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Abstract: Quantum dots offer an interesting alternative for traditional phosphors in on-chip
LED configurations. Earlier studies showed that the spectral efficiency of white LEDs with
high CRI values could be considerably improved by replacing red-emitting nitride phosphors
with narrow-band QDs. However, the red QDs in these studies were cadmium-based, which is
a restricted element in the EU under the RoHS directive. The use of InP-based QDs, the most
promising Cd-free alternative, is often presented as an inferior solution because of the broader
linewidth of these QDs. However, while narrow emission lines are the key to display applications
that require a large color gamut, the spectral efficiency penalty of this broader emission is limited
for lighting applications. Here, we report efficient, high-CRI white LEDs with an on-chip color
convertor coating based on red InP/ZnSe QDs and traditional green/yellow powder phosphors.
Using InP/ZnSe QDs with a quantum yield of nearly 80% and a full width at half maximum of 45
nm, we demonstrate high spectral efficiency for white LEDs with very high CRI values. One of
the best experimental results in terms of both luminous efficacy and color rendering performance
is a white LED with an efficacy of 132 Im/W, and color rendering indices of R, = 90, R9 = 50 for
CCT = 4000 K. These experimental results are critically compared with theoretical benchmark
values for white LEDs with on-chip down-conversion from both phosphors and red Cd-based
QDs. The various loss mechanisms in the investigated white LEDs are quantified with an accurate
simulation model, and the main impediments to an even higher efficacy are identified as the blue
LED wall-plug efficiency and light recycling in the LED package.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The performance of phosphor-converted white LED technology rises steadily towards its physical
limits. Luminous efficacy has almost doubled in the last ten years, but the achieved values are
still considerably lower than the theoretically calculated maxima [1]. Further improvements are
possible by increasing blue-chip and package efficiency, as well as the spectral efficiency by
developing fluorescent materials with optimal optical characteristics and a high photoluminescence
quantum yield (PLQY).

Efficiency, however, is not the only property that determines the quality of a white LED. The
ability to reproduce colors faithfully in comparison with an ideal or natural light source is a
second, very important characteristic. The CIE (International Commission on Illumination)
has defined an internationally agreed method to quantify the ability of a light source to render
color [2]. Their most widely used metric (CIE R,) is based on the shift of the chromaticity
coordinates of predefined test color samples (TCS) when illuminated by the light source in
comparison to illumination with a reference light source. This reference light source is a black
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body emitter when the light source has a correlated color temperature (CCT) below 5000 K. A
maximum value of 100 is obtained when there are no color differences for each TCS. A total of
14 TCS are specified in the CIE 13.3-1995 report. While R, is an average quantity that covers the
first eight samples, R9 is an individual rendering index for the highly saturated red TCS2, [3].
This R9 value is often added to the R, value in order to have a more complete description of
the color rendering performance. While other color rendering metrics have appeared in recent
years, the CIE R, metric is still the industry standard [3]. The California Energy Commission
(CEC) standard recommends a CRI (the CIE R, value) of at least 90 and an R9 value of at
least 50 [4], requirements we refer to as R, 90, R9 50. This recommendation matches with the
general customer preferences for color fidelity [5, 6]. Although the R, 90, R9 50 requirements
were enacted back in 2013, their adoption by industry takes time due to the significant efficiency
penalty that relates to the transition from R, 80 to R, 90 [6]. This penalty is mainly caused by
the broad emission of the red nitride phosphors that are typically used in white LEDs. These
phosphors have an emission band that extends deep into the red region of the visible spectrum,
where the reduced sensitivity of the human eye leads to a strongly diminished luminous efficacy.
For this reason there is a strong interest in red-emitting narrow-band phosphors. One of the most
promising phosphors in that respect is K,SiFs:Mn**, with an emission spectrum that consists
of five very narrow peaks in the 629-634 nm range, and a relative high quantum efficiency that
can go up to 90% or more. The downside of this phosphor however is the relative slow decay
of the excited states, causing optical quenching at higher input powers (starting at a few tens of
W/em?) [7].

Quantum dots (QDs) are often presented in the literature as another alternative for the
conventional red nitride phosphors. A main advantage of QDs is their very short decay time [8],
which offers high power saturation in the range of 10* W/cm? [9]. Other advantages of QDs
are their narrow and size-dependent emission spectrum, potentially high, near unity quantum
efficiency, and tiny particle size in the range of a few nanometers [10, 11]. Estrada et al. [6]
stated that with traditional inorganic phosphors as down-conversion materials, the transition
from R, 80 to R, 90 results in a lumen loss of 17% for a correlated color temperature of 2700 K.
However, replacing red-emitting nitride phosphors with more narrow-band red-emitting quantum
dots should reduce this efficiency drop to a mere 6% on a normalized Im/W basis. Such small
differences are really advocating the adoption of CRI- R, 90. To prove this point, Estrada et
al. made use of Cd-based QDs with a PLQY in the range of 80-90% [6, 12, 13], a spectrally
narrow emission with a full-width-at-half-maximum (FWHM) of 36 nm, and a minor overlap
between the absorption and emission spectra. In 2019, Osram launched the first stable QD-based
white LED on the market, which offers a 0.2 W output with an efficacy value of 173 Im/W at
3000 K and a R, of 90. To the best of our knowledge, this LED also uses Cd-based QDs [14].
Cadmium, however, is a restricted element under the RoHS directive in the EU [13], and similar
directives have been adopted by other regulators in, for example, Japan, South Korea [15], and
California [16].

A promising cadmium-free alternative are InP-based QDs. The possibility to use such QDs as
color convertors for white LEDs was already shown in the literature [17, 18]. While providing a
proof-of-concept, the resulting QD-LEDs had low efficacy and did not reach the R,/R9 color
rendering standard. More in general, the implementation of alternatives to Cd-based QDs has
often been questioned because of the wider emission spectrum and lower PLQY of such materials
as compared to Cd-based quantum dots [13, 19, 20].

In this paper, we demonstrate that InP/ZnSe QDs with an emission line ~ 45 nm wide and
a PLQY of ~ 80% are a viable alternative for making efficient, high-CRI white LEDs using
on-chip color conversion. First, we evaluate the relation between the central emission wavelength
and the linewidth on the maximal luminous efficacy and color rendering of a QD-LED by
means of a theoretical emission spectrum. We find that the efficiency gain that comes with a



narrower QD emission line is partially offset by the red-shift of that line needed to preserve color
rendering. Importantly, this trade-off makes the need for narrow emission lines less stringent in
the case of high-CRI white LEDs than for the LEDs that large-color gamut display applications
need [21-23]. Building on these theoretical estimates, we fabricate white QD-LEDs with
on-chip color convertors based on a mixture of red InP/ZnSe QDs with green powder phosphors.
Focusing first on 4000 K spectra, we show that real QD-LEDs can indeed attain a color rendering
performance in close agreement with current standards, i.e., R, = 90, R9 = 50, by partially
closing the cyan gap between the blue pump light and optimizing the central wavelength of red
InP/ZnSe QDs. Next, we show that both for 3000 K and 4000 K spectra, QD-LEDs using red
InP/ZnSe QDs attain a better luminous efficacy of radiation (LER) than LEDs using red nitride
phosphors and are comparable to QD-LEDs using red Cd-based QDs. Finally, we argue that the
main loss mechanism leading to a luminous efficacy of 132 Im/W at CCT = 4000 K for the best
QD-LED is not the efficiency of the InP/ZnSe QDs, but rather the wall-plug efficiency of the
blue LED and the light recycling in the LED package. We thus conclude that InP-based QDs
are the most promising red emitter for efficient, high-CRI white LEDs based on on-chip color
conversion.

2. Methods
2.1. Theoretical benchmark for color rendering and efficacy

The luminous efficacy (LE) is the ratio of the emitted luminous flux to the consumed electrical
power. To investigate the maximal R,/R9 and corresponding LE values that can be obtained by a
phosphor-converted white LED that includes red-emitting QDs, we used a theoretical emission
spectrum. This spectrum was constructed based on the following considerations. For any
given CCT below 5000 K, maximal R,/R9 values are obtained by the corresponding black body
spectrum that is covering the full visible domain. However, to balance color rendering and LE, the
emission spectrum of a practical phosphor-converted LED is typically cropped by the emission
spectrum of the (blue) source LED at the short wavelength side and the emission spectrum of
the red-emitting phosphor at the long-wavelength side. As we used a single blue source LED
with a maximum emission intensity at 450 nm and FWHM of 20 nm for all our experimental
results, we cropped the black body spectrum at short wavelengths with this spectrum. At the
long wavelength side, on the other hand, we delimited the spectrum by a Gaussian line with an
adjustable central wavelength A4, and FWHM that represents the red emission of different QDs.
Finally, we adjust the intensity of the blue LED and red QD band so as to keep the cropped black
body spectrum at the desired CCT on the black body locus. Figure 1 shows an example of such a
spectrum. The resulting spectrum provides a good trade-off between color rendering and LE,
and serves as a benchmark for our experimental results.

The influence of the center wavelength (4,,) and FWHM of the red QD emission band on the
R4, R9 and LE values was calculated using the Python LuxPy package [24]. For calculating the
LE values, we assumed a lossless electrical to optical power conversion for the blue LED and
we only considered Stokes losses for the QD color conversion. Hence, the resulting LE values
correspond to theoretical maximum efficiencies for phosphor-converted white LEDs with red
QDs as specified.

2.2. Experimental procedures
2.2.1. Synthesis of red-emitting InP/ZnSe core/shell QDs
 Zinc(Iloleate synthesis We prepared zinc(IT)oleate by the procedure proposed by Dhaene et
al. [25,26]. In short, 3.66 g (45 mmol) of zinc(I)oxide was mixed with 20 mL (383 mmol)

of acetonitrile. While cooling, 6.36 mL (45 mmol) trifluoroacetic anhydride and 0.69 mL
(9 mmol) trifluoroacetic acid were added to this mixture. A clear and colourless solution



Red emission cut-off
4

Blue LED cut-off

FWHM=20 nm !

P |

Loy U i

Py ! !

0‘ hES - - ! N .

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 1. Blackbody spectrum for CCT = 4000 K that is cropped by the blue-LED
spectrum on the left side, and the red quantum dot spectrum (represented by a Gaussian
distribution) on the right side.

was obtained upon reaching room temperature. This zinc trifluoroacetate solution was
added to a mixture of 25.55 g (90.45 mmol) oleic acid, 10.29 g (101.7 mmol) triethylamine
and 180 mL (2.351 mol) 2-propanol resulting in the formation of a white precipitate.
Dissolution of the product occurred at reflux temperature and the subsequent slow cooling
to -20 °C lead to white crystals that were filtered off and washed with cold methanol. The
synthesized powder was dried under vacuum and a chemical yield of 94% is obtained.

* Colloidal synthesis of InP/ZnSe QDs

Raw materials, indium(IIT)chloride (50 mg (0.23 mmol)) and zinc(II)chloride (150 mg
(1.10 mmol)), were mixed in 2.5 mL (7.58 mmol ) of technical oleylamine. The mixture was
stirred and degassed at 120 °C for an hour and then heated to 180 °C under inert atmosphere.
Upon reaching 180 °C, a volume of 0.25 mL (0.91 mmol) tris(diethylamino)phosphine was
quickly injected in the above mixture and the InP nanocrystal synthesis proceeded. After 30
minutes, the dispersion was cooled to 120 °. One gram (1.58 mmol) of zinc(II)stearate or
zinc(I)oleate mixed in 1 mL (3.03 mmol) oleylamine and 2 mL (6.25 mmol) 1-octadecene
were added. Subsequently, the mixture was stirred and degassed for an hour. Afterwards,
0.8 mL stoichiometric TOP-Se (2.24 M) mixture was injected and the temperature was
raised to 330 °C. At this temperature, the shell growth went on for 28 minutes. Following on
the reaction, the temperature was setted at 240 °C and 0.5 mL (2.09 mmol) dodecanethiol
was swiftly injected when passing 300 °C. Ten minutes later, the reaction was stopped
and the mixture was cooled down. InP/ZnSe QDs were then precipitated once in acetone,
dispersed in toluene and stored in a Nj-filled glovebox. This procedure can be upscaled 5
times without changing the properties of the end product.

2.2.2. Preparation of white LEDs

We used LUXEON 3535 LED packages from Lumileds (see Figure 2), without the phosphor in
polymer on top of the blue LED chip. These blue LED chips had an emission peak at 450 nm
and a wall-plug efficiency of around 70% (+3.5%) when operated with a forward current of 50
mA at room temperature. To create a white LED with a specific CCT, this chip was coated with a
color-convertor resin containing a mixture of traditional phosphors and red-emitting InP/ZnSe
quantum dots. Inorganic phosphor powders (YAG:Ce (545 nm) and LuAG:Ce (516 nm)) were
purchased from Intematix, while red InP/ZnSe QDs with FWHM = 45 + 5 nm were synthesized
by the protocol described above. The clear photopolymer resin from Formlabs [27] was used
as binder material. This resin has a viscosity of 850 — 900 cps and a refractive index of 1.54



(@650 nm) after curing. Phosphor-containing resins were made by loading the required mass of
the inorganic phosphors and the uncured resin in a vial, and adding a predetermined volume of
a QD-in-toluene dispersion. After the toluene had evaporated, the mixture was homogenized,
deposited in the LED recycling cavity with a micropipette, and cured. During this process, the
high viscosity and short curing time — a few minutes — helped preventing phosphor sedimentation.
Moreover, the photo-initiator in the resin enables the mixture to be cured using wavelengths
at around 420 nm, which is helpful since light absorption by the quantum dots can completely
prevent UV curing at shorter wavelengths. The spectral radiant flux of the resulting LEDs was
measured with a custom-made integrating sphere [28]. LEDs were operated with a drive current
of 50 mA and a typical forward voltage of 2.76 V, resulting in a corresponding electrical input
power of 0.138 W.

2.3. Simulation model of white LED configuration

Reliable simulations are required to quantify the various loss mechanisms in an LED package
and make predictions of potential performance improvements with a more efficient LED chip
or quantum dots with higher quantum yield. Furthermore, simulations enable us to predict the
composition of the color-convertor resin needed to obtain a specific emission spectrum, thereby
avoiding time-consuming trial-and-error experiments.

To be accurate, the simulation model of a white LED package with multiple luminescent
materials must include all interactions — absorption, emission, scattering, and re-absorption — of
the blue source light and the photoluminescence light, with the different luminescent materials
and the LED package. We implemented such simulations in LightTools [29], a commercially
available ray-tracing software package.

The LED package and the simulation model, which includes the optical properties of the
package and the blue LED chip, are shown in Figure 2. As can be seen, the package contained a
single 580x1143x200 um blue LED chip. The diameter and depth of the LED cup were 2.6 mm
and 0.5 mm, respectively. We measured the specular reflectance of the bottom reflector and LED
die, as well as the diffuse reflectance of the LED package side walls. The results can be seen in
Figure 2c, and coincide more or less with the typical values stated in the literature [30,31]. The
blue LED chip was assumed to be a Lambertian emitting surface [32,33]. When simulating this
LED package filled with clear resin in optical contact with the blue chip, we found a reduction
of the total outcoupled blue light from the LED package by 15-20%. Because this was in good
agreement with the experimental results when filling the blue LED package with clear resin, we
assume also for the encapsulated blue LED chip an EQE of 70%. Also when simulating the
radiation pattern of the blue LED package filled with clear resin, we found a good match with the
measured radiation pattern. This can be seen in Figure 3c.
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Fig. 2. a - Image of the ‘empty’ LUXEON 3535 LED module, b - Simulation model
of the LED package: 1-LED chip, 2-bottom reflector, 3-inner side of recycling cavity,
4-diffusing bar, 5-package. c - Reflectance of the LED package and blue chip.



2.4. Single-event optical properties of the luminescent color converters

The spectral luminous flux of a pc-LED package depends strongly on the scattering, absorption,
emission and photoluminescence quantum yield (PLQY) of all luminescent materials included.
These optical phenomena can be accurately modelled with the commercial ray-tracer LightTools,
including multiple scattering and phosphor re-absorption [34]. The underlying model is a Monte-
Carlo implementation of the fluorescent radiative transfer equation [35]. To solve correctly,
this model needs the scattering coefficient (), the scattering phase function (P(v,v’)), the
absorption coefficient (u,), the emission spectrum and PLQY of all involved fluorescent
materials. It is however very difficult to measure these properties directly, as measured quantities
of luminescent materials are often the result from the repetitive absorption, scattering and
emission of photons before they escape from the sample. Such multiple events can result in an
ostensibly smaller photoluminescence quantum efficiency [36], red-shifted emission spectra [37],
and inaccurate scattering parameters [38]. One way to mitigate these effects is to measure the
optical properties of highly diluted samples. This approach, however, is often limited since
measurements need a sufficient signal-to-noise ratio and light can be trapped by total internal
reflection. Alternatively, reliable simulation parameters can be obtained by a reverse modelling
approach.

For obtaining accurate single-event properties via reverse modelling, we prepared a series of
thin phosphor films with fixed dimensions and different phosphor loadings. The absorbance of
these films was measured in a Perkin Elmer spectrophotometer. Photoluminescence spectra were
obtained by exiting the films in an integrating sphere [39] by a blue laser. Figure 3a shows an
example for YAG:Ce phosphor. For the inorganic phosphor powders, the scattering properties
were derived via Mie theory, for which the material density and particle size distribution were
provided by the manufacturers. We neglected scattering by the quantum dots, since the scattering
cross-section is much smaller than the absorption cross-section in this case [40].

We start from the listed (if available) material properties, and slightly adjust these properties
in the simulation model of the phosphor films, until we obtain a good match of the measured
and simulated spectral radiant flux (Figure 3a). A detailed discussion of the estimation accuracy
of this method falls beyond the scope of this paper, but similar methodologies have also been
described in the literature [41].
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Fig. 3. a - Simulated and measured spectral power distribution of resin samples with
different phosphor loadings: Sample 1 (1 ml resin + 0.32 g of YAG:Ce), Sample
2 (1 ml + 0.082 g YAG:Ce), Sample 3 (1 ml resin + 0.025 g YAG:Ce). b - Simu-
lated/measured spectra of LED coated with 1 ml resin mixed with 0.048 g YAG:Ce. c -
Simulated/measured radiation pattern of LED package filled with clear resin.



An overview of the relevant parameters and obtained spectra for all considered materials in
this paper, are given in Table 1 and Figure 4 respectively. Wavelengths in parentheses after the
material name represent the emission peak wavelength (PWL). Three different red QDs with
PWL at 605, 611 and 618 nm were characterized. As shown, all of these QDs have FWHM
=45+5 nm. Because single particle emission spectra of 15-25 nm wide were reported for red
InP/SnSe QDs, this 45 nm linewidth is caused by heterogeneous broadening [42]. Since both
absorption and scattering coefficient scale inversely with the used phosphor/QD loading in the
LED package; the values for u, and u, are specified for the used loading’s in QD-LED4 (see
section 3.2). To make QD-LED4 we mixed 1 ml of UV curable resin with 0.093 g YAG:Ce, 0.19
g LuAG:Ce and 30 ul of QDs (611 nm) from a 568 uM QD solution.

Table 1. Scattering/absorption coefficient and PLQY of fluorescent materials

InP/ZnS QDs  YAG:Ce (545 nm) LuAG:Ce (516 nm)
Us (@450 nm) [1/mm)] 0 35 1.95
Ua (@450 nm) [1/mm] 0.44 0.72 0.33
PLQY [%] 75 - 80 98 92
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Fig. 4. Emission/absorption spectrum of YAG:Ce (545 nm), LuAG:Ce (516 nm) and
red InP/ZnSe quantum dots.

3. Results and Discussion

3.1. A theoretical color rendering and efficacy of QD-LEDs

We used a theoretical emission spectrum (see Methods section) to investigate the maximal
R4/R9 and corresponding luminous efficacy values that can be obtained by a phosphor-converted
white LED that includes red-emitting QDs. This theoretical emission spectrum is chosen to be
representative of white LEDs with good color rendering performance (R, > 80) and allowed us
to identify trends in the relation between LE, color rendering and QD emission linewidth.

The influence of the center wavelength (4,,) and FWHM of the red QD emission band on the
R4, R9 and LE values was calculated using the Python LuxPy package [24]. Figure 5 shows R,,
R9 and LE values of the theoretical emission spectrum (CCT = 4000 K) as a function of the peak
wavelengths and FWHM of the red QD emission.
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Fig. 5. The a) Ry, b) R9 and c) LE values of the cropped backbody spectrum (CCT =
4000 K) for different red peak wavelengths and FWHM. The purple isocurve connects
the points where R, has a value of 93, the R9 values on the curve are approximately
50, while LE changes but only slightly. As an example, the three points on the third
graph indicate the exact values of LE for three different FWHM; one can notice that red
QDs with more narrow FWHM must emit at longer wavelengths to achieve the same
Ra/R9 values. As a result, differences in LE values are limited. Graph d) shows the
dependence of LE on FWHM, for the case when R, is 93.

As the center wavelength of the red emission shifts towards longer wavelengths and the
emission line broadens, both R, and R9 increase, while the LE decreases. Taking an FWHM
of 45 nm, a realistic value for InP-based QDs, we find that R, reaches 90 for a wavelength of
613 nm, while R9 would exceed 50 for a wavelength of 618 nm; the R, at this wavelength is 93.
Under these conditions, the LE amounts to 292 Im/W. Further shifts to longer wavelengths lead
to additional increases of R, and R9, yet this improved color rendering concurs with a strong
reduction of the luminous efficacy. Considering a narrower emission line of 30 nm, which would
be characteristic of CdSe-based QDs, a wavelength of 616 nm is needed to attain R, values
exceeding 90, but 621 nm is required to reach R9 of 50 (R, = 93, LE = 297 Im/W). For the
extreme case when FWHM = 15 nm (R, = 93, R9 = 50), LE is only slightly higher and is 300
Im/W. Interestingly, the additional red-shift to attain good color rendering partially offsets the
efficiency benefits imparted by a narrower emission line. To highlight the trade-off between color
rendering and luminous efficacy that comes with a narrower emission line, Figure 5d represents
the luminous efficacy as a function of the width of the emission line along the R, = 93 isocurve
that is represented as the purple line in Figure 5a-c. One indeed sees that the reduction of the LE
with increasing FWHM is limited to a mere 0.33 Im/W per 1 nm increase of the FWHM. Hence,
an increase in linewidth from 30 to 45 nm only results in an LE drop from 297 to 292 Im/W, i.e.,
a mere ~2% for the given choice of R,. Since the R, = 93 isocurve largely coincides with the
R9=50 isocurve, we conclude that white QD-LEDs can achieve a theoretical luminous efficacy
between 285 and 300 Im/W in combination with R, 90 and R9 50 for emission lines centered at
around 620 nm and having an FWHM below 50 nm.

When considering the above results, it is important to acknowledge that the actual values for
Ry, LE and especially R9, will depend on the specific spectral shape of the white LED emission.
Differences in the broadband green-yellow phosphor emission will result in different color
rendering and luminous efficacy values. While analysing specific phosphors (combinations), we
have found that the important trade-off between the FWHM of the red QD emission and resulting



LE for a specific color rendering performance is always similar (to a few %), provided that the
resulting color point is the same. This motivates that the results in Fig. 4 are representative for
the impact of the red QD emission FWHM on color rendering and luminous efficacy.

3.2. Experimental white light spectra of InP-based QD LEDs

For this study we used InP/ZnSe QDs with an emission linewidth of ~45 nm. According to
the theoretical estimates represented in Figure 5, white QD-LEDs with R, 90 and R9 50 can
be obtained with such a linewidth, provided that the central emission line is around 620 nm.
Importantly, this central emission of 620 nm refers to the QD emission as retrieved in the white
light spectrum. This emission line can be redshifted from the (single-event) emission spectrum
of the QDs because of their self-absorption [43]. Such effects will depend on the properties and
the concentration of all used luminescent materials in the color-convertor resin, i.e., phosphors
and QDs. To anticipate this red-shift, QD-LEDs were prepared using InP/ZnSe QDs with a
single-event emission line centered at 605 nm.
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Fig. 6. LED1 - Measured spectral power distribution of the white QD LED with R, =
80. This white LED has a CCT ~ 4100 K and a LE of 143 Im/W.

As a first reference QD-LED, we prepared color-convertor resins containing a YAG:Ce
phosphor with peak wavelength at 545 nm (YAG:Ce 545) as a broadband phosphor and red
InP/ZnSe quantum dots with a single-event peak emission at 605 nm and a PLQY of 75%. As can
be seen in Figure 6, the resulting white light spectrum of QD-LED1 consists of a combination of
the YAG:Ce and the QD emission; the latter giving an additional band centered at 610 nm. The
white LED1 has a fairly high efficiency of 143 Im/W because most of the light is emitted near
the maximum of the luminous efficiency function. The color rendering however is moderate
with R, = 80 and R9 = 2 for a CCT of 4100 K with chromaticity coordinates (x = 0.3776, y =
0.3837). Comparing the QD-LEDI1 spectrum with the theoretical spectrum shown in Figure 1
(see Methods section) and the theoretical color rendering estimates shown in Figure 5, we see two
reasons for the moderate color rendering of the QD-LED1 spectrum. First, the spectrum features
a significant cyan gap between the blue LED emission line and the YAG:Ce emission band, which
is absent in the theoretical spectrum. Second, the effective position of the QD emission band at
610 nm is 10 nm to the blue of the preferred central wavelength between 615 and 620 nm.

To overcome these limitations we replaced YAG:Ce 545 by a LuAG:Ce phosphor with peak
emission at 516 nm (QD LED2). As can be seen in Figure 7, the use of LuAG:Ce 516 significantly
reduces the cyan gap in the QD-LED?2 spectrum and limits the red emission tail coming from the
YAG:Ce 545 emission in QD-LEDI1. This results in an R, = 91, R9 = 23 and LE = 127 Im/W. In
order to further improve the color rendering performance, the red QDs with peak emission at 605
nm were changed by red QDs with peak emission at 611 nm (QD LED3). With an R, = 94 and
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Fig. 7. LED2 - White QD LED with the cyan-region perfectly filled by using the
LuAG:Ce phosphor, resulting in Ry > 90 (CCT = 4200 K, x = 0.3755, y = 0.3888).
LED3 - Measured spectral power distribution of the white LED using LuAG:Ce (516
nm) and red-emitting QDs (611 nm). It has both high R, = 94 and R9 = 84 (CCT ~
4400 K, x = 0.3618, y = 0.3557).

R9 = 84, QD-LED3 offers excellent color rendering. This result, however, is attained at the cost
of a lower luminous efficacy, which only reaches 113 Im/W.
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Fig. 8. LED4 - Measured spectral power distribution of the white LED using LuAG:Ce
(516 nm), YAG:Ce (545 nm) and red-emitting QDs (611 nm) as luminescent materials.
This LED balances color rendering and LE performance.

As previously mentioned, R, 90 and R9 50 are currently recommended standards for color
rendering. From this perspective, QD-LED3 overdoes the trade-off between efficacy and color
rendering. The reduction of the cyan gap clearly reduces efficacy. A better balance between
efficacy and color rendering was found by means of a color-convertor resin based on an optimized
mixture of LuAG:Ce 516, YAG:Ce 545, and InP/ZnSe QDs with a single-event peak emission at
611 nm and a PLQY of 78%. As shown in Figure 8, the resulting spectrum (QD-LED4) features
a spectral radiant flux with a CCT =~ 4100 K (x = 0.3829, y = 0.3974), R, = 88, R9 = 47 and
Iuminous efficacy of 132 Im/W. A similar phosphor combination was used to fabricate 3000 K
white LEDs (see Figure 9). Hence, in line with the theoretical estimates, we find that InP-based

QD-LEDs can reach current color rendering standards, despite a relatively broad emission line of
45 nm.



3.3.  Luminous efficacy of radiation

Since the white light QD-LED4 spectrum meets current color rendering standards, we used that
spectrum as a starting point to compare the luminous efficacy of radiation (LER) for different
white LEDs. The LER of a given spectrum is defined as the ratio of the luminous flux to the
radiant flux, a ratio that depends on the position and the width of the QD emission band. The
white LEDs that are considered in this comparison, all have similar color rendering properties
(Ra 90 and R9 50), but use either InP/ZnSe QDs, Cd-based QDs, or a nitride phosphor as the
red-emitting color convertor. Moreover, we evaluated spectra of white LEDs with a CCT of
both 4000 and 3000 K. While the white LEDs based on InP/ZnSe QDs were prepared and
measured in our lab, we used the spectral power distribution for the 3000 K LEDs with Cd-based
QDs and nitride phosphors as published by Estrada et al. [6], and data on 4000 K LEDs were
measured from two commercially available packages, i.e., the OSRAM Osconiq LED [44] with
red-emitting Cd-based QDs and the Luxeon 3535 LED [45] package with a red-emitting nitride
phosphor (this package was an updated/newer version of the used LED package for the InP/ZnS
QD LEDs, with slightly different geometry).
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Fig. 9. Spectra of different white LEDs with similar color rendering performance
(Ra =90 /R9 ~ 50) for CCT = 3000 K and 4000 K. The white LEDs with red-emitting

nitride-based phosphor induce clearly much more lumen loss compared to the QD-based
LEDs due to the broad red tail that extends far beyond the human eye sensitivity curve.

Table 2. The luminous efficacy of radiation of white LEDs with different lumines-
cent materials for the red emission

LED type LER (Im/W) Compared to InP QDs
3000 K nitride phosp. [6] 274 -17%
3000 K Cd-based QDs [6] 340 +4.5%
3000 K InP/ZnSe QDs 325
4000 K nitride phosp. [45] 285 -18.2%
4000 K Cd-based QDs [44] 314 -8.4%
4000 K InP/ZnSe QDs 345

In Figure 9, we represented the different 3000 and 4000 K white LED spectra, normalized to
the same total output power, while Table 2 summarizes the corresponding LERs. Considering the



3000 K LED:s first, one sees that the narrower red emission of the two white QD-LEDs, results in
considerably larger LER as compared to the white LED with a nitride phosphor. More precisely,
we find that the LER of the InP-based QD-LED spectrum is 17% larger than the nitride-based
LED. Clearly, this is the result of the broad, red emission tail of the nitride phosphor, which
extends well beyond the human eye sensitivity curve. On the other hand, the replacement of
InP-based QDs by Cd-based QDs only results in a moderate increase of the LER by 4.5%. In
line with our theoretical estimates, this limited impact of a more narrow emission line on the
LER can also be linked to the slight red-shift of the emission line that is needed to preserve
good color rendering. In the case of the 4000 K white LEDs, we similarly find that the LER of
the nitride-based white LED is 18.2% smaller than that of the InP-based QD-LED. Opposite
from our theoretical results, however, we find that the LER of the OSRAM Osconiq LED is
smaller than of QD-LED4, even if the former LED uses Cd-based QDs. Looking at the spectrum
of the OSRAM Osconiq LED, this is also the result of the relatively broad, red emission peak
that is also present in this case. A possible reason for this, is the wider than expected emission
line of the Cd-based QDs, but also the extension of the emission of the powder phosphor(s) in
the far-red region is certainly possible. We thus conclude that while the replacement of broad
emitting, nitride-based phosphors by QDs can significantly improve the LER of white LEDs; it is
the overall phoshor-QD mixture that determines the final LER gains. In particular, the modest
efficacy improvements expected for more narrow QD emission lines can easily be undone by the
choice of the green-yellow phosphor in the color convertor.

3.4. Luminous efficacy of InP-based white LEDs
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Fig. 10. a - Measured spectral power distribution of the demonstrated InP/ZnSe
QD-LED3 (CCT=4000 K, LE=132 Im/W) and corresponding simulated spectrum. b -
Pie chart of the various power losses in the demonstrated QD-LED4. The different loss
mechanisms were estimated with the developed simulation model in LightTools.

While the LER of the QD-LED4 spectrum amounts to 345 Im/W, the actual QD-LED’s
luminous efficacy was 132 Im/W only, as indicated in section 3.2. For the Luxeon 3535 white
LED with nitride phosphors (LER = 285 Im/W) we measured a luminous efficacy of 144 Im/W.
For the OSRAM Osconiq LED with Cd-based QDs (LER = 314 Im/W) we measured a luminous
efficacy of 170 Im/W. So despite the larger LER of the InP/ZnSe QD-LED, the measured luminous
efficacy of this LED is significantly smaller than the measured luminous efficacy of the other
considered white LEDs at CCT = 4000 K.

To get more detailed insight into the QD-LED energy power budget, the different loss
mechanisms and the resulting efficacy, we simulated the output spectrum of QD-LED4 using the
geometry of the LED package and the properties of the different convertor materials as input
(see Methods section). Figure 10a represents the experimental and simulated spectral radial flux,
where the excellent match between both provides a solid basis to quantify the losses. Considering



the measured wall plug efficiency of 70% for the blue LED, the simulated output spectrum yields
a total power budget for QD-LED4, as depicted in Figure 10b. According to this diagram, we
attribute the optical losses — expressed as a fraction of the total power budget — of QD-LED4 to:

* (13.5%) Stokes losses in the luminescent materials.

* (11.5%) Absorption losses within the LED package, for example related to non-perfect
reflective interfaces.

* (6%) Non-radiative losses due to a non-unity photoluminescence quantum yield of the
luminescent materials.

* (1%) Absorption losses in the polymer binder.

As a result, 38% of the electric power is retrieved as optical power yielding a luminous efficacy

of 132 Im/W.
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Fig. 11. Predicted luminous efficacy values of the InP/ZnS QD LED with CCT = 4000
K for a- varying wall-plug efficiency of the blue LED chip and b- varying quantum
yield of the InP/ZnSe quantum dots.

While Stokes losses or reflection losses are difficult, if not impossible to avoid, a further
enhancement of the luminous efficacy can result from an increased wall-plug efficiency of the
blue LED and a higher PLQY of the luminescent materials. Using our simulation model for
QD-LED4, we evaluated both aspects of the power budget separately. In Figure 11a, the variation
of the luminous efficacy with the blue chip efficiency is shown, when the PLQY of the red QDs
equals 80%. As can be expected, the QD LED efficacy increases linearly with the wall-plug
efficiency to reach a maximum of 188.5 Im/W for a 100% efficient electrical to optical power
conversion. While this figure remains well below the LER of 345 1m/W, this result also shows
that a considerable gain of around 2 Im/W can be made for every percentage increase of the
wall-plug efficiency of the blue LED. As compared to such gains, the impact of a further rise of
the PLQY of the InP/ZnSe QDs is more limited. In Figure 11b, the variation of the luminous
efficacy with the PLQY of the red QDs is shown, when the blue chip efficiency equals 70%.
The relation between the luminous efficacy of the QD-LED and the PLQY of the red QDs is
clearly non-linear where the gains of increasing the PLQY drop for the highest PLQYSs. This
non-linear relation is a direct consequence of the multiple re-absorption effects that occur in the
white QD LED. If the PLQY of the red QDs is lower, a higher QD concentration is needed to
reach the same color point. This higher QD concentration not only results in more absorption
of blue light, but also more absorption of the green-yellow light emitted by the YAG:Ce and
LuAg:Ce phosphors and also more self-absorption of red light emitted by the QDs themselves.
The negative impact of these multiple re-absorption effects on the luminous efficacy increases



considerably when the PLQY of the QDs is lower. As a result, replacing 80% efficient by 100%
efficient QDs only increases the LE from 132 to 141 Im/W, whereas using 40% efficient QDs
would reduce the LE to 104 Im/W. In order to evaluate the combined impact of both the blue chip
and red QD efficiency on the luminous efficacy, one can simply multiply the linear increase as a
consequence of the blue chip efficiency increase, with the non-linear increase as a consequence
of the red QD PLQY increase. This would result for example in a LE = (0.7)"! x 141 = 201 Im/W
for a perfect efficiency of both the blue LED and red QDs.

Despite the larger LER of the InP/ZnSe QD-LED, the measured luminous efficacy was lower
than that of the other two considered white LEDs at CCT = 4000 K. The power budget estimates
made in the above paragraphs indicate that this difference is not mainly caused by the use of
poor red-emitting QDs, but rather the lower wall-plug efficiency of the blue LED chip or the
lower light recycling ability of the used package. Taking these considerations into account, we
conclude that a combination of traditional inorganic phosphors and InP/ZnSe QDs can lead to
white QD-LEDs that combine high efficiency with excellent color rendering, a result that is not
hampered by emission lines being 45 nm wide.

4. Conclusion

In this study, we show that InP/ZnSe quantum dots with a FWHM bandwidth = 45 nm and
a quantum efficiency of nearly 80% offer a competitive alternative to already well-developed
and commercially available Cd-based QDs. Both our theoretical calculations and experimental
results show that the efficiency penalty for the wider emission spectrum compared to narrow-band
Cd-based QDs remains under 5% in all cases. The best result using a Lumileds 3535 package
with a blue-chip wall-plug efficiency of 70% is an overall luminous efficacy of 132 Im/W for
R, = 90, R9 =~ 50, at CCT =~ 4000 K. Using the developed simulation model, we showed that this
result corresponds with 94% of the maximal possible luminous efficacy with this package in case
that QD materials would have had a unity quantum yield.

In this paper, we considered the optical properties and application of InP/ZnSe QDs for white
LEDs with good color rendering and high efficacy. In future work, we will address the reliability
of the InP/ZnS QDs under high flux-densities and elevated temperature, as well as the process
ability of these QDs.
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