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ABSTRACT: Exciting quantum dots (QDs) with short-wavelength micro-LEDs (μLEDs) are one of the most promising
approaches for achieving full-color μLED displays. However, the low color conversion efficiency (CCE) caused by surface carrier
loss in QDs remains a major barrier to large-scale application. In this work, we propose a novel color conversion layer structure
incorporating a graphene interlayer and nanogapped gold nanoparticles (AuNNPs) within the QD layer to realize efficient color
conversion in GaN-based blue μLEDs. The AuNNPs can boost the radiative recombination of the QDs via localized surface plasmon
resonance (LSPR), which further improves the quantum yield. Meanwhile, the graphene layer functions as a carrier transport
channel, facilitating the transfer of photogenerated carriers to adjacent QDs, thereby promoting the carrier population and radiative
recombination within the QDs. Detailed physical analysis and optical measurements confirm the feasibility of this strategy. The
results show that the synergistic effects of AuNNPs and graphene enable a high CCE of over 91%, with a 25% improvement
compared to conventional structures at a current density of 200 A/cm2. This QD/AuNNP-Graphene-QD/AuNNP multilayer
structure demonstrates significant potential for full-color display applications in μLED technology.
KEYWORDS: micro-LED, graphene, local surface plasmon, quantum dot, nanoparticle

■ INTRODUCTION
In conventional micro light-emitting-diode (μLED) display
arrays, full-color emission is typically achieved by heteroge-
neously integrating blue, green, and red μLEDs onto a driving
substrate.1,2 However, this heterogeneous integration process
is inherently complex, and the postintegration device yield
remains suboptimal. In particular, the low external quantum
efficiency of AlGaInP-based red μLEDs and their integration
compatibility with GaN-based blue and green μLEDs present
significant challenges.3,4

Compared with such a heterogeneous integration scheme,
employing quantum dot (QD) color conversion layers to
realize full-color μLED displays has emerged as a more
practical and promising approach and has become a major
research focus in the μLED display field.5−7 Nevertheless, in
both flip-chip and vertical configurations, the QD layer is
typically separated from the multiple quantum well (MQW)

layer of the μLED by a distance ranging from hundreds of
nanometers to several micrometers.8,9 This spatial separation
results in substantial photon loss before absorption by the
QDs. Moreover, intrinsic defect states in QDs can further
cause nonradiative recombination of photogenerated carriers,
thereby significantly reducing the photon energy utilization
efficiency, and ultimately limiting the performance of QD-
based full-color μLED displays.10,11

To address these issues, various structural optimizations
have been proposed, such as introducing nanoholes,12
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nanorods,13 and nanorings,14 which can enhance QD color
conversion efficiency (CCE) via nonradiative energy transfer
(NRET). However, the incorporation of such nanostructures
increases fabrication complexity and challenges large-scale
production. Increasing the QD layer thickness is another
strategy to improve CCE, but it often comes at the expense of
reduced overall luminous efficiency.15,16 In contrast, incorpo-
rating nanomaterials directly into the QD layer offers a more
compatible and feasible solution. This approach can enhance
the CCE while maintaining process simplicity and luminous
efficiency. Several studies have confirmed that mixing metal
nanoparticles with QDs can enhance radiative recombination
through localized surface plasmon resonance (LSPR), enabling
efficient light absorption and color conversion.17,18 Addition-
ally, graphene, owing to its ultrahigh carrier mobility and

broad-spectrum absorption, has been widely used in photo-
detectors as both a carrier transport and light absorption
layer.19,20 Recent reports further demonstrate that photo-
generated carriers in graphene can be effectively transferred to
QDs, thereby positively contributing to photoluminescence
emission.21,22

To address the aforementioned challenges, we assembled a
QD layer incorporating both nanogapped gold nanoparticles
(AuNNPs) and a graphene intercalation layer on the emission
surface of a GaN-based blue μLED (μled-QD-AuNNP-Gr). In
this structure, the μLED serves as the excitation light source,
while the AuNNPs�featuring nanogaps�are designed with
plasmon resonance peaks matched to the QD emission
wavelength (≈630 nm). Both numerical simulations and
experimental investigations were conducted to explore the

Figure 1. (a) Schematic diagram of the μLED-QD-AuNNP-Gr structure, (b) EL spectrum and emission image of the blue μLED, and (c) SEM
image and I−V characteristics of the μLED with the QD layer.

Figure 2. (a) Energy band diagram and carrier transfer path schematic in the LSPR system. (b) Simulated electric field distribution in the QD layer
for Au nanoparticles with (AuNNP) and without (Au NP) nanogap structures. (c) Energy band diagram and carrier transfer path schematic before
and after contact between graphene and QDs, and (d) simulated electric field distribution in the QD layer with a graphene layer.
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effects of this hybrid design on the QD absorption and
emission. Theoretical analysis and experimental results
consistently confirm that LSPR, along with carrier transfer
between graphene and QDs, plays a positive role in enhancing
the QD emission. Experimentally, under the condition of
maintaining excellent electrical performance, the μLEDs
integrated with both AuNNPs and the graphene interlayer
exhibited a remarkably high CCE. Specifically, when only the
AuNNPs or graphene interlayer were individually incorporated
into the QD layer, the CCE reached 90% and 85%,
respectively, under an injection current density of 100 A/
cm2. These represent improvements of 23% and 16%
compared to conventional QD-integrated μLEDs, respectively.
When both components were simultaneously present, the CCE
further increased to 92%, marking a 25% enhancement.
Moreover, this improvement continues to increase with higher
current densities.

■ EXPERIMENTAL SECTION
Figure 1(a) illustrates a schematic diagram of our μLED-QD-
AuNNP-Gr structure. Figure 1(b) shows the electrolumines-
cence (EL) spectrum and emission image of the GaN-based
μLED used as the excitation source. Figure 1(c) presents the
electrical characteristics and scanning electron microscopy
(SEM) image of the μLED after spin-coating the QDs. We
employed commercially available GaN-on-sapphire epitaxial
wafers, and the thickness of the p-GaN layer is 105 nm. To
ensure a good ohmic contact between the metal electrode and
the p-GaN layer, a 110 nm-thick indium tin oxide layer was
deposited on the p-GaN surface. This results in a vertical
separation exceeding 200 nm between the MQW layer and the
QD layer. The μLED devices were fabricated by using standard
LED processing techniques. The detail fabrication process is
provided in the Supporting Information (Figure S1). After the
μLED fabrication, the QDs/AuNNPs mixture was uniformly
spin-coated onto the μLED surface. A monolayer of graphene
was then transferred onto the QD/AuNNP layer using a wet
transfer process. Following this, a second QD/AuNNP layer
was spin-coated on top. The detailed procedures for spin-
coating and graphene transfer are described in the Supporting
Information (Figure S2 and Figure S3).

■ MECHANISM ANALYSIS
When the distance between the AuNNPs and QDs is less than
100 nm and the absorption peak of AuNNPs highly overlaps
with the emission wavelength of the QDs, a strong local
electric field can be generated around the AuNNPs upon
excitation of the QDs. The collective oscillation of free
electrons in the AuNNPs (surface plasmons) resonantly
couples with the incident light and transfers energy to the
QDs, thereby enhancing their emission intensity.23,24 In
addition, excited electrons on the surface of the AuNNPs
may transfer into the conduction band or defect states of the
QDs, where they can recombine radiatively with holes in the
valence band, resulting in photon emission. In Figure 2(a), we
illustrate the mechanism of electronic state modulation at the
QD−Au interface.25,26 In Figure 2(b), we present simulation
results of the LSPR effect of AuNNPs. The electric field
intensity near the nanoparticles is significantly higher than in
other regions, indicating the positive role of LSPR in field
enhancement. Notably, the nanogap region in the AuNNPs
exhibits particularly strong field enhancement, which is a key
reason we selected this specific nanostructure design. As shown
in Supporting Information Figure S4, the absorption resonance
peak of the AuNNPs is closer to the emission wavelength of
the QDs compared with that of conventional AuNPs of the
same size, which is more favorable for enhancing the LSPR
strength.

Figure 2(c) illustrates the band bending and carrier transfer
that occur upon contact between the graphene and QDs.
Graphene, being a two-dimensional semimetal with high
carrier mobility, forms a charge transfer interface with QDs
due to the work function difference when they come into
contact. This charge transfer induces band bending and creates
a built-in electric field at the interface. Upon photon
absorption, graphene generates electron−hole pairs, and the
built-in electric field directs the photogenerated carriers toward
the QDs.21,22,27 According to the radiative recombination rate
formula in QDs (eq 1),

= × ×R B n prad (1)

where Rrad is the radiative recombination rate, B is the radiative
recombination coefficient, and n and p are the electron and
hole concentrations, respectively. This equation indicates that
the radiative recombination rate positively correlates with the

Figure 3. (a and b) TEM images of QDs and their size distribution and (c and d) TEM images of AuNNPs and their size distribution. (e) EDS
spectrum of AuNNPs. (f) Lattice structure of QD at super-resolution magnification. (g) Structural schematic of an AuNNP, along with a TEM
image of a single AuNNP and (h) QD/AuNNP. (i) SEM image of QD/AuNNP spin-coated on the μLED surface.
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carrier concentration. After photogenerated carriers are
transferred from graphene to the QDs, the radiative
recombination rate in the QDs increases, leading to an
enhanced emission intensity. Furthermore, carriers transferred
from graphene can fill defect states in the QDs, thereby
reducing nonradiative recombination and further increasing
the proportion of radiative recombination. In Figure 2(d), we
performed simulations of QDs with a graphene insertion layer
and observed that graphene enhances the local electric field
intensity around it. This enhancement is crucial for QDs
located farther from the excitation source.

■ RESULTS AND DISCUSSION
The QDs used in this study are CdSe/ZnS core−shell
spherical nanoparticles with an average diameter of approx-
imately 7 nm. Figure 3(a) and (d) presents the transmission
electron microscopy (TEM) images of the QDs and AuNNPs
and their particle size distributions used in this study,
respectively. Figure 3(b) and (d) shows their corresponding
particle size distribution. Figure 3(e) shows the corresponding
energy dispersive spectrometer (EDS) spectrum of AuNNPs,
and Figure 3 (f) shows the lattice structure of QDs at ultrahigh
resolution magnification. The structure of a single AuNNP is

shown in Figure 3(g), which is a Au−Air−Au structure
consisting of an internal Au core, an air gap layer, and an
external gold shell. After thorough ultrasonic mixing of the
QDs and AuNNPs, the AuNNPs are uniformly dispersed
within the QD matrix, as shown in the TEM images of the
QDs/AuNNPs hybrid in Figures 3(h). Following spin-coating
of the hybrid QDs/AuNNPs layer onto the μLED mesa, the
surface morphology was characterized by SEM, as shown in
Figure 3(i). The SEM image confirms the uniform distribution
of AuNNPs within the QD layer, which is one of the
fundamental prerequisites for the uniform excitation of the
LSPR throughout the QD layer.

The transmittance spectrum of the monolayer graphene
used in this experiment is shown in Figure 4(a). The optical
transmittance reaches approximately 97% at both the emission
wavelength of the μLED (≈450 nm) and that of the QDs
(≈630 nm), indicating minimal optical loss as photons pass
through the graphene. We attribute this slight loss to photon
absorption in graphene, which primarily contributes to the
generation of photogenerated carriers. Figure 4(b) presents the
Raman spectra of the graphene layer before and after being
transferred to the QD layer. The intensity ratio of the 2D and
D peaks confirms that the transferred graphene is most likely

Figure 4. (a) Transmittance at different wavelengths, (b) Raman spectrum of the graphene used in the experiment, (c) absorption spectra of the
AuNNPs used in the experiment at different wavelengths, and (d) absorption spectra of QD layers with different structures.
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monolayer graphene.28 A slight increase in the D peak after
transfer suggests the introduction of defects, likely caused by
contamination during the transfer process such as residual
PMMA or impurities within the QD layer. The absorption
spectrum of the AuNNPs is shown in Figure 4(c), where a
pronounced absorption peak is observed in the emission range
of the QDs. This strong spectral overlap is one of the necessary
conditions for LSPR coupling between the AuNNPs and
QDs.23,24 Figure 4(d) displays the absorption spectra of the
different QD layers. With the sequential addition of AuNNPs
and a graphene interlayer, the absorption intensity in the blue
wavelength range increases accordingly. This observation
supports the reliability of the proposed mechanisms of carrier
transfer from graphene to QDs and plasmonic enhancement
due to LSPR, as directly evidenced by the enhanced QD
absorption.

To further investigate the enhancement effects of AuNNPs
and graphene on QDs, we performed photoluminescence (PL)
and time-resolved photoluminescence (TRPL) measurements
on different types of QD layers. As shown in Figure 5(a), the
TRPL results reveal that, after the introduction of graphene,
the PL decay times of QD layers with and without AuNNPs
decreased from 22.12 and 16.81 ns to 20.48 and 13.31 ns,
respectively. This indicates an accelerated rate of recombina-
tion of carriers within the QDs, which we attribute to carrier

transfer from graphene to the QDs. Similarly, due to the
enhancement effect of LSPR, the QD layers containing
AuNNPs also exhibit significantly shorter PL decay times
compared to those without AuNNPs. The reduction in PL
decay time confirms an improvement in the carrier
recombination efficiency within the QDs, which is further
reflected in the enhanced PL intensity, as shown in Figure
5(b). Additionally, we observed a blue shift of approximately
5−6 nm in the PL emission peak of QD layers incorporating
graphene. This shift is likely due to the introduction of new
energy states at the QD−graphene interface. The presence of
these additional energy levels allows excited electrons in the
QDs to transition to intermediate energy states in the nearby
graphene before radiative recombining to the ground state.
This process increases the energy difference during radiative
recombination, thereby resulting in the emission of higher-
energy (shorter-wavelength) photons.29 Alternatively, this blue
shift may also arise from protonation of the QD surface, which
can be induced by a decrease in the pH of the QD layer during
the graphene transfer process.30,31

Figure 6(a)−(d) presents the EL spectra of μLEDs with
different QD layer configurations. It is evident that following
the introduction of both the graphene interlayer and AuNNPs,
the intensity ratio of the red emission peak (from QDs) to the
blue emission peak (from the μLED) increases progressively.

Figure 5. (a) TRPL and (b) PL spectra of QD layers with four different structures.

Figure 6. μLEDs with QD layers of four different structures. (a−d) EL spectra; (e−g) CCE under different injection currents. (h) CIE 1931
chromaticity coordinates at 10 mA injection current.
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This indicates that the efficiency with which QDs utilize high-
energy photons emitted by the μLED is notably enhanced.
This enhancement arises from the contributions of LSPR and
photoinduced carrier transfer from graphene, both of which
facilitate more efficient photon conversion within the QD
layer. When both mechanisms are present, the enhancement
becomes more pronounced. To quantitatively evaluate the
energy conversion efficiency of the μLED emission by the QD
layer in different configurations, we introduce the CCE, which
is calculated using Equation 2:

=
× [ ]

× [ + ]

( )
( )

CCE
I d

I I d

( )

( ) ( )

QD hc QD

QW QD hc QW QD,

emission

emission (2)

where IQD and IQW are the emission intensities of the QD and
QW in the EL spectrum. The calculated CCE under different
injection currents for each device structure is shown in Figure
6(e)−(g). It is evident that the introduction of either a
AuNNPs or graphene interlayer into the QD layer significantly
improves the CCE, with enhancements of 23% and 16%,
respectively. Notably, the QD layer incorporating the graphene
interlayer exhibits a superior stability at higher injection
currents. This is attributed to the excellent thermal
conductivity of graphene, which enables more uniform heat
dissipation across the QD layer, thereby maintaining consistent
absorption and emission behavior under high current densities.
The color performance of the μLEDs at 10 mA with various
QD configurations is mapped on the International Commis-
sion on Illumination (CIE) 1931 chromaticity diagram in
Figure 6(h), providing an intuitive comparison of the emission
characteristics across different device structures. Compared
with the conventional QD layer, the QD-AuNNP-Gr layer
structure exhibited a 25% increase in CCE.

Figure 7(a) compares the light output power and luminous
flux of QD-μLEDs with those of four distinct QD layer
configurations. Devices incorporating both AuNNP and the

graphene interlayer demonstrate superior optical performance.
The enhancement primarily arises from LSPR, which
significantly improves QD absorption, radiative recombination,
and emission. Additionally, photogenerated carrier transfer
from graphene to QDs contributes to the overall emission
enhancement. Figure 7(b) and (c) show the enhancement
factors for light output power and luminous flux when
AuNNPs or graphene is individually introduced into the QD
layer. The data clearly indicate that AuNNPs exert a more
pronounced effect, underscoring the dominant role of LSPR in
this system.

■ CONCLUSION
By incorporating metal nanoparticles and a graphene interlayer
into the QD layer, we significantly enhanced the CCE of the
QD layer in QD-based μLEDs through LSPR and carrier
transfer mechanisms. The CCE peak reached over 92%,
representing a 25% improvement compared with conventional
QD-only layers. This simple approach does not require any
structural modification of the device, making it suitable for
large-scale μLED color conversion and practical manufactur-
ing. Our work provides a valuable reference for future full-color
μLED display technologies.

■ ASSOCIATED CONTENT
Data Availability Statement
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
*sı Supporting Information
The Supporting Information is available free of charge at
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