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Eliminating the Residual Ultraviolet Excitation
Light and Increasing Quantum Dot Emission

Intensity in LED Display Devices
Caiman Yan, Guanwei Liang, Guoquan Liu, Yong Tang, Jiasheng Li , and Zong-Tao Li , Member, IEEE

Abstract— Ultraviolet light-emitting diodes (UVLEDs)
used as excitation sources for quantum dots (QDs) are
promising candidates for the display field. To eliminate
the residual excitation light, the conventional method is
simply increasing the optical density of QDs for packaging,
which would significantly reduce the luminous efficiency
of QD-light-emitting diode (LED) devices owing to reab-
sorption loss. In this study, the combination strategy of
a boron nitride (BN) reflective coating and an ultraviolet-
reflection filter (UV-R filter) for QD-LED devices is proposed.
By managing the recycle of UV light to excite more QDs
and reducing the reabsorption effect of QDs carefully, their
green emission intensity of LED using such a strategy is
82.0% higher than that of a conventional device with a
similar QD light energy proportion of ∼99.0% (almost no
residual UV excitation light). This strategy is also effec-
tive for red QD-LED devices while eliminating residual UV
excitation light and enhancing the red emission intensity.
Therefore, this study provides an effective way to develop
QD-LED devices with high QD emission intensity and low
UV light leakage for display.

Index Terms— Light-emitting diodes (LEDs), optical per-
formance, quantum dot (QD), residual ultraviolet (UV) exci-
tation light, UV.

I. INTRODUCTION

L IGHT-EMITTING diodes (LEDs) are showing an explo-
sive growth trend in the display and lighting fields as a

result of their high brightness, good stability, long life, and
contribution to environmental protection [1], [2]. Red, green,
and blue (RGB) are the three primary additive colors in display
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technology. To obtain text or images in color, conventional
backlighting typically uses white LEDs as the light source and
optical filter technology to obtain the colors [3]. A limitation
of using white LEDs for backlighting is that it is difficult to
obtain a black image with a satisfactory contrast ratio. By
employing a large number of LED chips, RGB direct display
technology is able to use local dimming techniques [4], which
can attain a better contrast ratio and become one of the most
promising techniques in the high-quality display.

RGB LED devices are the basis of direct display technol-
ogy [5]. Because the blue LED is an advanced technology,
it is usually employed for blue light [6]; for the green and
red light, an effective strategy is to use shorter wavelengths
to excite fluorescent material [7]. Quantum dots (QDs) are
an attractive alternative to fluorescent material because of
their select emission wavelength, narrow full-width at half-
maximum (FWHM), and high color purity [8], [9]; there has
been a surge of attention on applying QDs in the display field.
Luo et al. [10] reported that the color gamut could reach 115%
NTSC(1931) using QDs. Similar wide color gamut results
have been confirmed by Zhu et al. [11] and Chen et al. [12].
However, the luminous efficiency of QD-LED devices is not as
high as that of traditional phosphor materials such as yttrium
aluminum garnet (YAG) [13]. Many studies have focused
on improving QD luminous efficiency [14]. Lei et al. [15]
reported an optimized single-unit structure to enhance the
optical performance of QD-LED devices; our team found that
using the hexagonal pore structure of SBA-15 mesoporous
particles for package enhances the color-conversion efficiency
of QD-LED devices by more than 50% [16]. Although the
luminous efficiency of QD-LED devices has increased, it is
still difficult to satisfy the requirement in RGB display.

For an excitation light source, short wavelengths are mainly
obtained from LED chips, including ultraviolet (UV) and blue
chips. In our previous research, we have compared the display
performance of LED devices using UV and blue chips as
short-wavelength excitation light sources [17]. The UV-excited
QD LED devices exhibit a better color purity compared with
the blue-light excitation counterparts. For example, at the
same QD concentration of 1.2 wt%, the residual UV light
of the UV-excited LED is 30.5%, while the residual blue
light of the blue-excited LED is 46.7%. Moreover, by using
UV light as the excitation source, the color gamut of the
UV-excited LED could be increased to 110% NTSC1953
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standard, while the color gamut of the blue-excited LED is
only about 85% NTSC1953 standard. These results suggest
that the UV excitation solution has an advantage in the display
field with better color purity and a wider color gamut [17].
However, one of the great challenges in short-wavelength
excitation is eliminating its residual peak [18]. In pursuit of
green or red light, the residual short-wavelength excitation
light hinders color purity improvement. What is worse, the
mammalian cell is more sensitive to short wavelengths such
as blue or UV light [19], [20]; the American Medical Asso-
ciation has issued a warning against long-term exposure to
these short-wavelength light [21]. To eliminate the residual
short-wavelength excitation light, Chen et al. [22] designed
a monolithic RGB micro-LED chip, with a hybrid Bragg
reflector (HBR) and a distributed Bragg reflector (DBR) on
the bottom and topside, achieving the elimination of blue
light when green light and red light are excited. This solution
considers only the chip design and has not conducted research
from the device package integration level. In the device
package, Lin et al. [23] also introduced a specially designed
DBR structure, which allows the visible (VS) light to pass
but hinders the residual UV excitation light. However, the
cost would increase with complicated DBR manufacturing.
Meanwhile, the UV light blocked by the DBR can be easily
absorbed by QDs; the reexcitation of QDs can also increase
the conversion loss owing to the more serious reabsorption
effect [24]. At present, most of the previous research studies
considered only the short-wavelength light eliminating or
the conversion efficiency separately, and there are still great
challenges to simultaneously eliminate residual UV excitation
light while increasing QD emission intensity.

In this study, two different LED structures to eliminate the
residual UV excitation light are compared. The first conven-
tional structure eliminates the residual UV excitation light
only by increasing the optical density (LED I). A combined
structure of a boron nitride (BN) reflective coating and a
UV-reflection filter (UV-R filter) for LED is proposed as our
structure (LED II). The effect of the QD concentration on
the elimination of residual UV excitation light and the color
conversion is studied first. Then the proposed LED II with the
combination of a UV-R filter and BN coating is optimized to
enable the secondary excitation of QDs while eliminating the
residual UV excitation light. Moreover, the severe reabsorption
problem from QDs caused by UV light recycling is solved
by regulating the QD concentration. Finally, the proposed
LED II device has a QD emission intensity 82.0% higher
than traditional LED I under a similar QD light energy
proportion (QP) of ∼99.0% according to a comprehensive
comparison.

II. EXPERIMENTAL

A. Materials and Equipment

The green and red QDs (GQDs and RQDs) were purchased
from Beijing Beida Jubang Science and Technology Company,
Ltd., with a labeled photoluminescence quantum yield (PLQY)
of over 90%. Polydimethylsiloxane (PDMS) was purchased
from Dow Corning Corporation, USA. The optical filters

Fig. 1. PL and absorption spectra of (a) GQDs and (b) RQDs.

Fig. 2. SEM image of BN NPs: magnification (a) 30 K and (b) 50 K. Inset
is a calculation of the diameter distribution of 50 samples.

(bandpass and dichroic filter) were designed by PHTODE
Company, Ltd. The high purity BN nanoparticles (BN NPs)
were purchased from Shanghai Xiangtian Nano Materials
Company, Ltd. In detail, the GQDs and RQDs are nanoscale
fluorescent materials based on a CdSe/ZnS core–shell struc-
ture. Their photoluminescence (PL) and absorbance spectra are
shown in Fig. 1. The emission wavelengths of the GQDs and
RQDs are 529 and 627 nm, respectively. Their FWHM values
are 27 and 31 nm, respectively, which are much narrower than
that of the common YAG phosphor [25]. QDs with narrow
FWHM have great potential for displays because of their high
color purity, as shown in the inset in Fig. 1. In addition, the
absorption peaks of the GQDs and RQDs are located at 519
and 612 nm, respectively.

As for BN NPs, they appear stacked in layers as shown
in Fig. 2(a). Under greater magnification [Fig. 2(b)], the BN
NPs are approximately circular and sheet-like. Based on a
sample of 50 NPs, the size distribution of the BN NPs is
approximately normal, with an average diameter of 218.7 nm.

To eliminate the residual UV excitation light, the dichroic
filter is chosen here. A dichroic filter is of the cutoff type,
meaning that wavelengths shorter than its threshold are not
passed. The transmittance shown in Fig. 3(a) confirms this
characteristic. In particular, the dichroic filter transmits for
wavelengths of over 512 nm with a transmittance of up to 90%.
The transmittance in other wavelength regions is close to zero
like the UV band (370 nm). Moreover, the reflectance of the
dichroic filter was also measured [Fig. 3(a)]. The regularity
of the reflectivity is exactly the opposite of the transmittance.
Using BaSO4 as the 100% reflection baseline, the reflectivity
of the dichroic filter is up to 100% in the band within 350–
450 nm. Therefore, this dichroic filter mainly filters UV
light by reflecting. Based on this experimental conclusion, the
dichroic filter is referred to as the UV-R filter. The UV-R filter
plays a key role in blocking UV while transmitting VS light
from QDs, as shown in Fig. 3(b).

The PL and absorbance spectra were measured using a
fluorescence spectrophotometer (RF-6000, Shimadzu, Japan)
and a UV-VS spectrophotometer (TU-1901, Persee, Beijing,
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Fig. 3. (a) Transmittance and reflectance spectra of the dichroic filter.
(b) Schematic of UV-R filter function.

China). The image of the BN NPs was captured by a scanning
electron microscope (SEM) operating at 10 kV (Merlin, Zeiss,
Oberkochen, Germany). Electroluminescence (EL) spectra and
optical parameters were obtained by a calibrated spectral
test system, primarily composed of a high precision power
supply (Keithley 2425, Keithley Instruments and Products,
Cleveland, OH, USA), an integrating sphere, an Oceanic
spectrometer (USB2000+, Ocean Optics, Largo, FL, USA),
and corresponding software. The transmission and reflection
spectra were obtained by a UV–VS spectrometer with integral
sphere attachments (UV-Vis 2600, Shimadzu, Japan). For the
reflection spectra of an optical filter, an incidence angle of 8◦
was adopted for the experiment. Thermal tests were performed
using an infrared thermal imaging instrument (A655SC, FLIR
SYSTEMSAB, Switzerland).

B. Preparation of QD-LED Devices With a UVLED Chip

To prepare the green or red QD-LED devices, a 45 mil ×
45 mil UV LEDs (UVLEDs) chip with a 370-nm emission
peak was first mounted on the substrate. Gold wired electrical
connections were made by ultrasonic welding. PDMS silicone
was chosen as the major packaging material. Herein, two types
of LEDs were prepared by using BN-based and QD-based
silicone. The BN-based silicone was formed by mixing BN
NPs and PDMS together in specific mass ratios. For the BN
reflective coating, a high-precision dispensing machine is used
to uniformly dispense the BN-based silicone around the stent.
This dispensing quality of BN-based silicone is controlled
at 3 mg ± 0.1 mg. Then this BN-based silicone was flowed
along the edges to the bottom of the bracket. Taking advantage
of the colloidal fluidity, the entire bottom and sides of the
bracket (excluding the LED chip) were covered with the BN
reflective coating. As for the QD coating, the preparation of
the QD-based silicone is similar to that of BN-based silicone,
which was directly dispensed into the cavity; the optical filter
was then placed on top of the LED device and joined by a
PDMS connection. Finally, the LED device was heated at
90 ◦C for 1 h. To maintain experimental consistency, the
amount of silicone was fixed at 11 mg, which was formed
by 11-mg QD-based silicone alone or a combination of 8-mg
QD-based silicone and 3-mg BN-based silicone.

As shown in Fig. 4(a) and (b), there are two kinds of
LEDs to be explored in this study. LED I denotes an LED
device that contains only QDs package, which is also the most
common traditional packaging structure; LED II is fabricated

Fig. 4. (a) and (b) Schematics of two LED structures. (c) Schematic of
the RGB display module applying LED II structure in red and green LED
devices.

by first introducing the BN reflective coating, then filling the
QD-based silicone and finally combining with an optical filter.
As shown in Fig. 4(c), a typical RGB display module includes
three primary color LED devices. Blue light is from a blue
LED chip; green and red light are obtained by exciting QDs
with UV light. By applying the LED II structure to UV-excited
green and red LEDs, it is expected to obtain a pure three
primary colors without residual UV excitation light and high
QD emission intensity. By adjusting the ratio of the three
primary colors, full display colors could be obtained. In this
research, we mainly focused on the optical performances of
the single unit in an RGB display module.

III. RESULTS AND DISCUSSION

A. Effect of QD Concentration on Device Color Purity
and QD Emission Intensity

For a high-quality display device, it is essential to reduce
the residual UV excitation light and enhance the QD emission
intensity as much as possible, which is also the primary goal of
the above LED structures (Fig. 4) in this study. The first LED
structure represents the idea of increasing the optical density
(high QD concentration) for UV excitation light. However, this
strategy is barely investigated comprehensively considering the
elimination of excitation light and the enhancement of QD
emission intensity. Therefore, we first investigated traditional
LED I structure to provide a better guideline on the subsequent
design of our proposed LED II [Fig. 4(b)].

Herein, we use the LED I structure with GQDs as an
example to investigate the effect of QD concentration of
eliminating residual UV excitation light and enhancing QD
emission intensity. A series of green LEDs with different
QD mass concentrations 0, 0.08, 0.16, 0.4, 0.6, 1.6, 3.2, and
4.8 wt% was fabricated. From the EL spectra in Fig. 5(a),
each QD-LED device has a UV peak (371 nm) and a green
peak. The UV peak is derived from the UV LED chip, and
the green peak originates from GQDs. As the concentration
of QDs increases, the intensity of UV light decreases, while
the intensity of QD light initially rises and then falls, reaching
the maximum at 0.6 wt% concentration. In addition, the wave-
length of the QD light at high concentration is accompanied
by a redshift. When the UV and green peaks are analyzed
separately in Fig. 5(b), the UV intensity is close to 0 at a
high QD concentration of 4.8 wt%, and the green intensity
obtains a maximum radiant flux at 0.6 wt%. At a low QD
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Fig. 5. (a) EL spectra. (b) UV/green light intensity. (c) QAE and QCE.
(d) QPCE and QP of QD-LED devices with different QD concentrations.

concentration, much more UV light converted into QD light
follows the increase of QD concentration. However, when the
concentration becomes too high, reabsorption effect of QDs
dominates, accompanied by the reabsorption and reemission
of photons. This process results in energy loss and reduces
the QD emission intensity [26].

The process of color conversion is mainly divided into two
steps: absorbing UV light and then converting it into QD emis-
sion light. To better discuss these processes and evaluate the
performance of QD-LED devices, QD absorption efficiency
(QAE), QD conversion efficiency (QCE), QP, and QD power
conversion efficiency (QPCE) are defined as follows:

QAE = Iab

IUV
(1)

QCE = IQD

Iab
(2)

QP = IQD

ITotal
(3)

QPCE = PQD

PE
(4)

where Iab indicates the absorbed UV intensity by QDs; IUV

means the initial UV intensity of a UVLED chip; IQD means
the QD emission intensity; ITotal means the total emission
intensity of a LED; PQD represents the QD optical power;
and PE means the electric power of a LED. The calculated
intensity is obtained by integrating the EL spectrum obtained
from the experiment. Specifically, the QAE represents the
QD absorption capacity; the QCE represents the QD color
conversion efficiency; the QPCE represents the total energy
efficiency of QDs converting electrical power to optical power;
the QP represents the amount of residual UV excitation
light. A higher QP means less residual UV excitation light,
indicating better color purity.

The QAE, QCE, and QPCE, QP of LEDs with different
QD concentrations are concluded and shown in Fig. 5(c) and
(d), respectively. As shown in Fig. 5(c), the QAE increases
while QCE decreases with increasing QD concentration, which
indicates that QAE and QCE have a negative relationship.
At a lower QD concentration, LED owns a higher color
conversion efficiency while weaker absorption ability to the
UV light. For example, at the lowest QD concentration, QCE

is 94.1% and QAE is only 20.2%. Therefore, there is a tradeoff
between QAE and QCE for QD emission intensity. As shown
in Fig. 5(d), QPCE first increases to the highest value of
13.4% at a QD concentration of 0.6 wt% and then decreases,
which is consistent with the QD emission intensity [Fig. 5(b)].
Meanwhile, the QP of LEDs keeps increasing with increasing
QD concentration. As a result, the LED device attains a QP of
99.2% at a QD concentration of 4.8 wt%. As the elimination of
residual excitation light is necessary for high-quality display
applications, the QD concentration of 4.8 wt% is optimal for
LED I. However, eliminating the residual UV excitation light
at such a high QD concentration would inevitably sacrifice the
QCE. The QCE decreases by 34.4% when QD concentration
further increases from 0.6 wt% (where is the maximum QPCE)
to 4.8 wt% (where is the maximum QP). Therefore, it is still of
great challenge to simultaneously obtain high QP and QPCE
at the same time, which is also the pursuit of this study.

B. Proposed a Combined Structure for Eliminating
Residual UV Excitation Light While Increasing QD
Emission Intensity

An optical filter is widely used in backlighting, which is
recently introduced to eliminate the residual short-wavelength
excitation light in LED devices [27]. In a previous study, it was
found that the BN NPs do not absorb 370-nm UV light due
to their excellent wide bandgap properties [28]. Therefore,
a combined structure of a BN reflective coating and a UV-
R filter has been introduced here to further investigate the
performance of reducing residual UV light, which is the LED
II described in the experimental stage [Fig. 4(b)]. According
to Section III-A, an optimal QD concentration of 0.6 wt% is
used for LED II packaging.

The EL spectra of LED II with different BN concentration
coatings were tested and shown in Fig. 6(a). In our cases, the
maximum BN concentration for BN coating is set to 15 wt%,
which is limited to the high viscosity. The UV-R filter main-
tains excellent reflection performance for the UV light so that
the UV light of all samples is close to zero. Meanwhile, the
QD emission intensity of LEDs increases as BN concentration
increases; with 15 wt% BN concentration coating, the QD
emission intensity further increases by 20.1% compared with
that of LED II (UV-R filter). The behind mechanisms would
be discussed in subsequence. Moreover, the QPCE and QP
are also calculated here, as shown in Fig. 6(b). The QP of
LED II is maintained at a very high value of over 98%.
Moreover, the QPCE further increases from 15.3% to 18.3%
as the BN concentration increases from 0 to 15 wt%. For
QD-LED, the QPCE is mainly related to UV intensity and
QD emission intensity. Since the UV peak of all samples
is close to 0, the increase of QPCE is mainly due to the
increase of QD intensity, which is attributed to the introduction
of BN coating. These results suggest that the BN coating
is essential to eliminating residual UV excitation light while
further improving the QD emission intensity.

To investigate the effect of BN coating for the LED II,
UVLEDs (without packaging QDs) with different BN con-
centration coatings were fabricated and discussed. Their EL
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Fig. 6. (a) EL spectra. (b) QPCE and QP of LED II with different BN
concentration coatings.

spectra are shown in Fig. 7(a). The UV intensity keeps rising
as BN concentration increases. The radiant flux is concluded
in Fig. 7(b). Specifically, the best radiant flux improvement is
57.8% with 15 wt% BN concentration coating, compared with
the UVLED without BN coating. Therefore, the BN coating
reduces the internal loss of UV light and improves the overall
light output of the UVLED device. A previous study pointed
out that the conventional TiO2− based polymer brackets used
for blue LEDs are no longer suitable for UVLEDs, which
has a relatively severe light absorption effect [29]. Therefore,
it is speculated that the BN NPs with a wide bandgap form a
special layer of high reflectivity, which reduces the absorption
loss of the polymer bracket. A series of BN films with
a concentration ranging from 0 to 15 wt% were prepared
on a glass substrate to support this notion; the BN film
thickness is set to 150 µm. The reflection spectra of the
BN films are given in Fig. 7(c). With the addition of BN
NPs, the reflectances of all wavelengths gradually increase,
and the increase rate of the UV region is more obvious than
the VS region. As shown in the inset in Fig. 7(d), without
BN NPs, the film is highly transparent. Specifically, the UV
reflectance of BN film could increase to 85.8% with 15 wt%
BN concentration at 370 nm. Therefore, BN coating in UV
LED devices mainly plays a role in blocking the bracket
from absorbing UV light and enhancing the reflection of UV
light. In short, this high reflective BN coating strategy could
increase the total amount of initial UV light intensity, probably
leading to much more QD excited and thereby increasing the
QD emission intensity. Meanwhile, as shown in Fig. 7(d),
it is found that the reflectance at the green light wavelength
(530 nm) is also gradually increasing; the reflectance of green
light increases to a high value of 76.5% for a BN concentration
of 15 wt%. These results demonstrate that the BN coating with
high concentration also has an excellent reflectivity on QD
light, which is helpful to reduce the backward emission loss
of QD light.

Furthermore, the QD is added into consideration to inves-
tigate the effect of BN coating on color conversion. Herein,
the UV-R filter is removed to test the EL spectra of the LEDs,
as shown in Fig. 8(a). With the increase of BN concentration,
both the UV intensity and the QD emission intensity increase.
At a BN concentration of 15 wt%, the UV and QD emission
intensity increase by 15.9% and 20.3%, respectively, compared
to the LED sample without BN coating. As discussed in
Fig. 7, the BN coating could increase the reflection of UV
light, thereby increasing the QD excitation, which is also
supported by the QAE concluded in Fig. 8(b). The QAE of all

Fig. 7. (a) EL spectra. (b) Radiant flux of UVLEDs with different BN
concentration coating, inset shows the schematic of UV LED with or
without BN coating. (c) Reflectance spectra. (d) Specific reflectance
at 370 and 530 nm of BN films with different BN concentrations, inset
shows the physical graph of the corresponding BN film.

Fig. 8. (a) EL spectra. (b) QAE, QCE of LEDs removing UV-R filter. The
QD concentration is set as 0.6 wt% here.

BN-coated LED samples is higher than that of the reference
samples without BN coating. In particular, the QAE of the
LED with 15 wt% BN concentration is 79.7%, which is 7.3%
higher than of the LED without BN coating. Therefore, the BN
coating is also beneficial to increase the QAE, which means
that much more UV light could be absorbed by QDs. Actually,
the QD emission intensity (IQD) is a major concern in this
study. According to (1) and (2), IQD can be calculated by the
following formula:

IQD = IUV × QAE × QCE . (5)

As pointed out in Fig. 5(c), a higher QAE obtained by
increasing the QD concentration would simultaneously reduce
the QCE, demonstrating a more serious reabsorption loss.
As for this LED II structure, the BN coating is mainly
beneficial to the reduction of the UV light (IUV) loss from the
LED chip and the improvement of QAE, which is conducive
to the IQD improvement owing to the secondary excitation
of QD resulted from recycling UV light. Meanwhile, this
enhanced secondary excitation of QDs would further reduce
the QCE due to the increase in reabsorption loss just similar
to the strategy of increased QD concentration, which is proved
by the calculated QCE in Fig. 8(b). The QCE of LED with
15% BN concentration is reduced by 20.2% compared with
conventional LED. As the secondary excitation is hard to
precisely control in order to balance the QAE and QCE,
instead, we solve this issue by simply optimizing the QD
concentration in the case with secondary excitation.
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Fig. 9. EL spectra of LED II with different GQD concentration.

The QD concentration is optimized in LED II structure,
as shown in Fig. 9. The QD emission intensity shows the
best improvement at 0.4 wt% QD concentration, then it
decreases with a higher QD concentration. The optimal QD
concentration in LED II (0.4 wt%) is further reduced compared
with the conventional LED I devices (0.6 wt%) to achieve the
maximum QD emission intensity. As pointed out in Fig. 5(c),
a lower QD concentration is more beneficial to improve the
QCE; the QCE of 0.4 wt% QD concentration is ∼10% higher
than of the 0.6 wt% QD concentration. Therefore, the LED II
structure can attain the maximum QD emission intensity with
a higher QCE, which is beneficial to reduce the reabsorption
loss of QDs.

In order to clearly show the role of BN coating and UV-R
filter in LED II structure, the radiant flux of the QD-LED only
with a UV-R filter, the QD-LED only with a BN coating, and
the QD-LED with a combination strategy of UV-R filter and
BN coating are compared with that of the original QD-LED,
respectively, as shown in Fig. 10(b)–(d). All of these devices
adopt the optimal QD concentration of 0.4 wt% in LED II for
the package. In Fig. 10(b), the QD-LED only with a UV-R
filter largely decreases the radiant flux of UV light by 98.3%
while only increases that of the green light by 3.8% compared
with the original LED, which is attributed to the reflective
filtering effect of the UV-R filter. As for BN coating shown
in Fig. 10(c), the QD-LED only with a BN coating slightly
reduces the radiant flux of UV light by 12.3% while largely
increases that of green light by 33.4%, which is attributed to
the secondary excitation of QDs by the recycling UV light.
As for the combination sample shown in Fig. 10(d), LED
II shows the best performance that the radiant flux of UV
light reduces by 98.2% while the radiant flux of green light
increases by 34.8%, respectively. Therefore, the positive effect
of BN coating and UV-R filter could be maintained after
the combination in QD-LEDs, achieving the lowest UV light
intensity and the highest QD emission intensity as shown in
Fig. 10(a).

C. Strategy Comparisons for Eliminating Residual UV
Excitation Light

As discussed above, both LED structures could eliminate
the residual UV excitation light by different strategies. The
LED I structure can eliminate residual UV excitation light by
increasing the QD concentration, while the LED II structure
using a UV-R filter. As shown in Fig. 11(a), the EL spectra of
these two different strategies are compared. All these LED
structures easily eliminate the residual UV excitation light

Fig. 10. (a) EL spectra of LED with fixed QD concentration (0.4 wt%)
under different package conditions. Comparison of UV and green
emission intensity: (b) original LED and LED only with a UV-R filter,
(c) original LED and LED only with BN coating, and (d) original LED
and LED with the combination (BN coating and a UV-R filter).

close to zero. However, the QD emission peak has a significant
redshift in LED I structure owing to the serious reabsorption
effect. Sorting from low to high, the QD emission intensity of
these two LEDs is: LED I < LED II. Their QPCE and QP are
also concluded in Fig. 11(b). Their detailed comparisons are
concluded in Table I. All these samples achieve an excellent
high QP up to 98.8%, while the green emission intensity of
LED II is 82.0% higher than that of the LED I structure.
Although the elimination of UV peaks could be achieved by
a high concentration QDs, the QPCE is significantly reduced.
In contrast, LED II could attain high QP and QPCE at the same
time. These results are attributed to the better management
of the recycling UV light and reabsorption loss considering
the secondary excitation of QDs. Therefore, the combination
strategy (LED II) is the best way to eliminate the residual UV
excitation light while enhancing QD emission intensity.

This strategy also works equally well for red QD-LED
devices, which is compared with the conventional LED I,
as concluded in Table I. For RQDs, due to their strong ability
to absorb UV light, the concentration of 1.5 wt% can basically
eliminate the residual UV excitation peak, which is much
lower than GQDs. Under similar QP, the QPCE of red LED
II is enhanced to 1.38 times compared with that of LED I.
Meanwhile, the red emission intensity of LED II is 36.8%
higher than that of LED I. When comparing LED I with
LED II, the QD concentration of GQD-LED has changed
significantly while that of RQD-LED is relatively less obvious.
The QCE of QDs is closely related to QD concentration.
Therefore, compared to the RQDs, the QCE of the GQDs
changes more obviously from LED I to LED II, resulting in a
higher QD emission improvement. Although the improvement
of RQD-LED is less obvious than that of GQD-LED, this
combined strategy basically eliminates residual UV excitation
peaks and effectively improving the emission intensity of
RQDs, which is also quite valuable for display applications.
In addition, the concentration and amount of QDs used in
LED II are the lowest, which is conducive to reduce the cost
of QD-LED devices.
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TABLE I
COMPARISON OF LED STRUCTURES ELIMINATING RESIDUAL UV EXCITATION LIGHT

Fig. 11. (a) EL spectra. (b) QPCE and QP of GQD-LED with different
LED structures.

Fig. 12. Comparison of the color gamut of LED I and LED II after
eliminating the residual UV excitation peak.

For display applications, the color gamut is one of the key
parameters. The color gamut of QD-LED using optimized
LED I and LED II structure is provided to further compare the
ability to eliminate the intensity of the residual UV excitation
peak. Taking NTSC1953 as the baseline, the color coordinate
of blue light follows the standard of NTSC1953; the color
coordinates of green light and red light are obtained from the
QD-LED devices. As shown in Fig. 12, the color coordinates
of the green light with different device structure exhibit an
obvious difference. This is because, for the device structure
of LED I, GQDs tend to aggregate due to the high GQDs
concentration (4.8 wt%), which results in a redshift of the
emission wavelength. The color gamut of LED I and LED
II is 94.6% and 114.2% NTSC1953 standard, respectively.
This result suggested that the color gamut of LED II using
the proposed combined strategy is 19.6% higher than that of
traditional LED I, which is mainly due to the elimination
of residual UV excitation peaks, so the features of high
color purity of QDs can be fully utilized. Therefore, through
the combination strategy, the light output property of QD-
LED devices is increased, with the color gamut to be further
optimized as well. The above results show practical value for
display applications.

Furthermore, the thermal distribution images of the widely
used LED I and the proposed LED II under steady state
were captured by infrared thermal imager at 100-mA currents.

Fig. 13. (a) Infrared temperature of LED I and LED II under 100-mA
current, inset image is the infrared image after stabilization. (b) Chip
thermal power, QD thermal power and optical power of LED I and LED
II under 100 mA.

For LED I, the maximum temperature of the infrared image
represents the QD temperature; for LED II, the maximum
surface temperature is the temperature of the UV-R filter.
Using the simulation method [30], a thermal simulation for
an optimized LED II device was conducted. The surface
temperature of the UV-R filter (36.6 ◦C) and the maximum
QD temperature (37.7 ◦C) are relatively close, so the infrared
experimental temperature could be used to characterize the
approximate temperature of the internal QD. As shown in
Fig. 13(a), the maximum temperature of LED I is 54.2 ◦C,
while the maximum temperature of LED II is only 36.0 ◦C;
the latter is much lower than that of LED I. These results
indicate that LED II has an advantage of enhancing thermal
performance. In LED devices, electrical power is mainly
converted into optical power and thermal power. The thermal
power of UVLED device without packaging QDs is 212.5 mW
at 100 mA current, referred to as chip thermal power. In LED
I and LED II samples, the thermal power could be mainly
divided into chip thermal power and QD thermal power.
As shown in Fig. 13(b), the optical power, chip thermal power,
and QD thermal power are analyzed separately [31], [32].
Specifically, the QD thermal power of LED I and LED II
is 107.5 and 66.3 mW, respectively. The lower QD thermal
power of LED II is attributed to the higher QCE of QDs with
a lower QD concentration, supported by the increased optical
power. This reveals the heat power generation from QDs is
lower in the LED II structure, which is consistent with the
results of infrared temperature shown in Fig. 13(a).

IV. CONCLUSION

To eliminate the residual UV excitation light in UV-excited
QD-LED devices, two typical types of LED structures are
investigated in detail. LED I denotes an LED device that
contains only a QDs package; LED II denotes a combined
structure of a BN reflective coating and a UV-R filter for
a QDs package. LED I could obtain a high QP of 99.2%,
however, it significantly reduces the QCE using a high QD
concentration package. The LED II is proposed by combining

Authorized licensed use limited to: SOUTH CHINA UNIVERSITY OF TECHNOLOGY. Downloaded on April 06,2021 at 08:55:24 UTC from IEEE Xplore.  Restrictions apply. 



YAN et al.: ELIMINATING THE RESIDUAL UV EXCITATION LIGHT AND INCREASING QD EMISSION INTENSITY 591

the BN coating with a UV-R filter. The UV-R filter is used
to eliminate the residual UV excitation light while passing
through QD emission; the BN reflective coating is essential to
reduce the initial UV intensity loss and increase QAE, which
in turn generates much more QD emission. Moreover, a higher
BN concentration is beneficial to increase the recycling UV
light combined with the UV-R filter, thereby further increasing
the secondary excitation of QDs and leading to more seri-
ous reabsorption loss. After careful optimization of the QD
concentration in LED II structure, the negative reabsorption
effect is reduced, and a higher QD emission intensity is
achieved. Under a similar QP of ∼99.0% (almost no residual
UV excitation light), the green emission intensity from QDs of
LED II is 82.0% higher than the LED I structure, which works
equally well for red QD-LED devices. Under similar QP, the
red emission intensity of LED II is 36.8% higher than that of
LED I. Besides, the color gamut of the proposed LED II is as
high as 114.2%, which is 19.6% higher than traditional LED
I. The heat power generation from QDs is also lower in the
LED II structure. This study provides a better understanding
of residual UV excitation light elimination and QD emission
intensity enhancement in QD-LED devices, as well as a
reliable strategy for solving this problem, which is conducive
to promoting the development of QDs in the field of display
devices.
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