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Scattering Nanoparticles-
Induced Reflection Effect for
Enhancing Optical Efficiency of
Inverted Quantum Dots-Light-
Emitting Diodes Combined With
the Centrifugation Technique
Inverted packaging structure is a promising alternative for thermal isolation between
light-emitting diode (LED) chips and quantum dot (QD) converters with effective heat
dissipation. However, serious reflection loss occurs at the lead frame owing to the
inverted bonding of LED chips. In this study, the scattering nanoparticles-induced reflec-
tion effect has been developed to enhance the optical efficiency of inverted QD-LEDs
combined with the centrifugation technique. The strong back-scattered effect of boron
nitride (BN) nanoparticles with a thin columnar structure is chosen for reflection
enhancement according to the ray-tracing and finite different time-domain simulations.
Furthermore, a centrifugation technique is introduced to control the equilibrium geome-
try of the BN-incorporating reflector (BNR) by changing the centrifugal speed. Results
indicate that the luminous flux of inverted QD/BNR-LEDs using the optimized concave
BNR structure largely increases by 82.8% compared with reference inverted QD-LEDs.
The great enhancement is attributed to the light concentrated effect of the concave geom-
etry and the strong diffusion reflection ability of BN scattering nanoparticles. Conse-
quently, the smart design on reflection properties of inverted QD-LEDs is critical for
achieving high optical performances. [DOI: 10.1115/1.4048034]

Keywords: light-emitting diode, quantum dot, inverted packaging, optical efficiency,
boron nitride

1 Introduction

Light-emitting diodes (LEDs) are promising solid-state light
sources with advantages such as high brightness, long lifetime,
and compact size. [1] Since the commercialization of blue GaN-
based LEDs [2], it becomes one of the most essential techniques
to generate various color combining blue LEDs with color con-
verters [3,4]. Generally, rare earth-based phosphor composites are
as color converters and integrated with LED chips, which have
been widely adopted in illumination and display systems [5].
Great efforts have targeted on optimizing the packaging structure
of phosphor-converted LEDs (pcLEDs) to improve their luminous
efficacy [6], operating temperature [7], and color quality [8],

accelerating the practical applications of pcLEDs in our daily
lives. Recently, quantum dots (QDs) attract great attention in LED
packaging owing to their high photoluminescence quantum yield
(PLQY), nanometer size, and narrow emission spectra [9–12]. It
is reported that a wide color-gamut of �120% NTSC can be
obtained by replacing the conventional phosphor converters with
QD converters [13]. In addition, QD-LEDs also become one of
the most promising strategies to realize full color micro/mini
devices to satisfy the future demands on high resolution display
applications [10,14–17].

However, the optical efficiency of QD-LEDs is still—twice
lower than that of pcLEDs [18] owing to the host matrix effect
[19–23] and reabsorption loss of QDs [12,24]. The conversion
efficiency of LEDs only using the QD converter is generally less
than �50%, indicating that over half of absorption energy is
turned into heat in QD converters. Moreover, QDs are always dis-
persed in polymer matrix with low thermal conductivity, suppress-
ing their heat dissipation [25–27]. Therefore, the low efficiency
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leads to not only high energy consumption and low brightness,
most importantly, but also a low optical stability caused by the
naturally thermal instability of QDs [28]. Therefore, several strat-
egies have been proposed to effectively increase the optical effi-
ciency of QD-LEDs, including liquid packaging [19] and
nanoparticles incorporating [12]. Specific to the QD-phosphor
hybrid LEDs [29], the separation between QDs and phosphor is
helpful to increase the efficiency by managing the interabsorption
loss and back-scattered loss [30,31]. In addition, the LED chips
are also great heat source once with watt-level injection power,
leading to a fast degradation of QD converters within seconds
[26]. In these situations, it is highly expected to remove the QD
converter from LED chips for thermal isolation [27,32]. However,
QDs are generally dispersed in polymer matrix with low thermal
conductivity, and the naturally convection is insufficient for the
heat dissipation of QDs. Our previous studies have proposed a
metal-based inverted packaging structure to solve this problem
[33], and the QD converter is still coated on the Al lead frame
while the LED chip is removed to the top side. Here comes to a
new challenge that all of blue light is extracted after undergoing
reflection loss at the Al surface, leading to a low optical
efficiency.

In this study, the scattering nanoparticles-induced reflection
effect has been developed to enhance the optical efficiency of
inverted QD-LEDs combined with the centrifugation technique.
The ray-tracing and finite difference time-domain (FDTD) meth-
ods were conducted to investigate the scattering effect of nanopar-
ticles on the reflection performance of inverted LEDs;
accordingly, the boron nitride (BN) scattering nanoparticles with
a thin columnar structure were selected. Then, a centrifugation
technique was introduced to obtain BN-incorporating reflector
(BNR) with different structures. The BN concentration and cen-
trifugal speed were adjusted to successfully control the equilib-
rium geometry of BNR for achieving high efficiency devices.

2 Experiments

First, the BN composites were dispensed onto the Al lead frame
to form a BNR. Then, the BNR-coated Al lead frame was fixed on
a spin coater (EZ4 SPIN COATER, Jiangyin Jiatu Technology,
Co., Ltd) with different centrifugal speed to adjust the curvature
of the BNR, as shown in Figs. 1(a) and 1(b). After centrifugation,
the Al lead frame was moved to the oven at a temperature of
90 �C for 1.5 h to cure the BNR. As for blue inverted BNR-LEDs,
the indium tin oxide deposited glass (ITO glass) bonded with a
blue LED chip was fixed on the top of the Al lead frame to estab-
lish the electrical connection between the LED chip and the lead
frame. As for inverted QD/BNR-LEDs, QD composites were dis-
pensed onto the BNR to form the QD converter before fixing the
ITO glass, and the QD converter was cured at the same condition
as the BNR. The diagram and photograph of inverted QD/BNR-
LEDs are shown in Figs. 1(c) and 1(d), respectively. In our cases,
the Al lead frame was selected considering the high thermal con-
ductivity, and its size was 6.3 (length)� 6.3 (width) mm. The QD
converter (PLQY of approximately 77%) is consisted with green
CdSe-based QDs (PLQY of approximately 82%) and polydime-
thylsiloxane (PDMS) matrix; the QD concentration and the dis-
pensing mass were kept at 1 wt.% and 5 mg (the thickness of a QD
layer is approximately 80 lm), respectively. Its absorption and
photoluminescence (PL) spectra are given in Fig. 2. The ITO glass
was used for LED chip bonding, and the thickness of the glass and
ITO layer is 1.1 mm and 185 nm, respectively. The LED chip is
with a flip-chip structure with a size of 0.89 (length)� 0.89
(width) mm; the peak wavelength is 455 nm. The BNR was con-
sisted with BN nanoparticles and PDMS matrix and the morphol-
ogy of BN nanoparticles is given in Fig. 3, which were purchased
from Aladdin reagent, Co., Ltd. The optical performances of devi-
ces were measured by an integrating system. All these tests were
conducted under laboratory conditions with a constant ambient
temperature of 22 �C.

3 Results and Discussion

3.1 Scattering Effect of Nanoparticles on Reflection Per-
formance. Nanoparticles are generally used to reduce the total
internal reflection loss and color deviation in conventional LED
devices utilizing their scattering effect [34,35], while they are
barely used for reflection enhancement. Therefore, a ray-tracing
simulation is first conducted to investigate the scattering
nanoparticles-induced reflection effect in order to provide some
guidelines for designing BNR. To ensure the simulation accuracy,

Fig. 1 (a) Diagram of centrifugal process of inverted LEDs. (b)
Photograph of inverted BNR-LEDs fixed on the rotation shaft
inserted with a gasket. (c) Cross-sectional diagram and (d) pho-
tograph of inverted QD/BNR-LEDs.

Fig. 2 The absorption and PL spectra of QD converter

Fig. 3 The scanning electron microscope (SEM) images of BN
nanoparticles. The insert shows the particle size distributions
with an average size of 144 nm.
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one million rays are used, and the threshold flux is 0.5%. In the
Monte Carlo bulk scattering model, scattering coefficient and
scattering distribution are used to determine the scattering phe-
nomenon of nanoparticles in the matrix [36]. Herein, the
Henyey–Greenstein function is used to represent the scattering
distribution of nanoparticles, which is determined by the anisot-
ropy coefficient g ranging from �1 to 1. A larger g indicates that
much more incident light is front-scattered along the incident
direction. The structural parameters are the same as the blue
inverted LED device used in experiments, and the optical parame-
ters are listed in Table 1; the color conversion processes are not
considered for convenience. In addition, the thickness of the
reflection layer is kept at 400 lm with an ideal planar structure.
The absorption loss A is used to evaluate the optical efficiency of
inverted LEDs in simulation, which is defined as follows:

A ¼ Pabs=Pchip (1)

where Pabs is the radiant power of blue light absorbed by Al lead
frame; Pchip is the radiant power of LED chip without packaging.
The absorption loss of inverted LEDs with different reflection
layers is given in Fig. 4(a). The absorption loss is as high as
37.8% when the reflection layer is without scattering ability, dem-
onstrating a serious optical loss of blue light. When the g is larger
than �1, the absorption loss slightly increases as the scattering
coefficient increases. This result can be attributed to the stronger
front-scattered ability of the reflection layer that disturbs the prop-
agation direction of incident blue light, increasing the total inter-
nal reflection at the interface between the reflection layer and the
air. However, the absorption loss obviously reduces as the scatter-
ing coefficient keeps increasing owing to the increasing back-
scattered ability, preventing the blue light from reaching at the Al
lead frame. Although all the reflection layers contribute to an
absorption loss smaller than 10% when the scattering coefficient
is large enough (�650 mm�1), it is not easy to achieve such a
high scattering coefficient in practices considering the dispersity
of nanoparticles. Fortunately, the reflection layer with a smaller g
value can more easily obtain lower absorption loss at the same
scattering coefficient. For example, the absorption loss is reduced
from 25.7% to 9.4% as the g decreases from 0.75 to �1 at the
same scattering coefficient of 100 mm�1. These results are
because that most blue light can escape from the reflection layer
and then emit out from the ITO glass when nanoparticles have a
strong back-scattered ability (small g values). While nanoparticles
have a strong front-scattered ability (large g values) as shown in
Fig. 4(c), most blue light can be absorbed by the lead frame.
Therefore, the back-scattered ability of nanoparticles is essential
to reduce the absorption loss by the Al lead frame.

Generally, the scattering distributions of the bulk layer are
determined by the structure of their incorporated nanoparticles
[37]. Therefore, a stronger back-scattered ability is highly
expected for nanoparticles in the reflection layer. To provide a
solid guidance to select nanoparticles for inverted LEDs with

reflection enhancement, a FDTD simulation is conducted to inves-
tigate this issue. Herein, two typical nanoparticles with spherical
and columnar geometry, respectively, are investigated in our
cases, which are generally used in LED packaging. The three-
dimensional FDTD model with total-field and scattered-field
source is used to obtain the scattering behavior of nanoparticles,
and the background refractive index is kept at 1.41, much more
detailed can be found elsewhere [38]. To ensure the simulation
accuracy, the minimum grid size located at the particle region is
2 nm, and the simulation time is set to be large enough (5000 fs)
to ensure energy convergence. The scattering power distributions
of spherical nanoparticles and columnar nanoparticles with differ-
ent particle size d are given in Figs. 5(a) and 5(b), respectively. In
this case, the columnar nanoparticles are with the thickness t as
the same as their particle size, and the complex refractive index of
all these nanoparticles is kept at 1.7 without absorption for inci-
dent light. All the light has an incident direction along 90 deg axis
as shown in Fig. 5. It is assumed that the nanoparticles are ran-
domly distributed in the reflection layer, which means that the
probability of light propagating into these nanoparticles with dif-
ferent incident angles is the same. Therefore, the scattering power
distributions of columnar nanoparticles are the average results
considering three typical orienting angles of 0 deg, 45 deg, and
90 deg for simplification (the angles between the thickness direc-
tion and the light incident direction). As for spherical nanopar-
ticles, all the orienting angles are the same owing to their
structural symmetry. In Figs. 5(a) and 5(b), as the particle size
decreases and becomes smaller than 100 nm, both of spherical
nanoparticles and columnar nanoparticles appear a stronger back-
scattered ability, which tends to be the Rayleigh scattering. How-
ever, the front-scattered ability also becomes stronger (wider
front-scattered distribution) as the particle size decreases, which is
not beneficial to achieve a higher back-scattered energy propor-
tion. Nevertheless, nanoparticles with a smaller particle size
(smaller than 100 nm) can be considered in the reflection layer
owing to its more obvious back-scattered ability.

We also investigate the scattering power distributions of colum-
nar nanoparticles with different thickness, as shown in Fig. 5(c),
their complex refractive index is also set as 1.7, and their particle
size is kept at 150 nm. It is interesting that the back-scattered
power largely increases as the thickness decreases while the front-
scattered power only slightly increases, which tends to be satu-
rated at a thickness of 20 nm. These results demonstrate that nano-
particles with a thinner columnar geometry are more expected in
the reflection layer in order to enhance the back-scattered energy
proportion. To have a deeper understanding on this issue, the
cross-sectional electromagnetic fields of nanoparticles with differ-
ent orienting angles are given in Figs. 6(a) and 6(b), which are
associated with the thickness of 150 and 20 nm, respectively. As
shown in Fig. 6(a), most of the electromagnetic energy is concen-
trated at the front direction for thick columnar nanoparticles
(t¼ 150 nm) with different orienting angles, and it is because that
their feature size is almost the same at different direction. As for
the thin columnar nanoparticles (t¼ 20 nm) shown in Fig. 6(b),
electromagnetic power around them becomes stronger as the ori-
enting angles increase. These results can be attributed to the
smaller future size along the light incident direction when the light
is perpendicularly incident into the end surface, leading to a
weaker scattering intensity. Their corresponding scattering power
distributions with the thickness of 150 and 20 nm are also given in
Figs. 6(c) and 6(d), respectively. It is clear that the scattering
power distributions are almost the same as thick columnar nano-
particles with different orienting angles, while they show great
difference for thin columnar nanoparticles. It is interesting that
the back-scattered energy proportion of thin columnar nanopar-
ticle with 0 deg orienting angle is even comparable with its front-
scattered energy proportion. As discussed in Fig. 6(b), this result
can be attributed to the light incident along the thickness direction
with the smallest feature size of 20 nm, which is more satisfied
with the Rayleigh scattering with a high back-scattered energy

Table 1 Optical parameters used in ray-tracing simulation of
inverted LEDs

Object
Reflectance

(%)
Refractive

index
Absorption

coefficient (mm�1)

Al lead frame 60 — —
ITO 85 — —
n-GaN — 2.43 0
MQW — 2.43 5
p-GaN — 2.43 0
Ag Reflector 98 — —
Sapphire — 1.84 0
Silicone — 1.41 0
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proportion. Therefore, the Rayleigh scattering along the thickness
direction with small size is the major factor that results into a
strong back-scattered ability for thin columnar nanoparticles. In
future, it is great potential to further increase the back-scattered
ability by carefully orienting the thin columnar nanoparticles to

ensure the light perpendicularly incident into the end surface. In
addition, a higher refractive index is also beneficial to increase the
back-scattered ability of these thin columnar nanoparticles
(t¼ 20 nm) as shown in Fig. 5(d), which can be originated from
the stronger diffraction effect.

Fig. 4 Ray-tracing simulations of inverted LEDs with different reflection layers. (a) Absorption loss of inverted LEDs using
reflection layers with various scattering coefficient and anisotropy coefficient g. ((b) and (c)) Diagrams of light-extraction
mechanisms of inverted LEDs using reflection layers with strong back-scattered ability (small g values) and front-scattered
ability (large g values), respectively.

Fig. 5 Scattering power distributions of nanoparticles. ((a) and (b)) Spherical and columnar nanoparticles with different parti-
cle sizes d, respectively; the thickness t of columnar nanoparticles is equal to particle size d in these cases. (c) Columnar
nanoparticles with different thicknesses t; the particle size d is kept at 150 nm. (d) Columnar nanoparticles with different
refractive index; the particle size d and thickness t are kept at 150 and 20 nm, respectively. All the scattering power distribu-
tions of columnar nanoparticles are the average results obtained by source with 0 deg, 45 deg, and 90 deg incident angles.
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3.2 Effect of Boron Nitride-Incorporating Reflector Struc-
ture on Chip Light Extraction. According to above theoretical
analysis on the back-scattered ability of nanoparticles, BN nano-
particles with a thin columnar structure (average particle size of
144 nm and thickness of 26 nm as shown in Fig. 3) are selected as

scattered centers in the reflection layer. In addition, a higher con-
centration is expected to achieve a larger scattering coefficient,
which is beneficial to obtain a stronger reflection performance as
discussed above. The reflection spectra of BNR with different BN
concentrations are given in Fig. 7(a), and the membrane thickness

Fig. 6 ((a) and (b)) Cross-sectional electromagnetic fields and ((c) and (d)) scattering power distributions of columnar nano-
particles with different orienting angles. ((a) and (c)) Thick columnar nanoparticles (t 5 150 nm). ((b) and (d)) Thin columnar
nanoparticles (t 5 20 nm). ((a) and (b)) The unit of column bar is a. u., and the scale bar is 40 nm. The columnar nanoparticle is
located within the dotted line.

Fig. 7 (a) Reflection spectra of BNR with different BN concentrations. The thickness is 400 lm. The insert gives
the concentration-dependent reflection for typical wavelengths of 455 and 535 nm, respectively. (b) Photographs
of BNR with different BN concentration under daylight. (c) Photographs of BNR under sunlight to show the trans-
mittance. (d) Photographs of BNR under green laser to show the diffusion reflection.
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is kept at 400 lm. The reflectance reaches as high as �90% incor-
porating with only 10 wt % BN nanoparticles, confirming their
excellent back-scattered ability for reflection enhancement. As the
BN concentration increases, the reflectance keeps increasing and
becomes saturated at the BN concentration over 40 wt %. The
reflectance for two typical wavelengths, blue (455 nm) and green
(535 nm) used in our cases, is summarized in the insert, which is
as high as �99% for both wavelengths after the BN concentration
over 40 wt %. The photographs of these BNR are also given in
Fig. 7(b), where the visible light is hardly transmitted at a high
BN concentration (Fig. 7(c)) and exhibits a strong diffusion reflec-
tion (Fig. 7(d)).

From the prospective of optical efficiency, the BN concentra-
tion over 40 wt % (at the case of 400 lm) is satisfied owing to its
high reflectance. Actually, the BN concentration should be as high
as possible, considering the thermal conductivity of BNR for
effective heat dissipation. However, there is a tradeoff that it is
difficulty to casting the BNR in the lead frame owing to the strong
viscous force at a high BN concentration. As shown in Fig. 8(a),
the casting BNR appears irregular shape and is not entirely cov-
ered in the lead frame even though with a low BN concentration

of 40 wt %. Therefore, we have introduced the centrifugal process
with good repeatability and consistency to overcome this limita-
tion. As shown in Fig. 8(b), the BNR with a high BN concentra-
tion is regularly and entirely covered in the lead frame after
centrifugation at a speed of 4500 rpm for 75 s. However, the BNR
with 70 wt % concentration is hardly coated with a regular shape
owing to the insufficient centrifugal force in our cases. As a result,
BN concentration of 60 wt % is selected for subsequent
investigations.

The equilibrium geometry of BNR can be determined by the
gravity, surface tension, and the centrifugal force by minimizing
the total free energy [39,40]. Herein, the centrifugal force is used
to adjust the equilibrium geometry of BNR by changing the cen-
trifugal speed, as shown in Fig. 9(a). A convex BNR structure is
observed at a low centrifugal speed, demonstrating that the cen-
trifugal force is not large enough to overcome the surface tension
of the BNR. As the centrifugal speed increases, the planar and
concave structures are observed in sequence. It is worth to men-
tion that a portion of BN composites is easily sputtered out of the
lead frame when the centrifugal speed is higher than 4500 rpm,
which is out of the consideration in our cases. The radiant power
of inverted BNR-LEDs with different centrifugal speed is given in
Fig. 9(b), which increases as the centrifugal speed increases. The
inverted BNR-LEDs using 4500 rpm have a radiant power of
22.3% larger than that using 3000 rpm, demonstrating that the
geometry of BNR is critical for achieving high optical efficiency.
As discussed above, a convex shape is obtained at a low centrifu-
gal speed of 3000 rpm; most of blue light from chips reaching at
the BNR surface with small incident angles has been reflected
toward large emission angles as shown in Fig. 9(c). As a result, a
portion of reflected blue light propagates into the ITO glass with
large incident angles, suffering from serious Fresnel flection loss;
while a portion of reflected blue light directly propagates into the
lead frame, causing much absorption loss. As the centrifugal
speed increases to 3500 rpm, an approximately planar geometry is
obtained. Compared with the convex BNR structure, the reflection
angles of blue light can be treated as the same as the incident
angles in the planar BNR structure as shown in Fig. 9(d). This
means that the reflection angles of blue light are without expan-
sion, which easily propagates into the ITO glass keeping their

Fig. 8 Photographs of BNR coating on the lead frame with dif-
ferent BN concentration. (a) Casting BNR without centrifuga-
tion. (b) BNR with centrifugation. The centrifugal speed and
time is 4500 rpm and 75 s, respectively. The concentration is 40,
60, and 70 wt % from left to right, respectively.

Fig. 9 Optical efficiency of inverted BNR-LEDs with different centrifugal speed. (a) Photographs of inverted
BNR-LEDs with different centrifugal speed. The diagram at the top-left is the cross-sectional view of inverted
BNR-LEDs. (b) Radiant power of blue inverted LEDs. ((c)–(e)) Diagrams of light-extraction mechanisms of
inverted BNR-LEDs with convex, planar, and concave BNR structure, respectively.
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small reflection angles and leads to less Fresnel reflection loss. As
the centrifugal speed increases over 4000 rpm, the planar structure
is gradually transited to the concave structure. Further compared
with the planar BNR structure, the reflection angles of blue light
are reduced compared with the incident angles at the concave
BNR surface as shown in Fig. 9(e). The concave BNR structure is
similar to the spotlight reflector to redirect the incident light
toward small emission angles, which is beneficial for the blue
light propagating into the ITO glass with smaller incident angles.
To further support this explanations, the intensity distributions of
concave and convex structures are given in Fig. 10. The concave
structure has a larger intensity at the emission angles within 660
degree compared with the convex structure. Especially, the inten-
sity enhancement is much higher at large angles (from 15 to 60
degree), further confirming that the concave BNR structure is
more beneficial to extract the blue light with large emission angles
from the LED chip by reducing the reflection angles. *Therefore,
a maximum radiant power is achieved using a concave BNR
structure. Moreover, all the inverted BNR-LEDs have a higher
radiant power even using the convex structure compared with con-
ventional inverted LEDs, which is mainly attributed to the high

reflectance of BNR. After geometry optimizations, the concave
BRN structure contributes to a radiant power increased by 28.3%
compared with the conventional one for blue devices.

3.3 Effect of Boron Nitride-Incorporating Reflector Struc-
ture on Quantum Dot Light Extraction. The optical performan-
ces of inverted QD/BNR-LEDs with different centrifugal speed
are also investigated, and their electroluminescence (EL) spectra
are shown in Fig. 11(a). The wavelengths in the blue region from
400 to 500 nm are regarded as chip light while that from 500 to
600 nm are regarded as QD light, which are originated from the
LED chip and QDs, respectively. The EL intensity of chip light
slightly increases with the increasing centrifugal speed, and the
peak intensity is increased within 10%, which is far lower than
that of blue devices. However, a larger enhancement in EL inten-
sity of QD light occurs as the centrifugal speed increases,
demonstrating that the BNR structure is helpful to increase the
color-conversion probability of QD converters. The radiant power
proportion (RPP) of chip light and QD light, defined as radiant
power ratio of the chip light (QD light) to the total light, with dif-
ferent centrifugal speed is given to support this notion, as shown
in Fig. 11(b). All of QD/BNR-LEDs appear a lower RPP of chip
light and a higher RPP of QD light compared with conventional
QD-LEDs, confirming much more conversion events occurring in
QD/BNR-LEDs. One reasonable explanation is that the reflection
ability of BNR is originated from the scattering effect of BN
nanoparticles. It is unsurprising that a strong diffusion reflection
occurs at the BNR surface, leading to a longer optical path of blue
light in the QD converter as compared in Figs. 12(a) and 12(b).
To investigate this issue, the reflection distributions of BNR with
different concentrations are given in Fig. 12(c), and a stronger dif-
fusion reflection intensity can be observed at emission angles out
of the specular angles with the increasing BN concentration.

Fig. 10 Typical intensity distributions of inverted BNR-LEDs

Fig. 11 Optical efficiency of inverted QD/BNR-LEDs with different centrifugal speed. (a) EL spectra. (b) Radi-
ant power proportion of light originated from chip and QD, respectively. (c) Radiant power. (d) Luminous flux.
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Furthermore, the same QD converter is assembled to each BNR
with different BN concentrations, respectively. Their photolumi-
nescence (PL) spectra are given in Fig. 12(d), and the 365 nm
excitation light is incident from the QD side to obtain the reflected
conversion light. It is obvious that the PL intensity largely
increases with the increasing BN concentration, which can be con-
firmed by the photographs shown in Figs. 12(e) and 12(f). More-
over, the PL enhancement is summarized in the insert of
Fig. 12(d) by integrating the corresponding PL spectra. Notably,
the PL enhancement of BNR with 60 wt % concentration is further
higher than that with 40 wt % concentration even though their
reflectance is very similar (Fig. 6), achieving a maximum PL
enhancement of 5.24 fold compared with the bare QD converter.
These results suggest that the diffusion reflection of BNR largely
contributes to enhancing the PL intensity of QD converters, which
can well explain the enhanced EL intensity of QD light in devices
after using BNR structures.

Although the dispensing mass of QD converters is the same for
all structures, the RPP of QD light keeps increasing as the centrif-
ugal speed increases as shown in Fig. 11(b). These results demon-
strate that the geometry of QD/BNR also affects the conversion
probability of QD converters. Accordingly, the cross-sectional
views of QD/BNR on the lead frame with different centrifugal
speed are given in Figs. 13(a)–13(c). The QD converters keep
approximately planar surface determined by the low viscosity of
PDMS matrix. However, they become thicker in the centered
region as the centrifugal speed increases, which is influenced by
their below BNR structures. This means that the blue light has a
longer optical path in the centered region of QD converters as the
centrifugal speed increases, as shown in Figs. 13(d) and 13(e).

Moreover, the blue light in the centered region with small emis-
sion angles from chips is generally with large intensity owing to
the Lambertian lighting of LEDs. This portion of blue light much
more contributes to increasing the conversion events compared
with that in the edge region with large emission angles from chips.
As a result, the concave BNR structure is more beneficial to
increase the color-conversion probability of QD converters. The
radiant power of inverted QD/BNR-LEDs with different centrifu-
gal speed is given in Fig. 11(c). It is interesting that the convex
BNR structure (3000 rpm) also largely contributes to an enhance-
ment by 20.7% after considering color conversion; such enhance-
ment is far higher than that in blue devices. These results are
because that much of chip light is converted to QD light before
reaching the surface of BNR; the extraction of QD light is less
affected by the BNR structure owing to its isotropic emission and
is mainly improved by the enhanced reflection ability. As dis-
cussed above, there are much more conversion events with the
increasing centrifugal speed owing to the increased optical path of
chip light in the centered region of QD converters. Generally,
much more conversion events are associated with a larger conver-
sion loss. Therefore, the enhancement caused by different BNR
structures in QD devices become less obvious compared with that
in blue devices; the radiant power of concave BNR structure
(4500 rpm) is only 7% higher than that of the convex (3000 rpm).
However, a maximum increase of 27.7% is still achieved when
using a concave BNR structure (4500 rpm) just similar to that in
blue devices. In addition, much more conversion loss demon-
strates a larger thermal power generated in the QD layer, which is
not beneficial to increase the device stability. In future, there is
still great improvement space for thermal performances by further

Fig. 12 Diagrams of light propagating into QD/BNR in inverted LEDs. ((a) and (b)) Diagrams of light reflection
at the QD/substrate interface and the QD/BNR interface, respectively. ((c)) Reflection distributions of BNR with
different concentration. The blue laser is used as the light source with incident angle of �10 deg. (d) PL spec-
tra of QD/BNR hybrid membranes with different BN concentrations. ((e) and (f)) BNR membranes and QD/BNR
hybrid membranes under ultraviolet light with different BN concentrations. The substrate under the membrane
is the polished aluminum sheet.
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optimizing the structures of QD and BNR layers. The luminous
flux of these devices is also given in Fig. 11(d), which shows a
similar tendency as the radiant power. It is worth to mention that
the optimized concave BNR structure (4500 rpm) contributes to a
maximum increase of 82.8% compared with the reference device,
which is attributed to the synergistic effect of BNR structures for
enhancing light extraction and PL intensity. Therefore, we can
safely indicate that the concave BNR structure is significant to
increase the optical efficiency of inverted LEDs.

To provide a more comprehensive understanding of the BNR
structure, the optical performance of inverted LEDs with different
BNR dispensing mass is also investigated. The radiant power of
blue inverted BNR-LEDs is given in Fig. 14(a), and the centrifu-
gal speed is kept at 4500 rpm. The BNR dispensing mass of 1, 3,
and 5 mg is corresponding to the thickness of 80, 250, and
400 lm, respectively, at the centered point. It is unsurprising that
the radiant power decreases as the dispensing mass reduces prob-
ably owing to the change in geometry or reflectance, while BNR
structures, even with 1 mg dispensing mass, still contribute to a
larger radiant power compared with the reference. To accurately
figure out the behind reason of these results, the reflectance

spectra of BNR with different thickness are shown in Fig. 14(b);
each thickness approximately corresponds to the dispensing mass
of BNR in devices as illustrated above. The reflectance of BNR
with the thickness between 250 and 400 lm is similar while obvi-
ously larger than that with the thickness of 80 lm. The reflectance
of BNR is summarized in the insert with two typical wavelengths
for convenience. These results can well explain that the radiant
power reduction with decreased dispensing mass is significantly
influenced by the geometry of BNR as the reflectance difference
between 250 and 400 lm can be neglected. It is obvious that the
curvature reduces in the thinner BNR and tends to be a planar sur-
face. Therefore, a thicker BNR is an alternative to obtain a more
concave structure to achieve a higher optical efficiency. Further-
more, QD converters are coated onto BNR to gain the inverted
QD/BNR-LEDs, and their radiant power and luminous flux are
given in Fig. 14(c). Similarly, both of their radiant power and
luminous flux decrease as the dispensing mass reduces, which are
still larger than that of the reference without BNR structure. In
addition, their EL spectra are given in Fig. 14(d) to investigate
this issue. It is obvious that the reduced optical efficiency can be
mainly attributed to the declining EL intensity of QD light. More-
over, a slight reduction in EL intensity of QD light is still
observed when the dispensing mass decreases from 5 to 3 mg
although these BNR have similar reflectance spectra. The RPP of
QD light is calculated and given in the insert, and a reduced RPP
of QD light is also observed, demonstrating that there is a lower
conversion probability as the dispensing mass reduces. As dis-
cussed in Fig. 13, these results are because that the extraction of
QD light is significantly affected by the diffuse reflectance, which
can be further supported by the PL spectra with different BNR
thicknesses as shown in Fig. 15. An increased PL intensity is
observed as the thickness increases from 250 lm to 400 lm
although these BNR are with similar reflectance.

4 Conclusion

In this paper, we develop the scattering nanoparticles-induced
reflection effect to enhance the optical efficiency of inverted QD-
LEDs combined with a centrifugation technique. The scattering
effect of nanoparticles on the reflection performance of inverted
LEDs is investigated using the ray-tracing and FDTD methods.
Results indicate that a stronger back-scattered ability of nanopar-
ticles is beneficial to increase the reflection performance when
compared at the same scattering coefficient. Moreover, the back-
scattered ability of two typical structures of nanoparticles (spheri-
cal and columnar structures) is investigated, demonstrating that
the thin columnar structures are highly expected to enhance the
back-scattered energy proportion. These results are mainly attrib-
uted to the Rayleigh scattering for light perpendicularly incident
into the end surface of the thin columnar nanoparticle. Therefore,
a solid guideline is provided to choose the BN nanoparticles with
a thin columnar structure as scattered centers in the reflection
layer of inverted QD-LEDs. Herein, a centrifugation technique is
introduced to achieve the equilibrium geometry for BNR struc-
tures by balancing their viscosity (surface tension). The centrifu-
gal speed is used to control the equilibrium geometry of BNR
structures, indicating that the concave BNR structure with the
light concentrating effect is most beneficial to increase the optical
efficiency for blue light, which can be attributed to the less Fres-
nel reflection loss of reflected blue light at the surface of the ITO
glass. After coating with QD layers, the optimized concave BNR
structure further increases the color-conversion probability and
boosts an increase of 82.8% in luminous flux compared with the
conventional inverted QD-LEDs, which is simultaneously resulted
from the light concentrated effect of the concave geometry and
the strong diffusion reflection ability of BN nanoparticles. Conse-
quently, the concave reflection layer incorporated with thin
columnar BN nanoparticles plays a significant role in enhancing
the optical efficiency of inverted LEDs.

Fig. 13 ((a) and (c)) Photographs of cross-sectional views of
inverted QD/BNR LEDs with centrifugal speed of 3000, 3500,
and 4500 rpm, respectively. ((d) and (e)) Diagrams of blue light
path in QD converters of inverted LEDs when using concave
and convex BNR structure, respectively.
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In future, we plan to optimize the QD/BNR hybrid structures to
comprehensively improve the optical and thermal performances
for inverted LEDs.
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