDs was changed from 528 to
511 nm, while the peak emission of the red-emitting QDs was changed
from 600 to 585 nm. The PLQY of the new red-emitting QDs was
improved from 66% to 78%, while the PLQY of the green-emitting QDs
remained at around 85%,with a detailed description of the synthesis in
section 1.3 of the supplementary material. Aside from the individual
6

QD efficiencies, the QD LED configuration itself can be optimized to
reduce re-absorption effects. Past research has shown the potential of
stacking layers of QDs in a specific order to reduce these re-absorption
effects [44–46]. Other approaches highlight the possibility of placing
the QDs at a distance with respect to the LED chip, in a ‘‘remote
phosphor’’ configuration [47,48]. An approach with much potential
for on-chip QD LEDs is adding (part of) the QDs in a hemispherical
dome on top of the blue LED (package) to improve the light extraction
efficiency [28,29]. We employ a similar approach to enhance the
efficiency of the QD-LED, by putting only the green and red-emitting
QDs in the blue LED package, and incorporating the cyan-emitting
QDs in such a dome-like structure . This configuration improves the
extraction efficiency, while integrating also the idea of stacking QD
layers to reduce re-absorption losses (Fig. 10a). This approach was
demonstrated to improve the luminous efficacy of RGB QD-LEDs in
previous work [28].

The combination of separating the cyan-emitting QDs in a dome,
using red-emitting QDs with higher PLQY and targeting a spectral shape
with higher CER and LER, led to an increase of 30% in luminous
efficacy, to 80 lm W−1. Aside from this significant increase in luminous
efficacy, also the circadian luminous efficacy (CLE) – the amount of bi-
olumen per consumed electrical power – rose with 24% in comparison
to the first experimental QD-LED; this results in a CLE of 74 blm W−1.
The LER and CER respectively reach high values of 312 lm W−1 and
292 blm W−1, reflecting the optimized spectral shape that follows from
the CER-targeted optimization. The measured spectrum has a CCT of
5501 and 𝐷𝑢𝑣 of 0.0014 (u’= 0.206, v’= 0.479), which classifies it as a
white QD-LED.

5.3. Overview

Table 1 shows the measured specifications for the two experimen-
tal QD-LEDs with CCT ≈ 5500K that are described in this paper.
These results are compared with commercially available white LEDs
(including circadian optimized LEDs) and past literature on single- and
multi-channel QD-LEDs that target maximal circadian effects. Despite
differences in CCT and color rendering, the following important con-
clusions can be drawn: although a single LED chip is used, the spectral
flexibility achieved by mixing 3 QD types (including cyan-emitting
QDs) allows for state-of-the-art MDER and CER values, even when
comparing to multi-channel solutions. The obtained LER values are
also highly competitive. In order to consider the electrical and optical
power losses in the LED chip and package, the LE and CLE values are
also reported in Table 1. These measured values of the demonstrated
single-chip QD-LEDs are more moderate, especially when comparing
with recent commercial circadian-optimized LEDs. Aside from the slight
reduction in energy efficiency due to our higher MDER values (Fig. 9),
the deficiency can largely be attributed to limited fabrication resources.
Fig. 10. (a) The QD-LED configuration with a dome-like structure filled with cyan-emitting QDs. The reflecting cavity contains a mixture of green and red-emitting QDs. (b) A
comparison of the simulated and experimental normalized spectra that follow from the CER-based optimization. The final experimental spectrum has a luminous efficacy of 80 lm
W−1 with an MDER value of 1.031.
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Table 1
Comparison of figures of merit for the 𝐷65 illuminant, various commercially available LEDs and past research on single- and
multi-channel QD-based circadian light sources. The table highlights how the investigated single-chip QD-LEDs in this paper
set a new standard in terms of spectral circadian performance, as is reflected by the obtained MDER and CER values.

CCT MDER CER CLE LER LE 𝑅𝑓 (*)
(K) (–) (blm W−1) (blm W−1) (lm W−1) (lm W−1) 𝑅𝑎 (**)

D65 illuminant 6500 1 186 – 206 – 100∗

Typical white LED 1a 5060 0.68 203 31 329 50 77∗

Typical white LED 2b 3030 0.41 114 21 305 56 82∗

HCL LED 1c 5700 0.82 236 117 319 157 80∗∗

HCL LED 2d 5700 1.03 270 126 290 135 80∗∗

4-channel WLED [3] 6584 1.02 258 88 280 96 94∗∗

5-channel WLED [20] 5132 0.88 217 45 260 56 82∗

6-channel WLED 1 [20] 4952 0.88 218 32 289 55 91∗

6-channel WLED 2 [21] 5500 0.95 276 – 321 – 93∗∗

Single-chip, Cd QD-LED [33] 5388 0.84 – 88 – 116 96∗∗

Experimental QD-LED 1 5571 1.08 284 61 291 62 80∗

Experimental QD-LED 2 5501 1.03 293 74 312 80 78∗

aThe Globe A19 domestic LED.
bThe Sylvania G25 domestic LED.
cThe OSCONIQ E2835 Cyan.
dThe samsung LM302N Day.
he used blue LED chips have an external quantum efficiency of 70%,
hile recent state-of-the-art blue LED chips have reached efficiencies
ver 80% [49]. Additionally, the used InP-based QDs in this study
ave PLQY’s of 85% or lower, while it has been shown that quantum
fficiencies of over 90% can be achieved [50,51]. If we consider these
tate-of-the-art values (EQE LED ≥ 80%, PLQY QD ≥ 90%) in the optical
imulation model, LE and CLE values of over 140 (b)lm W−1 can be

reached with the current single-chip QD-LED configuration.

6. Conclusions

Spectral engineering of solid-state light sources has resulted in high
luminous efficiency combined with optimal color rendering. There is
however a clear trend in the lighting industry to also consider the
non-visual effects of light, quantified e.g. by the melanopic daylight
efficacy ratio (MDER) or circadian luminous efficacy of radiation(CER).
While significant progress has already been made over a short amount
of time, the spectral shapes of these circadian-targeted systems still
leave ample room for improvement. In this paper, a method to op-
timize the spectral circadian performance of single-chip QD LEDs,
including cyan-emitting QDs, was introduced. Following the results of
this procedure, we fabricated a QD-LED that realizes a new MDER
record at its corresponding CCT of 5570K. While a light source with
maximal MDER can be useful in settings where energy consumption is
of no concern, a discussion on the importance of considering both CER
and MDER when designing efficient human-centric-lighting LEDs was
added. Following this discussion, a second QD-LED was demonstrated
that reaches record-breaking CER at 5500K while maintaining a high
MDER value.
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