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Effect of Quantum Dot Scattering and
Absorption on the Optical Performance

of White Light-Emitting Diodes
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Abstract— Quantum dots (QDs) show a great potential
for light-emitting diodes (LEDs) packaging, which still face
great challenges compared with the matured phosphor
downconversion materials. These are probably caused by
the unique scattering and absorption properties of QDs,
which are extremely different to the traditional phosphor
due to their several nanometers size, while their effect on
QDs-converted LEDs (QCLEDs) is barely studied. In this
paper, we have experimentally and theoretically investi-
gated the effect of scattering and absorption of CdSe/ZnS
QDs on the optical performance for QCLEDs by compar-
ing with the traditional yttrium aluminum garnet phosphor.
Results indicate that the strong absorption (reabsorption) of
QDs causes low radiant efficacy and stability for QCLEDs;
their weak scattering also leads to a low color uniformity.
It demonstrates that their unique scattering and absorption
properties are key factors leading to low optical perfor-
mance of QCLEDs compared with the traditional phosphor-
converted LEDs. For purpose of gaining the white LED with
high efficiency and stability, it is highly suggested to use a
low QD concentration to reduce the reabsorption loss and
the total internal reflection loss. We believe that this paper
can provide a better understanding of improving the optical
performance for QCLEDs from the prospective of scattering
and absorption. In the future, it is important to use low QD
concentration to gain high-performance white LEDs with
high downconversion efficiency by optimizing packaging
structures.

Index Terms— Optical performance, packaging, quantum
dots (QDs), scattering and absorption, white light-emitting
diodes (LEDs).
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I. INTRODUCTION

L IGHT-EMITTING diodes (LEDs) have attracted signifi-
cant attention owing to their various advantages, such as

long life and high efficiency [1]. One of the most promis-
ing methods to generate white LEDs is using blue LED
chips to excite the downconversion material (DCM) such
as yttrium aluminum garnet (YAG) phosphor [2]. Numerous
studies have indicated that the light scattering and absorption
of DCM can influence the performance of white LEDs.
Sommer et al. [3]–[5] determined that the scattering of YAG
phosphor can significantly affect the angular homogeneity and
radiant flux of white LEDs, which can be improved by opti-
mizing their particle size with different scattering functions;
moreover, they also revealed that the absorption properties of
phosphor-converted elements (PCEs) significantly affect their
thermal load [6], [7]. Further, Hu et al. [8] and Liu et al. [9]
investigated the transmittance and reflection of PCEs with
different concentrations and particle sizes according to their
scattering and absorption coefficients. Our previous studies
indicated that a multiphosphor configuration with an appropri-
ate proportion of rod-shaped nitride and spherical-shaped YAG
phosphor could achieve high angular homogeneity and radiant
flux, mainly owing to their different scattering and absorption
abilities [10], [11]. Furthermore, it is critical to demonstrate
the light scattering and absorption effect caused by DCM when
modeling white LEDs [12], [13]. Great efforts have been made
to establish the precise modeling of white LEDs from exper-
imental and theoretical perspectives [10], [13]–[18]. These
studies on light scattering and absorption of phosphor DCM
have encouraged researchers to design PCEs for white LEDs
in new ways, including freeform surface (gradient thickness)
structures [19], [20], horizontal separated structures [21], [22],
vertical separated structures [11], [23], and microstructures
combined structures [24], [25]. However, these studies only
focused on the rare-earth-based phosphor DCM, which is
ineluctable and expensive.

Solution-processed colloidal materials have attracted sig-
nificant attention owing to their tunable and saturated color
properties [26], and they are widely used to improve the per-
formances of optoelectronic devices, including LEDs and solar
cells [27]. CdSe/ZnS (core/shell) quantum dot (QD), as one
of the research focus areas mentioned earlier, is regarded
as a good substitute of the traditional phosphor DCM
for fabricating the high-performance white LEDs, and the
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relative studies have been widely carried out to improve their
quantum yield and stability [28]. However, QD still faces
significant challenges, such as low luminous efficacy and
low reliability, when used in white LEDs [29]. Recently,
studies have begun to focus on the packaging structures of
QDs-converted LEDs (QCLEDs). Hsu et al. [30] demonstrated
that higher stability can be achieved when the QDs-converted
elements (QDCEs) directly fabricated on chips instead of
being separated by a polydimethylsiloxane layer, because the
high thermal conductivity of the chips provides better heat
conduction. Similarly, Xie et al. [31] determined that remote
QDCEs fabricated on silicone instead of air can achieve low
QDCE temperatures; moreover, they designed a concave lens
for chips to increase the absorption (thermal) uniformity of
QDCEs, improving the color consistency at different injection
currents [32]. Furthermore, some previous PCE structures
were introduced to optimize QDCE structures [32]–[35].
Most of these studies showed that QCLEDs exhibit dif-
ferent characteristics to the traditional phosphor-converted
LEDs (PCLEDs). For example, QCLEDs can achieve a high
downconversion efficiency at a low QD concentration of less
than 1 wt% [30]–[35], whereas a high concentration of more
than 5 wt% (and even as high as 50 wt%) is expected
for PCLEDs [11], [24]. The downconversion efficiency of
QCLEDs is extremely sensitive to the injection current and
incident light distributions [31], [32], whereas it remains
almost the same for PCLEDs. Furthermore, some effective
PCE structures, such as the vertical separation with yellow
phosphor on red phosphor previously studied in [11], are
not appropriate for QDCEs. This phenomenon implies that
the influence of light scattering and absorption of QDs on
white LEDs is different to that of phosphor. It may be the
key factor that significantly suppresses the improvement in
QCLEDs’ performances. However, to the best of our knowl-
edge, the study on QCLED packages has started only recently,
and there has been no study on the optical performance
of QCLEDs from the prospective of QD light scattering
and absorption, thus hindering the effective design of their
packaging structures.

In this paper, we have experimentally and theoretically
studied the effect of CdSe/ZnS QD scattering and absorption
on the optical performance of white LEDs by comparing
with the matured YAG phosphor. First, the optical perfor-
mance of QCLEDs and PCLEDs was given and discussed
in experiments. Then, a method combining finite-difference
time domain (FDTD) and ray tracing (RT) [10], [24], [36] was
introduced to reveal the mechanisms behind these results, con-
sidering the unique effect of QD light scattering and absorption
different from that of the traditional YAG phosphor. Finally,
a comprehensive comparison between QCLEDs and PCLEDs
was given from the theoretical side, and some potential mech-
anisms to optimize QCLEDs were given according to their
differences. These results can provide a better understanding
of the design for QCLEDs from the prospective of scattering
and absorption effect.

II. EXPERIMENTS

The structure of white LEDs is shown in Fig. 1. The blue
LED chips (centered emission wavelength of 455 nm) with the

Fig. 1. Structure diagram of white LEDs and their samples.

size of 0.36×0.71 mm, commercial lead frames with the size
of 2.8 × 3.5 mm, and silicone (refractive index of 1.54) are
used to fabricate white LEDs. The CdSe/ZnS QDs (purchased
from China Beijing Beida Jubang Science and Technology
Company, Ltd.) and YAG phosphor (purchased from Yantai
Shield Advanced Materials Company, Ltd.) are mixed with
silicone, which are dispensed into the lead frame to obtain
QDCEs and PCEs, respectively; both of them have green-
yellow emission light and quantum yield larger than 80%.
The concentration of QDs and YAG phosphor is adjusted
to be 1.5 and 12 wt%, respectively, which could provide
the QCLEDs and PCLEDs with a similar downconversion
efficiency (proportion of radiant power of QD/phosphor light
to that of the total emission light) for comparison purpose. All
white LEDs are aged at the same condition, the environment
temperature is 25 °C and the injection current of each white
LED is 60 mA. Their spectra are measured by the integrat-
ing sphere from Instrument Systems, the injection current is
provided by an adjustable dc source from Keithley.

III. RESULTS AND DISCUSSION

The optical performance of QCLEDs and PCLEDs with
different aging time is shown in Fig. 2(a) and (b), respectively.
Before aging, both of QCLEDs and PCLEDs have the similar
downconversion efficiency of approximately 76%, however,
their radiant efficacy shows great differences. The radiant
efficacy of QCLEDs is only 13%, which is 65% lower than that
of PCLEDs with radiant efficacy of 37%, and this indicates
that the energy loss is more severe in QCLEDs. After aging,
the radiant power of the green-yellow spectrum for QCLEDs
dramatically decreases, resulting in a significant reduction of
their downconversion efficiency and radiant efficacy, while
the optical performance of PCLEDs shows almost no change.
Therefore, in addition to the radiant efficacy, the stability of
QCLEDs is also extremely lower than that of PCLEDs. It is
interesting that the optical performance of QCLEDs is much
poorer than that of PCLEDs, though the quantum yield of QD
is already comparable with that of YAG phosphor. To reveal
the mechanisms behind these results, we have introduced a
method combining FDTD and RT to investigate the effect of
light scattering and absorption of QDs on the optical perfor-
mance of QCLEDs, as shown in Fig. 3. First, the scattering
cross section, scattering phase function, and absorption cross
section of QDs were gained by FDTD modeling; the T-Monitor
and the S-Monitor were used to record the electromagnetic
field power in the total field and scattered field, respectively.
Then, these parameters were used to calculate the scattering
and absorption coefficients of QDCEs with different QD
concentrations. Finally, the simulation results were obtained
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Fig. 2. Spectrum, radiant power, radiant efficacy, and downconversion
efficiency of (a) QCLEDs and (b) PCLEDs, respectively, with different
aging time.

Fig. 3. Combination of FDTD and RT to study the optical performance
of white LEDs considering the light scattering and absorption effect.

by applying the optical properties of QDCEs to RT modeling.
The detailed calculations and modeling method can be found
in our previous studies [10], [24], [36].

Here are some critical parameters used in simulation
processes. Matured CdSe/ZnS QDs, with the 3.2-nm core
size (diameter) of CdSe and the shell size of ZnS ranges
from 0 molecules to 10 molecule layers (MLs) (1 ML =
0.31 nm [28]), are selected in this paper and the chosen
QDs is able to emit the green-yellow light [28], [37], which
is similar to YAG phosphor. The YAG phosphor used for
comparison has a mean size of 13.7 μm, as same as that
used in our previous studies [10], [11], [24]. Moreover, both

Fig. 4. (a) Radiant efficacy and downconversion efficiency of white
LEDs with QDCEs. (b) Downconversion loss and energy density of QDs
in white LEDs.

their wavelength-dependent complex refractive indices [38]
are considered in FDTD simulations. The thicknesses of the
LED chip and QDCE (PCE) are 0.1 and 0.2 mm, respectively.
Reabsorption is considered in this paper by demonstrating that
the QDCEs (PCEs) can reabsorb their conversion light until
this light entirely escapes, but the red-shift phenomenon is not
considered for the sake of simplicity. It is assumed that the
LED light is uniformly emitted from the multiple quantum
well layer with an absorption coefficient of 5 mm−1 [14],
whereas the QD and YAG lights are isotropically emitted
from the QDCEs and PCEs, respectively [3], [10]. Their
quantum yields are assumed to be 85%. The concentration-
dependent coefficients of QDCEs and PCEs can be found
in [39]. Moreover, the matrix of both the QDCEs and the
PCEs used for comparison is silicone with a refractive index
of 1.54 and no absorption of light, under the assumption
that particles are uniformly dispersed in the matrix ignoring
the aggregation phenomenon. In order to ensure accuracy,
the FDTD simulation time is set sufficiently large to ensure
energy convergence (<0.001%), whereas the amount of traced
light in RT is 3 million.

Light scattering and absorption are closely related to the
DCM concentration in white LEDs [4], [40], [41]; on the
other hand, the output color of white LEDs is dependent on
the downconversion efficiency, which is generally adjusted
by changing the DCM concentration. Therefore, the DCM
concentration is a critical parameter to investigate the light
scattering and absorption in white LEDs. Fig. 4(a) shows the
radiant efficacy and downconversion efficiency of white LEDs
with QDCEs. The radiant efficacy of LED light decreases with



2880 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 65, NO. 7, JULY 2018

the increase in the QD concentration since more LED light
is absorbed by QDs and turns into QD light significantly.
Consequently, it can be observed that the radiant efficacy
of QD light simultaneously increases as the QD concen-
tration increases, achieving a maximum value of approxi-
mately 17%. However, after the QD concentration becomes
larger than 1.6 mg/cm3, the radiant efficacy of QD light signifi-
cantly decreases, becoming almost 0% when QD concentration
>20 mg/cm3. A reasonable explanation is that the absorption
coefficient of QDs for green to red light is in the same order
of magnitude as blue light [39], indicating that there is a high
probability that QDs reabsorb their emission light (similar to
the reabsorption occurring for multiphosphor configurations
with red and green phosphor [21], [22]), causing a significant
reduction in the radiant efficacy of QD light. We consider
this to be the main reason for the low luminous efficacy
of white LEDs, and detailed discussions will be presented.
Notably, the radiant efficacy of LED light is maintained at
approximately 2% although the concentration is larger than
20 mg/cm3, which is due to some of the LED light emis-
sion from the lateral of chips without absorption by QDs.
Moreover, the downconversion efficiency also increases with
the increase in the QD concentration owing to the increase in
the radiant efficacy of the QD light. When the QD concen-
tration >6.4 mg/cm3, it is interesting that the downconversion
efficiency decreases with the increase in the QD concentration,
and the maximum downconversion efficiency is only approx-
imately 76%. The following are some explanations. As the
absorption coefficients of QD light and LED light are in the
same order of magnitude, the absorption amounts of QD light
and LED light significantly depend on their probability of
crashing with QDs; in other words, it can be considered that
the QD light and LED light compete to be captured by QDs.
When the amount of QD light significantly exceeds the LED
light, it is evident that the QD light has a higher probability
of crashing with QDs, leading to a significant absorption
of QD light compared to the LED light, and subsequently,
the proportion of QD light decreases, as shown in Fig. 4(a)
(inset). The radiant efficacy of LED light and QD light (the
amount of LED light and QD light) is almost the same at
the concentration of approximately 3 mg/cm3; beyond this
concentration, the increase in the downconversion efficiency
becomes slow, which further supports this explanation.

These results can be further demonstrated by the down-
conversion loss (heat power generated by downconversion) as
shown in Fig. 4(b). It is evident that the downconversion loss
of both the QD light and LED light increases with the increase
in the QD concentration. However, it is interesting that the
downconversion loss of QD light becomes higher compared
to the LED light when the QD concentration is larger than
1.6 mg/cm3, causing the downconversion loss of QD light to
become more sensitive to concentration (a larger slope). This
indicates that it is possible for the reabsorption loss to be
larger than the generation of QD light with the increase in the
QD concentration, which is also the reason for the decrease in
the radiant efficacy of QD light around this QD concentration
as shown in Fig. 4(a). Moreover, the downconversion loss of
LED light shows almost no changes for QD concentration

larger than 6.4 mg/cm3, whereas the downconversion loss
of QD light continues to increase. This also illustrates that
the QD light is more likely to be captured and absorbed
by QDs owing to the higher amount of QD light compared
with the LED light, limiting the maximum downconversion to
approximately 76%. Therefore, employing a QD concentration
smaller than 1.6 mg/cm3 is suggested to ensure the generation
of QD light is larger than the reabsorption loss, leading to a
high radiant efficacy of QD light. Around this concentration,
the downconversion efficiency is limited to 55% (it tends to
be a cool white color). In order to achieve a much higher
downconversion efficiency (as high as approximately 76%),
employing a concentration ranging from 1.6 to 6.4 mg/cm3

is suggested by scarifying the radiant efficacy of QD light.
A concentration larger than 6.4 mg/cm3 is not recommended
since the loss of QD light is too much, leading to a reduction
in the downconversion efficiency. Consequently, it is worthy to
be noticed that a low QD concentration is extremely essential
to gain high radiant efficacy for white LEDs due to its intense
reabsorption. This is an important mechanism to optimize
packaging structures for white LEDs, which can also well
explain in our previous studies on the proposed horizontally
layered structures of QDCE [42].

Moreover, the defects of QD will lead to a heat power
generation similar to the phosphor [43]–[45]. It is assumed
that 15% of the absorption power turns into heat power as
discussed in the simulation method. The energy density (heat
power generation per volume) of QDs is also provided in
Fig. 4(b). Notably, the energy density decreases as the QD con-
centration increases, indicating that the heat power provided
by each QD decreases, along with the absorption of LED light
by each QD. It can be inferred that a single QD is required to
absorb significantly more LED light at a lower concentration,
potentially resulting in absorption saturation [32], [46] and
thermal quenching [47] with ease. Previous studies showed
that a high phosphor concentration could reduce the thermal
load by increasing the thermal conductivity of the silicone
matrix [6], [7]. It was also suggested that using a high QD
concentration helps to decrease the energy density. Moreover,
it can be observed that the performance of white LEDs with
different QD MLs is almost the same. Since MLs mainly
influence the scattering of QD [39], it is believed that the
scattering effect is too weak to influence the performance of
white LEDs.

The radiant efficacy, downconversion efficiency, downcon-
version loss, and energy density of white LEDs with PCEs are
also given for comparison in Fig. 5. Similarly, their tendencies
with the increase in concentration are such as the white LEDs
with QDCEs, except for the radiant efficacy and downconver-
sion efficiency of YAG light. It can be observed that the radiant
efficacy of YAG light also increases as the YAG concentration
increases, and it is significantly higher than that of QD light
(only approximately 17%). Consequently, the downconversion
efficiency can increase as high as approximately 90%. This is
because the absorption coefficient of YAG light is smaller than
1 mm−1 [39], which is approximately two orders of magnitude
smaller than that of LED light. Therefore, the reabsorption
effect can be almost ignored for white LEDs with PCEs, which
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Fig. 5. (a) Radiant efficacy and downconversion efficiency of white
LEDs with PCEs. (b) Downconversion loss and energy density of YAG
phosphor in white LEDs.

is further supported by the low downconversion loss of YAG
light as shown in Fig. 5(b). Moreover, compared with white
LEDs with QDCEs, it is observed that these values for white
LEDs with PCEs are less sensitive to concentration, and a
higher concentration is necessary to achieve sufficient YAG
light. This further demonstrates that the QDCE has stronger
absorption ability compared with the PCE.

The output color is an important parameter for applications,
which is dependent on the proportion of different wavelengths
of light affected by the downconversion efficiency. Therefore,
we compare QDs and YAG phosphor at the same downcon-
version efficiency to obtain a better understanding of their
different influences on white LEDs, as shown in Fig. 6.
Notably, only QD of five MLs is studied in this section for
simplicity. The energy densities of QD and YAG phosphor and
their ratios at the same downconversion efficiency are given in
Fig. 6(a). As shown in Figs. 4(b) and 5(b), the energy densities
of both QD and YAG phosphor decrease with the increase in
the downconversion efficiency. However, it is interesting that
the energy density of QDs is approximately 103 times larger
than that of YAG phosphor, which is caused by the unique
characteristics of QDs, i.e., much stronger absorption and
smaller size. This indicates that the thermal quenching induced
by downconversion events can be a significant problem for
QDs used in white LEDs. Moreover, the energy density
ratio (QD/YAG) increases as the downconversion efficiency
increases, indicating that the heat power generation of each
QD becomes much more significant than that of the YAG
phosphor at higher downconversion efficiency. As discussed

Fig. 6. (a) Energy density ratio of QDs to YAG phosphor, and their energy
density at the same downconversion efficiency. (b) Radiant efficacy
ratio of QDs to YAG phosphor, and their radiant efficacy at the same
downconversion efficiency.

earlier, this is mainly due to the higher reabsorption loss when
there is much more QD light, which leads to the increase
in energy density. It can be well explained that the lumen
maintenance of white LEDs with QDCEs is far lower than
that with PCEs [29]; especially, white LEDs with QDCEs
age more easily under large injection current (large LED
emission radiant power) conditions [30], [48], and only a
small injection current (approximately 65 mA) can ensure high
lumen maintenance for white LEDs with QDCEs by far [48].
Therefore, adopting a heat sink for QDCEs is suggested,
such as conformal structures that use LED chips to disperse
the heat generating from QDCEs [11], [30], [45]. Moreover,
according to the characteristics of YAG phosphor, a decrease
in the absorption or increase in the total size (such as surface
coating [49], [50]) of each QD particle could be potentially
employed in order to directly decrease the energy density,
which may provide new prospects to design QD structures
and LED packaging structures. Notably, this is the other
essential mechanism to optimize the packaging structures for
white LEDs; and these values are critical parameters in the
thermal modeling [43]–[45], [51] of white LEDs based on the
finite element method, which is helpful to begin an in-depth
investigation on the thermal load [7] of QDCEs.

The radiant efficacy of QD and YAG phosphor and
their ratio at the same downconversion efficiency are shown
in Fig. 6(b). Generally, the scattering effect can improve
the light extraction by deflecting light with large emission
angles, whereas it simultaneously increases the total internal
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reflection (TIR) and backward scattering by deflecting light
with small emission angles [36]. Previous studies [52], [53]
indicated that a suitable scattering ability is helpful to decrease
the TIR of white LEDs. However, a QDCE with significantly
lower scattering ability than the PCE [39] can also con-
tribute to a higher radiant efficacy when the downconversion
efficiency < 15%. As shown in Fig. 6(b) (inset), this is because
the QD light with larger emission angles that could have
been reflected at the QDCE surface has a higher probability
of being reabsorbed and subsequently isotropically reemitted
from QDs. A part of QD light reemitted at small emission
angles can escape from the QDCE surface with ease, sup-
pressing the TIR of QD light. A higher reabsorption loss
of QDs compared with that of YAG phosphor can further
support this explanation. This indicates that the QDCE with
suitable reabsorption ability can even contribute to high light
extraction, which further emphasizes the importance of using
low QD concentration for white LEDs. Moreover, backward
scattering is weak in the QDCE, which benefits the light
extraction. Therefore, the absorption loss by other packaging
elements (such as the LED chip and reflector) induced by
TIR and backward scattering in white LEDs with QDCEs can
be lower than that with PCEs. However, the radiant efficacy
of white LEDs with QDCEs decreases with the increase
in the downconversion efficiency owing to its significant
reabsorption loss. On the contrary, the radiant efficacy of
white LEDs with PCEs increases at higher downconversion
efficiency owing to the increased scattering ability, which
suppresses the TIR in white LEDs. This causes the radiant
efficacy of white LEDs with QDCEs to become far lower
than that with PCEs. Notably, the radiant efficacy of white
LEDs with PCEs shows almost no change and exhibits only a
slight decrease when the downconversion is very high owing
to the increase in backward scattering and refractive index in
PCEs. Furthermore, the radiant efficacy ratio (QD/YAG) shows
an exponential decrease when the downconversion efficiency
>50%, and the radiant efficacy of white LEDs with QDCEs
is 60% smaller than that with PCEs at a high downconversion
efficiency of approximately 76%. Therefore, adopting low QD
concentration to achieve a downconversion efficiency smaller
than 50% is suggested to maintain high light extraction, and
optimizations in QDCE structures or combinations with other
traditional phosphors (such as nitride phosphor with red emis-
sion light) are important to adjust the color coordinates and
realize low correlated color temperature [32], [48]. Moreover,
these values are similar to that obtained in the experiments,
which further reveals that the differences of their scattering
and absorption properties are the major factors that causes
the optical performance of QCLEDs far poorer than that of
PCLEDs.

Color uniformity is a major concern to achieve high-
quality white LEDs [5], [20], [24]. The conversion light
proportion distribution, which determines the color distrib-
ution, is used to evaluate the color uniformity, as shown
in Fig. 7. Notably, a lower standard deviation σ indicates a
higher color uniformity, and the reduction of uniformity of
white LEDs with QDCEs is demonstrated by the increment of
σQD compared with σYAG. Their conversion light proportion

Fig. 7. Conversion light proportion distributions of white LEDs with
QDCEs and PCEs. White LEDs with (a) 30%, (b) 40%, (c) 50%, (d) 60%,
and (e) 70% downconversion efficiency are illustrated. (f) Reduction of
uniformity of white LEDs with QDCEs under different downconversion
efficiencies.

distributions show almost no difference when the downcon-
version efficiency is sufficiently low (approximately 30%);
however, σQD becomes larger than σYAG as the downconver-
sion efficiency increases. It can be observed that the color
uniformity of white LEDs with QDCEs shows a maximum
reduction of approximately 40% compared to that with PCEs.
Previous studies indicated that the scattering effect plays an
important role in the color uniformity of white LEDs with
PCEs by deflecting the emission direction of the LED light
and YAG light in order to balance their distributions [4], [5].
Tailoring the particle size, thickness, and concentration of PCE
achieves high color uniformity. It can be known from this
paper that the weak scattering ability of QDs causes a lower
color uniformity of white LEDs with QDCEs at the same
downconversion efficiency, since it lacks an important strategy
to balance the light distributions. Consequently, the color
uniformity is a more significant problem for white LEDs
with QDCEs, as that we have observed in our previous
studies [35]. Although many studies have focused on the color
uniformity of traditional white LEDs with PCEs by optimizing
the packaging structures [20], phosphor particles size [5],
and introducing micro or nanostructures [24], [25], studies
on the color uniformity of white LEDs with QDCEs are still
scarce. We believe that these results can encourage many more
researchers to pay attention to this issue.

IV. CONCLUSION

In this paper, we have experimentally and theoretically
investigated the effect of QD scattering and absorption on
the optical performance of white LEDs by comparing with
the matured YAG phosphor. Their optical performance with
different aging time was given in experiments. Results show
that the radiant efficacy of QCLEDs is 65% smaller than
that of PCLEDs at the similar downconversion efficiency;
moreover, the downconversion efficiency and radiant efficacy
dramatically decrease for QCLEDs, while they show no
change for PCLEDs. It is interesting that QCLEDs have poorer
optical performances compared with PCLEDs even though
their quantum yields are comparable.
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To study this issue, a method combining FDTD and RT,
considering the unique scattering and absorption properties
of QDs in white LEDs, was introduced to reveal the mech-
anisms behind these results. The results indicate that the
significant reabsorption in QDCEs leads to a low radiant
efficacy and low downconversion efficiency (as high as only
approximately 76%) for white LEDs at high QD concentra-
tions; and their strong absorption ability and small particle
size leads to the high heat generation per volume, facing great
challenges for their thermal managements.

Furthermore, QCLEDs and PCLEDs were comprehensive
compared with from the theoretical side, typical results includ-
ing radiant efficacy are similar to that gained in experi-
ments. It demonstrates that QCLEDs exhibit a lower radiant
efficacy (reduced by more than 50%), higher energy den-
sity (approximately 103 times), and worse color uniformity
(reduced by more than 40%) compared with PCLEDs at the
same downconversion efficiency; in addition, it is found that
the reabsorption is another approach, similar to scattering, to
maintain the radiant efficacy of QCLEDs higher than that
of PCLEDs at a low downconversion efficiency (<15%).
These results indicate that the unique scattering and absorption
properties of QDs are the major factors that suppress the
improvement in optical performances for QCLEDs, which
should be concerned in the future designs. According to
differences between QDs and phosphor found in this paper,
two potential mechanisms to optimize the packaging structures
of QCLEDs are proposed. One is that reasonable QD con-
centration (lower than 6.4 mg/cm3) is suggested to gain high
radiant efficacy and downconversion efficiency by suppressing
the reabsorption loss and the TIR loss. The other is that
QDCEs with low absorption and large particle size similar
to that of PCEs are expected due to their significant heat
power generations. We believe that this paper can provide
a better understanding of designing packaging structures of
QCLEDs from the prospective of scattering and absorption
characteristics. This is also the first time that the optical perfor-
mance of QCLEDs considering scattering and absorption to be
studied from the theoretical side, the simulation method, and
given optical parameters are fundamental for further studies
on QCLEDs optimizations.

In the future, we plan to use low QD concentration to
gain high-performance white LEDs with high downconversion
efficiency by optimizing packaging structures.
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