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Abstract: A large enhancement of color-conversion efficiency of colloidal quantum dots in
light-emitting diodes (LEDs) with novel structures of nanorods embedded in microholes has
been demonstrated. Via the integration of nano-imprint and photolithography technologies,
nanorods structures can be fabricated at specific locations, generating functional
nanostructured LEDs for high-efficiency performance. With the novel structured LED, the
color-conversion efficiency of the existing quantum dots can be enhanced by up to 32.4%.
The underlying mechanisms can be attributed to the enhanced light extraction and non-
radiative energy transfer, characterized by conducting a series of electroluminescence and
time-resolved photoluminescence measurements. This hybrid nanostructured device therefore
exhibits a great potential for the application of multi-color lighting sources.
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1. Introduction

High efficient and high color rendering index (CRI) white light emitting sources are important
in the development of optoelectronic devices such as the backlighting for televisions and
mobile displays. In industry, the white light sources are usually accomplished by using nitride
based light emitting diodes (LEDs) with Y3;Al;0,:Ce’ (YAG:Ce) yellow phosphor. The
phosphor-based white light emitting diodes (WLEDs) have become a dominant solution for
solid state lighting due to its low energy consumption [1-3]. Although the phosphor-based
WLEDs have already been developed as commercial products in market, current phosphor-
based WLEDs are still suffering from low color rendering index (CRI), which results from the
red emission spectral deficiency, limiting the CRI performance below 70 [3]. Compared to the
commercialized phosphor-based WLEDs, hybrid gallium nitride (GaN) based LEDs
incorporated with colloidal quantum dots (QDs) have attracted much attention due to several
outstanding advantages, such as higher quantum efficiency, higher flexibility of implantation
into optoelectronic devices, higher color rendering index, and tunable emission wavelength
spanning spectral range from visible light to near infrared region [4-8]. The color-conversion
efficiency of hybrid GaN-based LEDs mainly depends on the efficiency of energy transfer
between the LEDs and QDs, and can be severely decreased by optical loss of pumping
photons while propagating from LEDs active layers to QDs. In addition, the drawback of QDs
self-assembling may also deteriorate color-conversion efficiency due to re-absorption of QDs
emissions by QDs clusters.
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There are two channels for energy pumping from LEDs active layers to QDs, one is
radiative energy transfer, i.e. optical pumping, the other is non-radiative energy transfer
(NRET), which is also known as Forster-like resonance non-radiative energy transfer (FRET)
[9]. FRET is completed when donor delivers an energy to acceptor through dipole-dipole
interaction at a small distance. Through this process, carriers can be generated in acceptor
material with a very efficient manner. This provides an excellent alternative for LEDs to
excite carriers in QDs and enhance color conversion efficiency of hybrid LEDs, if QDs are
placed to the proximal location of the active epitaxial multiple quantum wells (MQWs) of
LEDs [9,10]. FRET requires the distance between energy donor and energy acceptor to be
smaller than 15 nm [11]. Therefore, to enhance QDs luminescence through this non-radiative
process, the indium tin oxide (ITO) layer and p-GaN have to be partially etched close to
(MQWs) before QDs are deposited. Although this process will decrease the LED active
region, the light extraction of the LED would extract more photons from nano-rods and the
distance between QDs and active region could be decrease which lead to significantly
enhanced of the QDs emission. Also, the self-assembled QDs has to be eliminated in order to
avoided re-absorption of QDs cluster.

To overcome the above difficulties, in this work, we have successfully demonstrated a
novel method for color-conversion efficiency enhancement achieved by depositing CdSe QDs
on GaN-based LED with nano-rods in patterned micro-holes (MHNR-LED). The patterned
structures can be used to enhance light extraction and also reduce the distance between active
MQW:s region, which enables to excite electron-hole pairs efficiently in CdSe QDs through
the FRET process. Previous research shows it was a good way to enhance the color
conversion efficiency, in this work, we used better light extraction nanorods design and
pulsed spraying method to deposit the CdSe QDs to reach better color conversion efficiency
enhancement [12].

2. Experiments

Figure 1 shows the process flow chart of the MHNR-LED fabrication. First, a 360 nm
imprint-resist (IR) has been spin-coated on top of the LED. Second, nano-imprint lithography
(NIL) method has been used to pattern the IR layer as a sacrificial mask for periodic nano-
rods as Fig. 1(a) shows. The following description is the detailed nano-imprint lithography
(NIL) method. After the IR layer was coated on the LED wafer, the imprint mold was pressed
onto the wafer under a high pressure at a transition temperature. The LED wafer was then
cooled down to room temperature to release the imprint mold. The mold was finally removed,
thus the nano-rod periodic pattern can be transferred to the IR layer. Subsequently, a photo-
resist (PR) layer was spin-coated onto the IR layer and standard lithography (SL) was used to
define the micro-holes array which shown as Fig. 1(b). Figure 1(c) shows the Inductively
coupled plasma reactive ion etching (ICP-RIE) and Cl,/BCl; chemistry (Cly/BCl; = 20/10
sccm) were used to fabricate GaN nano-rods in micro-holes array. The residual PR layer and
IR layer were then stripped with a H,SO4/H,0, chemical etch (H,SO,: H,O, = 3:1). The wafer
was processed into LED devices through a standard LED chip fabrication, in particular,
deposition of indium tin oxide (ITO) in micro-holes was avoided to prevent from leakage
current at the sidewall of micro-holes array as shown in Fig. 1(d). The LED devices have a
chip size of 300 x 300um®. Reference micro-holes LED without nanorods and conventional
LED with the flat surface without microholes and nanorods were also fabricated. The central
emission wavelengths of both LEDs were around 450 nm. To fabricate hybrid MHNR-LED,
the CdSe QDs had been used. The CdSe QDs have a diameter of about 8 nm, and the
emission wavelength is at around 620 nm. The QDs were deposited on the chip through
pulsed-spraying (PS) coating as shown in Fig. 1(e). Compared to conventional QD coating
methods, such as drop-casting coating and spin-coating, spray-coating provides a better
uniformity by minimizing QD aggregation.
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Fig. 1. Fabrication process flow of hybrid nanorods LED with QDs dispensed by pulsed-
spraying technique. (a)-(d) schematically demonstrate the fabrication process of nanorods
structures embedded in constituent microhole arrays, including the standard lithography (SL),
inductively coupled plasma (ICP) for nanostructures, and LED process for the completion of
the LED chips. The hybrid MHNR-LED is accomplished with homogenously pulsed sprayed
CdSe QDs on the structured LED chips, which is schematically indicated in (e) and (f).

3. Results and discussion

Figures 2(a) and (b) show cross-section scanning electron microscopy (SEM) images of the
nano-patterned structure (MHNR) before and after QD deposition. The vertical side-wall of
nanorods is a result of the highly isotropic etching [13]. The nano-rods are found to be about
300 nm wide and 1 pm high. From the cross-section SEM image of the patterned LED capped
by QDs, as shown in Fig. 2(b), it can be seen that, the micro-holes with nano-rods have been
successfully filled with CdSe QDs among the rods without air voids. Scanning transmission
electron microscopy (STEM) has also been utilized to investigate the coverage of QDs in the
micro-holes. From STEM images shown in Figs. 2(c) and (d), it can be clearly seen again that
CdSe QDs cover the entire side-wall area of the nanorods, including active region.
Interestingly, individual QD can be clearly observed. It is well known that GaN-based LEDs
have a poor light extraction efficiency due to the significant refractive index difference
between GaN (n~2.4) and air(n = 1). The additional CdSe QDs (n ~1.5) filled in the air gap
have a refractive index in-between air and GaN layer, and it therefore can greatly help to
extract the emission from the active region of the hybrid patterned-LED. In addition, the
entire nitride nanorods arrays and QDs in micro-holes can improve the light extraction
abilities to confine the emitted light within the nano-patterned region where QDs are
deposited, by which the absorption of QDs can be significantly enhanced [14]. We thus
expect that the light extraction and quantum conversion efficiency of our newly designed
nanostructured LEDs can be obviously enhanced.
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Fig. 2. Geometry investigations of the fabricated nanorods structure with sprayed QDs. (a)
shows the scanning electron microscope (SEM) image of the nanorods array in one microhole
at a cross-sectional view. The diameter of the constituent nanorods is about 300 nm. SEM
image (b) indicates that the nanorods are covered with the sprayed QDs. (c) Scanning
transmission electron microscope (STEM) measurements were carried out and the results of
observation on the QDs adhesions. The zoom-in observation on the QDs adhesions was shown
in (d). The sprayed QDs are successfully injected into the gaps between the nanorods of
MQWs structure.

To observe far field light emission pattern for the emission peak of QDs on both devices
under current injection, the beam view images have been performed and shown in Figs. 3(a)
and (b). During the measurement, a distributed Bragg reflector (DBR) of central wavelength
at 450 nm has been used as a filter to filter out the blue-LEDs (BLED) emission peak. The
measured chip size is about 300 x 300 pm? and the operated current is 20 mA. By using this
experimental setup, the far field intensity characteristic of QDs excited by BLEDs can be
obtained. From the beam view images as shown in Fig. 3, it can be seen that the intensity of
QDs in the microhole with nanorods is obviously stronger than the intensity of QDs in micro-
hole. The intensity difference between two samples can be attributed to the different QDs
morphology, which is also revealed by FOM images. The serious aggregation of QDs can
suppress the QDs emission and conversion efficiency due to the re-absorption process.
Obviously, nanorods structure cannot only reduce the aggregation effect, but also increase the
blue light extraction, and enhance QDs conversion efficiency [15-17].
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Fig. 3. Morphology and optical field distributions of the air pulsed sprayed QDs on structured
LEDs. (a) and (b) beam-view images of the microholes array LED and the hybrid LED chip
with embedded nanorods array with a blue filter, respectively. From the beam view images, the
QDs emission intensity of microhole with nanorods array is much stronger than that of
microhole without nanorods array.

In order to investigate how the nanorods function as light-guiding pillars to enhance the
light extraction in the LED devices, 3D finite difference time domain (FDTD) simulations
using the FullWAVE™ program were conducted to calculate the electric field distributions
and the far-field light enhancement with the existence of nanorods [14,18]. GaN nanorods of
450 nm in diameter were arranged in a unit-cell area of 2.8um x 2.8um. The height of the
nanorods was set as 1.2 um, while the pitch and the spacing were at 750 nm and 300 nm,
respectively. In the simulations, a z-direction electric dipole with the radiation wavelength of
450 nm was employed as a light source. The realistic material parameters and Joule loss
factors were obtained from the well-established data in reference [19,20]. A simulation model
of the conventional LED and MH-LED were also performed to have a comparison of the light
extraction efficiency. A light extraction enhancement can be observed in the calculated far-
field mapping as shown in Figs. 4 (a)-(c). Regarding the conventional LED and MH-LED, no
matter on the top surface or the bottom of the microholes, the far-field output intensity was
weaker compared to MHNR-LED from the simulation results, meaning that less optical
energy per unit area can be acquired. Figs.4 (d)-(f) show the related three dimensional electric
field distribution of conventional LED, MH-LED and MHNR-LED, respectively. It clearly
shows that the nanorods structure can extract the light more efficiently. With the nanorods
structure, the integrated intensity on the top of the structure can be greatly enhanced by up to
59% compared to the conventional LED and 48% compared to MH-LED. This simulation
results shows that the nanorods structure can enhance the photon extraction from active
region, increase the generation of electron-hole pairs in QDs in the microhole, and improve
the conversion efficiency which is well agree with our experimental data shows a stronger far-
field intensity on the patterned area [21].
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Fig. 4. 3-D finite difference time domain simulation results. (a)-(c) show the mapping of
electric field of C-LED, MH-LED and MHNR-LED, the MHNR-LED integrated intensity has
a 59% enhancement compared to C-LED. (d)-(f) show the related three dimensional electric
field distribution of conventional LED, MH-LED and MHNR-LED, it could be clearly
observed that the nanorods structure can have a more efficient light extraction.

To further investigate the color-conversion efficiency of hybrid MH-LED and MHNR-
LED, the electrical luminescence (EL) spectra have been measured as shown in Figs. 5(a) and
(b). The color-conversion efficiency was calculated by using the following equation:

I gDs

= i l
N M

where 1 is the color-conversion efficiency, 1, is related to the out coupling factor, / gDS is the

QDs intensity of hybrid LED, I, is the blue emission intensity of LED without QDs and 1,/

is the blue emission intensity of hybrid LED. All the intensities were calculated by the
integrated peak area under the EL spectrum. As shown in Figs. 5(a) and (b), fitted by Eq. (1),
the color-conversion efficiency enhancement of hybrid MHNR-LED is higher than that of
hybrid conventional-LED (C-LED) by about 32.4%. This result can be partially attributed to
the improved extraction of QDs emission achieved by the decreased size of QD clusters, the
enhanced QD absorption of LED pumping light trapped by the guiding of nanorods.

We now turn our attention to examine the effect of FRET process because the QDs in the
vicinity of MQWs enable non-radiative energy transfer as an efficient transfer channel to
enhance color conversion efficiency. In order to verify the existence of non-radiative energy
transfer, carrier life time of both energy donor (MQWs) and energy acceptor (CdSe QDs)
were investigated. In this experiment, we use pulsed optical excitation to study the dynamics
of energy transfer between quantum wells and CdSe QDs as well as the dynamics of carrier
recombination in quantum wells [22,23]. The inset of Fig. 5(c) shows the time-resolved
photoluminescence (TRPL) decay curves of hybridized C-LED with QDs (red solid line) and
without QDs (blue solid line). These two TRPL decay curves are virtually identical, revealing
the fact that there is no coupling between QDs and quantum wells and the non-radiative
energy transfer due to FRET process does not occur. It is because the CdSe QDs deposited on
C-LED were separated apart from MQWs far beyond the requirement for the near-field non-
radiative energy transfer. The TRPL decay curves of MQWs for both MHNR-LEDs with and
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without QDs hybridization are shown in Fig. 5(c), which indicates that the PL decay rate of
the hybrid MHNR-LED is quite different from that of pure MHNR-LED. This result clearly
demonstrates the coupling between QDs and quantum wells, which can be attributed to the
effect of FRET process that provides an additional efficient energy transfer channel from
MQW to QDs. To quantify the rate of non-radiative energy transfer, the lifetime of PL decay
has been obtained by curve fitting using the following equations.

[H — Ae—kBt +Be—(k3+k5,)t

B
I, =" )
Ner =k | (kp +ky)

where I,and I} are the intensity of the blue emission peak from MQW for MHNR-LED and
hybrid MHNR-LED, respectively, k, and k., are the rate of MQWSs emission decay and

non-radiative energy transfer, A and B are the parts of dipole pairs that do not participate or
do participate the energy transfer, respectively. 7., is the non-radiative energy transfer

efficiency. The non-radiative energy transfer efficiency is calculated to be 15% by using the
above equations. The high non-radiative energy transfer is due to the short distance between
energy donors (MQW) and energy acceptors (NQDs), since non-radiative energy transfer is a
near-field effect, which only occurs in a short range, ie., < 15 nm [24-26]. Through curve
fitting, the corresponding life time of MQWs luminescence decay and non-radiative energy
transfer were respectively found to be 8.34 ns and 2.47 ns. According to this result, it shows
that the energy transfer effect occurs at the very beginning when hybrid MHNR-LED is
pumped by external perturbations.

To ensure our discussion, the time-resolved PL measurement of CdSe QDs has also been
measured as shown in Fig. 5(d). Figure 5(d) shows the PL decay curves for CdSe QDs on
hybrid CLED and hybrid MHNR-LED. The life time of CdSe QDs emission deposited on
CLED is fitted by the equation below:

1, =Ce™* " + De™! (3)

where [, SD is the intensity of red emission peak from CdSe QDs, k,, and k,, are the decay

rate of radiative recombination and the defect-related non-radiative recombination of CdSe
QDs, C and D are fitting constants correlated to the radiative and non-radiative recombination
in the luminescence decay, respectively. According to the above equation, the life time of
CdSe QDs deposited on hybrid CLED is obtained to be about 22 ns. Figure 5(d) clearly shows
that the decay rate is different for CdSe QDs deposited on CLED and MHNR-LED, which
arises from the fact that CdSe QDs deposited on hybrid MHNR-LED are influenced by non-
radiative energy transfer. Thus, the following equation is used to fit the TRPL curve of CdSe
QDs by including non-radiative energy transfer process:

]gD = Ce*kgnf + De bt +E(e—(kB+kET)t _e—kQDt) )

where E is the constant related to non-radiative ratio. Using the parameters obtained above for

kops k> kg, and k., we can fit the decay curve of the emission arising from CdSe QDs

deposited on MHNR-LED quite wells. The additional term E(e * ™" —¢ ") was add to

the equation for non-radiation energy transfer produce extra photons emitted from QDs. This
result provides an addition evidence to support the occurrence of FRET process between
nitride quantum wells and CdSe QDs. The TRPL results of MQWs and CdSe QDs of hybrid
MHNR LEDs have been put together to examine the non-radiation energy transfer
phenomenon as shown in Fig. 6. Both TRPL curves show decay rate change at the same time
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around 1.8 ns, which again demonstrates that the luminescence of CdSe QDs is affected by
the non-radiative energy transfer from LED.

(a) 1.2 (b) 1.2
1.0F 1.0 |
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Fig. 5. Optical characterizations of the structured LEDs with CdSe QDs. (a) and (b) show the
measured electroluminescence (EL) results of the C-LEDs and MHNR-LEDs with pulse
sprayed QDs (red curves), respectively. In both cases, the structured LEDs without capped
QDs are used for comparison (black curves) for their device performance at the operation
current of 20 mA. From the EL measurement, the color-conversion efficiency of hybrid
MHNR-LED is enhanced by up to 32.4%. (c¢) and (d) show the time resolved
photoluminescence emission spectra of MQWSs (450 nm) and QDs (620nm) at room
temperature. (c) shows the MQWs (450 nm) TRPL results of hybrid MHNR-LED (red solid
line) and MHNR-LED (blue solid line), the decay rate changes when the QDs are deposited on
the MHNR-LED due to the energy transfer. The inset shows the TRPL results of the
conventional LED (CLED) (blue solid line) and hybrid CLED (red solid line), which reveals
identical decay rate due to the absence of energy transfer. (d) shows the QDs (620 nm) TRPL
results of hybrid MHNR-LED (red solid line) and hybrid CLED (blue solid line), these results
show that the hybrid MHNR-LED possesses an additional decay channel arising from FRET
process, and the decay rate becomes slower.
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Fig. 6. Room-temperature TRPL measurements of the hybrid MHNR-LEDs with (blue circles)
and without (red triangles) deposited CdSe QDs. Through the curve fitting, the slopes of the
decay rates of these two cases start to change at around 1.8 ns, which provides a firm evidence
for the interaction between donor (QW) and acceptor (CdSe).

4. Conclusion

In conclusion, high color-conversion efficiency of colloidal quantum dots has been
demonstrated by LEDs having structures of nanorods embedded in microholes with an
enhancement factor up to 32.4%. Via the integration of nano-imprint and photolithography
technologies, nanorods structures can be fabricated at specific locations at will, generating
functional nanostructured LEDs for high-efficiency light-emitting performance. The color-
conversion enhancement originates from light extraction enhancement and non-radiative
energy transfer, characterized by conducting a series of electroluminescence and time-
resolved photoluminescence measurements. This hybrid nanostructured light-emitting device
therefore paves an excellent alternative for the future development of solid state lighting,
which should be very useful and timely. In conclusion, high color-conversion efficiency of
colloidal quantum dots has been demonstrated by LEDs having structures of nanorods
embedded in microholes with an enhancement factor up to 32.4%. Via the integration of
nano-imprint and photolithography technologies, nanorods structures can be fabricated at
specific locations at will, generating functional nanostructured LEDs for high-efficiency light-
emitting performance. The color-conversion enhancement originates from light extraction
enhancement and non-radiative energy transfer, characterized by conducting a series of
electroluminescence and time-resolved photoluminescence measurements. This hybrid
nanostructured light-emitting device therefore paves an excellent alternative for the future
development of solid state lighting, which should be very useful and timely.
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