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Ultra-High Quantum Dot Color Conversion in
Graphene-Connected Nanorod Micro-LEDs via
Non-Radiative Energy Transfer and Localized Surface

Plasmon Resonance

Aogi Fang, Qingqing Li, Jixin Liu, Zaifa Du, Penghao Tang, Hao Xu, Rongjing Wang,

Yiyang Xie, Jibin Song, Qun Yan, Weiling Guo,* and Jie Sun*

In the field of quantum dot (QD)-based micro-light-emitting diode (uLED)
full-color display technology, achieving high color conversion efficiency (CCE)
is one of the key performance indicators. In this work, a pLED architecture is
presented that incorporates an optimized nanorod array, with QDs and
nanogapped gold nanoparticles (AuNNPs) embedded in the inter-rod gaps. By
harnessing non-radiative energy transfer (NRET) and localized surface
plasmon resonance (LSPR), the absorption and utilization of quantum well
(QW) energy by the QDs are significantly enhanced. To ensure efficient
current spreading and uniform light emission, graphene is employed as a
transparent conductive layer to interconnect the nanorods. As graphene can
transfer photogenerated carriers to the QDs, enhancing their quantum yield,
it is also introduced as an intermediate insertion layer and support layer,
allowing the integration of a second layer of QDs and AuNNPs on the
light-emitting surface. This design maintains the electrical performance of the
nanorod pLED while achieving ultra-high CCE. Experimental results
demonstrate that the proposed pLED with nanorod structures and AuNNPs
achieves a maximum CCE of 94%, representing a 102% improvement
compared to conventional planar uLEDs. These findings offer promising
insights for advancing high-performance, full-color uLED display technologies
through nanoscale engineering.

1. Introduction

The challenge of achieving full-color dis-
play remains a key factor limiting the
widespread adoption of Micro Light-
Emitting Diodes (uLEDs) in the appli-
cation market.'-3] While mass transfer
technology is suitable for the large-scale
fabrication of pLED full-color displays, it
requires extremely high alignment pre-
cision and transfer yield, which leads to
high production costs. These limitations
make mass transfer less advantageous,
particularly for small-screen uLED full-
color displays.!*7] Alternative approaches
include the three-primary-color stacking
method and quantum dot (QD) color con-
version technology. The three-primary-
color stacking method vertically bonds
red, green, and blue pLEDs within the
same pixel area. However, this poses
significant challenges to fabrication pro-
cesses and bonding precision. Moreover,
vertical stacking results in severe optical
crosstalk among the three colors, leading
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to suboptimal display quality.®'%1 Consequently, researchers
have turned their attention to QD-based color conversion tech-
nology. In QD full-color display technology, techniques such as
photolithography or inkjet printing are employed to pattern red
and green QDs (or red, green, and blue QDs) as color conver-
sion media. This enables full-color display in uLED arrays with
blue or ultraviolet light sources.[''"15] QD-based full-color display
technology offers lower fabrication complexity and is compatible
with large-scale manufacturing. However, its two major short-
comings are low luminous efficiency and suboptimal color con-
version efficiency (CCE) due to QD material limitations.[1*17] Typ-
ically, a thicker QD layer is used to achieve higher CCE. However,
QDs inherently possess numerous defect states, and a significant
portion of energy is lost during photon down-conversion from
high-energy states to lower-energy states. A thicker QD layer fur-
ther exacerbates this issue, leading to a substantial decrease in
emission intensity after conversion."®2! Thus, it is crucial to
strike a balance between CCE and luminous efficiency by devel-
oping a QD-uLED with ultra-high CCE and minimal luminous
efficiency loss, which would greatly advance the application of
QDs in pLED full-color displays. Research indicates that non-
radiative energy transfer (NRET), unlike traditional fluorescence-
based conversion, enables direct energy transfer from the quan-
tum well (QW) to the QD through dipole coupling. This process
bypasses photon emission and reabsorption in the QW-QD sys-
tem, thereby minimizing energy losses and significantly enhanc-
ing CCE.[?2%¢] In addition, localized surface plasmon resonance
(LSPR) can substantially boost the emission efficiency of lumi-
nescent materials, enhancing QD radiative recombination and
quantum yield.[?-3% In our previous work, we combined nanos-
tructures and nanomaterials to integrate NRET and LSPR mecha-
nisms. By suppressing non-radiative recombination within QDs,
we effectively improved their absorption and emission efficien-
cies, thereby enhancing the CCE of QD-based uLEDs. Further-
more, we found that plasmon resonances with peak absorption
wavelengths matching the QD emission wavelength provided the
greatest enhancement in CCE.3!l

In this paper, we fabricated a size-optimized nanorod (NR) ar-
ray structure on the light-emitting mesa of a blue pLED with an
emission wavelength of 450 nm. The nanorods have a diame-
ter of 500 nm, and the gaps between them measure 350 nm.
QDs mixed with nanogapped gold nanoparticles (AuNNPs) were
filled into the nanorod gaps, and the absorption resonance peak
of the AuNNPs is tuned to match the emission wavelength of the
QDs. The nanorod structure offers two key advantages. First, it
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mitigates the quantum-confined Stark effect (QCSE) induced by
piezoelectric and spontaneous polarization in InGaN/GaN mate-
rials. Second, it facilitates direct or ultra-close contact between
the QDs and the QWs, enabling NRET. This significantly en-
hances the energy utilization and color conversion efficiency of
the QDs. The AuNNPs play a critical role in generating LSPR.
Through the LSPR-induced ultrahigh localized electromagnetic
field around the surface of the AuNNPs, the radiative recombina-
tion efficiency of carriers within the QDs can be enhanced, fur-
ther improving the CCE of the QDs. To ensure efficient current
spreading and uniform light emission in the NR-uLED structure,
we transferred a graphene layer onto the light-emitting mesa as
a transparent conductive layer. Furthermore, to efficiently collect
and utilize the blue light emitted from the QWs at the top of
the nanorods, the second layer of QD/AuNNP mixture was inte-
grated onto the graphene. According to the theory of band bend-
ing, graphene can transport photogenerated carriers to the QDs,
thereby enhancing their radiative recombination efficiency and
quantum yield.3>3%] In this approach, graphene also functions
as an inserted carrier transport layer, further enhancing the re-
combination efficiency of the QDs. Detailed optoelectronic per-
formance measurement and simulation results demonstrate the
significant effects of combining NRET, LSPR, and graphene in
enhancing the CCE of QD-pLEDs, with the structure achieving a
CCE exceeding 90%. Compared to traditional planar pLEDs with
QDs (Plane-uLED-QD), the NR-uLED-QD-Au improves the CCE
by over 100% while maintaining superior luminous efficiency.

2. Results

Figure 1 shows the fabrication process of the QD-based NR-uLED
that enhances the CCE through LSPR and NRET, more detailed
fabrication process can be found in the Experimental section.
Figure 2a shows a scanning electron microscope (SEM) image
of the NR-uLED we fabricated. Figure 2b,c illustrate the differ-
ence in the nanorod region before and after the graphene trans-
fer. It can be observed that the morphology of the graphene layer
remains intact, and as a transparent conductive layer, it effectively
connects the individual nanorods. Figure 2d shows the visible
light transmittance of the double-layer graphene formed by the
two-step transfer. The transmittance at the LED emission wave-
length (peak wavelength 450 nm) is 94%, and at the QD emission
wavelength (peak wavelength 630 nm), the transmittance is 95%.
The Raman spectra of monolayer graphene (transferred once)
and double-layer graphene (formed by two transfers) show sig-
nificant differences, as shown in Figure 2e. The peak full-width
at half-maximum of the 2D peak and the ratio of the 2D peak to
the G peak indicate that the original graphene is monolayer.34
Due to the two transfer steps, wrinkles or impurity contamina-
tion were inevitably introduced, resulting in slight defects in the
double-layer graphene, but this is acceptable. The current-voltage
characteristics shown in Figure 2f indicate that the NR-uLED
with graphene as the transparent conductive layer has signifi-
cantly lower conduction resistance. This suggests that graphene
forms a good electrical contact with the top of the nanorods,
effectively connecting the individual nanorods, and the reverse
leakage current of the nanorods is also very low, comparable to
the plane-uLED. This indicates that our sidewall treatment pro-
cess is effective. The only drawback is that the NR-uLED with
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Figure 1. a) Epitaxial structure. b) Arranging SiO, nanospheres. c) Pre-etching of SiO, nanospheres. d) Etching nanorods. €) Magnetron sputtering
of metal electrodes, f) Spin-coating the first layer of QD/AuNNP into the nanorod gaps. g) Transferring graphene, h) Spin-coating the second layer of
QD/AuNNP on top of the nanorods. i) Final device structure, j) Cross-sectional structure of the device and schematic of a single nanorod.

graphene exhibits a forward leakage current of 1-2 mA, caused
by partial damage and collapse of the graphene in some regions,
which leads to contact between graphene and the nanorod side-
walls. The optical performance of the NR-uLED before and after
graphene transfer also shows significant improvement, as shown
in Figure 2gh. Without the graphene transparent conductive
layer, the nanorod regions of the NR-uLED are not able to conduct
properly because the nanorods are not connected to each other,
resulting in most of the mesa area not emitting light. This is-
sue is resolved with the introduction of graphene. At a current of
10 mA, the electroluminescence (EL) intensity increases by 35%.
While the nanorod structure can enhance light extraction effi-
ciency, the light output power and EL intensity of the NR-uLED
with the graphene conductive layer are still lower than those of
the plane-uLED, mainly due to the loss of the active region area
and the absorption of a small portion of light by the graphene.
However, at low current densities, their performance is nearly
identical, which is the operating current range for uLEDs. Fur-
thermore, we observe a significant blue shift in the EL spectrum
of the NR-uLED compared to the plane-uLED. Thus, we have
made a detailed comparison of the peak wavelengths of the three
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types of uLEDs at different currents, as shown in Figure 2i. At
lower currents, the peak wavelength of the pLED exhibits a notice-
able blue shift as the current increases. This is due to the built-in
electric field caused by the strong polarization effect of the In-
GaN/GaN multi-quantum wells (MQWs).[*! As the injected cur-
rent becomes larger, the carrier lifetime is relatively long, and the
carriers accumulate in the MQWSs. The accumulated electrons
and holes shield the built-in electric field, causing the peak wave-
length to stabilize.*®! The introduction of the nanorod structure
alleviates the QCSE caused by the piezoelectric polarization be-
tween GaN and InGaN, so the peak wavelength of the NR-uLED
exhibits a blue shift compared to the plane-uLED.[*38] There is
also a slight difference in the peak wavelengths of NR-uLEDs with
and without the graphene transparent conductive layer. Without
graphene, the nanorod region cannot contribute to light emis-
sion, and the QCSE alleviation by the nanorods is limited. With
graphene, the nanorods are fully connected, enabling light emis-
sion and causing a further blue shift in the peak wavelength.
Figure 3a,b illustrate the energy transfer mechanisms of NRET
and LSPR, respectively.?*! When the QD is in close proxim-
ity to the QW (less than 10 nm) and exhibits high absorption at
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Figure 2. a) SEM image of the NR-uLED, with the enlarged view showing the light-emitting mesa region. b,c) Morphology of the nanorods before and
after graphene transfer. d) Transmittance of the transferred graphene in the range of 350-800 nm. e) Raman spectra of graphene after one and two
transfer steps. Comparison of the performance of NR-uLEDs with and without graphene transparent electrodes, as well as plane-uLEDs, including f) IV
characteristics, g) light output power, h) EL spectra at a current of 10 mA, and i) peak wavelength.

the QW’s emission wavelength, part of the exciton energy in the
QW (the remaining energy either radiatively recombines to emit
photons or is lost through non-radiative recombination) is trans-
ferred directly to the QD via dipole coupling. Upon energy trans-
fer to the QD, intraband transitions occur immediately within the
QD to prevent reverse transfer, followed by interband transitions
that emit low-frequency photons.

Simultaneously, when AuNNP is in close proximity to QD (less
than 100 nm) and its absorption peak highly overlaps with the QD
emission wavelength, a strong electric field is generated around
the AuNNP. This field can transfer energy to the QD via resonant
coupling, enhancing the emission intensity of the QD. Addition-
ally, excited electrons on the AuNNP surface may transfer to the
conduction band or defect states of the QD, subsequently recom-
bining radiatively with holes in the valence band to emit photons.

In Figure 3c, we explain the electron state modulation mecha-
nism between QD and AuNNP.[#*1] The QD used are CdSe/ZnS
core-shell structures with a work function of ~6 eV, while Au has
awork function of 4.5 eV. When AuNNP come into contact with

Laser Photonics Rev. 2025, 19, e00389 €00389 (4 of 11)

QDs, this work function difference causes electrons to transfer
from Au to the QD, establishing a new common Fermi level. This
process induces a downward band bending in the QD, causing
electron accumulation near the QD-AuNNP interface. The elec-
tron accumulation alters the electronic state distribution within
the QD, making it easier for electrons to transition to the con-
duction band and defect levels, thereby promoting radiative re-
combination. Furthermore, electrons in AuNNP can be excited
by surface plasmon waves to states above the conduction band
edge of the QD. These excited electrons can transition more ef-
ficiently into the conduction band and defect states of the QD,
further enhancing bandgap and defect emissions, ultimately in-
creasing the quantum yield of the QD.

Figure 4a—d shows the TEM images and particle size distri-
bution of AuNNPs and QDs, while the structure of AuNNPs is
presented in Figure 4e. The detailed fabrication steps are pro-
vided in the supporting information. The nanogap structure en-
ables AuNNPs to achieve larger absorption wavelengths even at
small diameters, ensuring that the absorption peak of AuNNPs
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Figure 3. a) Energy transfer pathway between QW and QD in NRET. b) Physical mechanism of LSPR. ¢) Schematic of the band structure of AuNNP and

CdSe QD before and after LSPR.

matches the emission band of QDs, which facilitates the occur-
rence of LSPR. Figure 4f depicts the absorption spectra of AuN-
NPs and QDs, where the QDs exhibit strong absorption in the
emission band of QWs. This characteristic allows QDs to effi-
ciently absorb high-energy photons emitted by QWs and con-
vert them into low-energy photon emissions while maintaining
smooth and efficient NRET. Additionally, the absorption wave-
length of AuNNPs is closely aligned with the emission band of
QDs, satisfying one of the prerequisites for LSPR. Electromag-
netic simulations of QD-Au interactions, shown in Figure 4g, re-
veal a significant enhancement in the electric field intensity when
QDs are in close proximity to AuNNPs, confirming the feasibil-
ity of enhancing QDs emission via LSPR. In the supporting in-
formation, we conducted electromagnetic simulations to investi-
gate the relationship between the distance between the QDs and
the NPs and the resulting overall electric field intensity (Figure
S4, Supporting Information). Further characterization through
TRPL and PL spectra of QDs with and without AuNNPs reveals
that the coupling between QDs and AuNNPs via LSPR results in
shorter PL decay times for QDs mixed with AuNNPs (Figure 4h),
indicating improved radiative recombination efficiency of pho-
togenerated carriers within QDs. As shown in Figure 4i, the PL
intensity of QD-AuNNP mixture demonstrates a notable 35% en-
hancement.

Figure 5a,b shows SEM images of the nanorods before and
after being filled with QD/AuNNPs. From the SEM images and

Laser Photonics Rev. 2025, 19, 00389 €00389 (5 of 11)

EDS spectra analysis, it is evident that the QDs have uniformly
infiltrated the gaps between the nanorods, while the tops of the
nanorods remain relatively clean. The SEM image in Figure 5c
clearly shows that the nanorods are fully encapsulated by the
QDs/AuNNPs mixture, with virtually no visible residue on the
tops of the nanorods. This ensures effective electrical contact
between the graphene and the nanorods, allowing the nanorod
regions to illuminate properly. To investigate the effects of the
nanorod structure and AuNNP on the QW and QD, six different
configurations were designed, as illustrated in Figure 5d. From
the TRPL spectra of the QW shown in Figure 5e, it can be ob-
served that the introduction of nanorods accelerates the PL decay
of the QW indicating enhanced carrier recombination efficiency.
This is attributed to the nanorod structure alleviating piezoelec-
tric polarization in InGaN/GaN, thereby mitigating the QCSE.
The PL spectra comparison in Figure 5g between planar and
nanorod structures further confirms this improvement, as the
PL intensity of the nanorod structure is significantly higher, val-
idating the successful enhancement of QW optical performance
by the nanorods. When QDs are incorporated into the nanorods,
NRET provides an additional energy transfer pathway for carriers
in the QW, leading to faster carrier decay rates and shorter de-
cay times. Moreover, when the QD/AuNNP mixture is introduced
into the nanorod gaps, the LSPR effect of AuNNPs enhances the
radiative recombination efficiency within the QDs, further boost-
ing the NRET efficiency. This results in an even shorter carrier
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Figure 4. a,b) TEM images of AuNNPs and their size distribution. c,d) TEM images of QDs and their size distribution. e) Structural schematic of an
AuNNP, along with a TEM image of a single AuUNNP and its corresponding energy dispersive spectrometer (EDS) spectrum. f) Absorption spectra of
QDs and AuNNPs. g) Comparison of electric field distribution in electromagnetic simulations for QDs without and with AuNNPs. h) PL spectra and i)

TRPL spectra of QDs with and without AUNNPs.

decay time in the QW. The NRET efficiency can be calculated us-

ing the Equation (1):(2642]
Tt
Her = 0 (1)
Ter + TQW

where 7 and 74y represent the PL decay times of the QW with
and without NRET, respectively. Calculations show that the non-
radiative energy transfer efficiency of NR-QD is 53%. With the
addition of AuNNPs, the presence of LSPR increases the NRET
efficiency of NR-QD-Au to 60%, representing an improvement of
over 13%. Figure 5f presents the PL decay times of QDs in dif-
ferent structures. The nanorod structure enables direct or close-
range interaction between QDs and QWs, introducing the NRET
mechanism. This allows the energy of carriers in the QW to trans-
fer directly into the QD for radiative recombination, bypassing
the emission and absorption steps of traditional radiative energy
transfer. Consequently, carrier recombination within the QD be-
comes more direct and faster, resulting in significantly shorter
PL decay times in the nanorod structure compared to the pla-
nar structure. When AuNNPs are incorporated, the LSPR effect
enhances the radiative recombination efficiency within the QDs,
leading to even faster carrier decay rates and shorter PL decay
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times. This trend is also reflected in the PL spectra of QDs shown
in Figure 5h, where the combined effects of the nanorod struc-
ture and LSPR significantly enhance the PL intensity of the QDs.

Figure 6a illustrates the schematic of two QD layers, one with
and one without a graphene insertion layer. When a graphene
insertion layer is introduced into the QD layer, as shown in Figure
6b, the PL spectrum of the QDs is enhanced. Furthermore, in
Figure 6c, the PL decay lifetime of the QDs decreases from 18 to
10 ns, indicating an increase in the number of internal carriers
and an acceleration of radiative recombination within the QDs.
The electromagnetic simulation in Figure 6d reveals a significant
enhancement in the electric field intensity within the QD region
when the graphene insertion layer is present. The band diagram
in Figure 6e explains this phenomenon.*>33] Due to the lower
work function of graphene compared to that of CdSe QDs, a band
bending occurs at the graphene-QD interface, this results in the
transfer of photoexcitation carriers from graphene to the QDs.
According to the Equation (2):

Rradsznxp (2)
where R,,, is the radiative recombination rate, B is the radiative

recombination coefficient, n and p are the electron and hole con-
centrations respectively. This equation indicates that the radiative
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Figure 7. a—d) EL spectra of four uLEDs with planar/nanorod structures and with/without AuNNPs under 1-80 mA current. e-h) Comparison of lumi-
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Comparison of CCE between NR-uLED and plane-uLED after adding AuNNPs. I) Comparison of CIE 1931 chromaticity coordinates for the four uLED

structures.

recombination rate is positively correlated with the carrier con-
centration. The transfer of photoexcited carriers from graphene
into the QDs leads to an increase in carrier density within the
QDs, thereby enhancing their radiative recombination efficiency
and leading to a higher PL intensity. Thus, in addition to serving
as a transparent conductive layer to connect individual nanorods,
graphene also functions as an electron and hole transport layer.
This dual role enhances carrier injection into the QDs and pro-
motes radiative recombination within the QDs, ultimately im-
proving their PL performance.

We conducted optical performance measures on the fabricated
planar and nanorod-structured uLEDs. Figure 7a—d shows the EL
spectra of the four pLEDs, with the variables being the presence
or absence of the nanorod structure and AuNNPs. It is evident
that the red-light peak of NR-pLED is significantly higher than the
blue light peak, while the red-light peak of Plane-uLED is lower
than the blue light peak. This clearly demonstrates the significant
role of the nanorod structure in the color conversion. There are
two main reasons for this: 1. The QDs enter the nanorod gaps,
reducing the distance between the QD and the QW, allowing the
QDs to more efficiently absorb the photon energy emitted by the
QW; 2. When the distance between the QD and QW is less than
10 nm, a large number of QDs participate in NRET, which di-
rectly and effectively improves the energy utilization efficiency of
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the QW. In addition to the nanorod structure’s ability to enhance
CCE, AuNNPs also provide significant assistance, with the LSPR
process induced by AuNNPs showing clear benefits in both pla-
nar and nanorod structures. From the comparison of the lumi-
nous efficiency and light output power of Plane-uLED and NR-
MLED shown in Figure 7e-h, The data indicate that the samples
with AuNNPs outperform the samples without AuNNPs in these
two parameters under the same structure. This is due to the en-
hancement of carrier recombination efficiency inside the QDs
by LSPR, leading to increased light emission intensity. By com-
paring the enhancement factors of luminous efficiency in NR-
ULED and Plane-uLED with and without QDs, it is apparent that
the nanorod structure has a more significant effect on luminous
efficiency improvement, as shown in Figure 7i. This is because
NRET enhances the energy utilization efficiency of carriers in the
QW, reducing non-radiative recombination losses in the QD and
allowing more high-frequency photon energy to be converted into
low-frequency photons energy. The pLED-QD’s CCE can be cal-
culated using the Equation (3):(312243]

S o () % [Tgp (W] d2

Jow, 0D (1) % [Tow (1) + Iy ()] d2

Ncce =
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where I, and Iy, are the emission intensities of the QD and
QW in the EL spectrum. The calculated CCE values for Plane-
MLED-QD and NR-uLED-QD are shown in Figure 7j. The NRET
mechanism and graphene’s charge carrier transfer mechanism
lead to a CCE of 82% for the graphene-connected nanorod NR-
MLED-QD at 10 mA, representing a 78% improvement over the
conventional Plane-uLED-QD. The LSPR process introduced by
AuNNPs significantly enhances the QD’s emission intensity and
quantum yield. As shown in Figure 7k, the CCE of NR-uLED-QD-
Au reaches 95%, a 102% increase over the Plane-uLED-QD. In
the CIE1931 chromaticity diagram shown in Figure 71, significant
color differences among the four structures are evident. The NR-
MLED-QD-Au design achieves nearly pure red emission, which
will be highly beneficial for QD-based pLED full-color displays.

In addition to the four device structures mentioned above,
we also designed four other uLEDs with nanorod structures, as
shown in Figure S8 (Supporting Information), to explore the ef-
fects of the graphene insertion layer, and the presence of a second
layer of QDs on the device’s CCE. By comparing the optical per-
formance of these NR-uLEDs (Figures S9 and S10, Supporting
Information), we have reason to believe that the improvement in
CCE of the nanorod structure with a graphene insertion layer is
not only due to the increase in the number of QDs, but more
importantly, because the nanorod structure significantly reduces
the distance between the QD and QW. This, in turn, enhances
the absorption of radiative energy and introduce NRET, collec-
tively boosting the CCE.

3. Conclusion

In conclusion, we fabricated puLEDs by etching optimized
nanorod arrays on the light-emitting mesa, using graphene as
a transparent conductive layer to connect the nanorods. The
QD/AuNNP mixture was spin-coated into the nanorod gaps, and
a second layer of QD/AuNNP mixture was spin-coated on top
of the graphene. The nanorod structure significantly reduced
the distance between the QDs and QWs, introducing the NRET
mechanism, which greatly improved the efficiency of energy uti-
lization. Furthermore, the AuNNPS enhanced the radiative re-
combination efficiency within QDs through the LSPR effect,
boosting the emission intensity of QDs. Finally, graphene in our
design not only serves as a transparent conductive layer connect-
ing the individual nanorods but also acts as a carrier transport
layer, providing photogenerated carriers to the QDs and enhanc-
ing the radiative recombination inside the QDs, ultimately in-
creasing the quantum yield. Combining these physical mecha-
nisms, the CCE of the designed NR-uLED-QD-Au can reach up to
949%, an increase of over 102% compared to the conventional pla-
nar design. This work provides a promising strategy for leverag-
ing nanostructures and nanomaterials to realize next-generation
full-color uLED displays.

4. Experimental Section

Figure 1 shows the schematic diagram of the fabrication process. We
used commercially available GaN-based LED epitaxial wafers on sapphire
substrates. To ensure good ohmic contact between the metal electrode
and P-GaN, a 110 nm layer of indium tin oxide (ITO) was sputtered onto

Laser Photonics Rev. 2025, 19, 00389 €00389 (9 of 11)

www.lpr-journal.org

the P-GaN surface as a current spreading layer. The basic structure of the
final epitaxial structure is shown in Figure Ta. We used photolithography,
inductively coupled plasma chemical vapor deposition (ICPCVD), and lift-
off techniques to pattern a 300 nm layer of SiO, as an etching mask. Then,
an inductively coupled plasma reactive ion etching (ICP-RIE) process was
used to etch a light-emitting mesa with a height of 1.3 pm and dimen-
sions of 50 X 50 um. After etching, a layer of SiO, was deposited using
ICPCVD as a protective layer covering the entire epitaxial wafer, leaving
only a 40 X 40 um area exposed on the mesa as the nanorod etching re-
gion. Next, using the dip-coating method, we self-assembled a layer of
SiO, nanospheres, each with a diameter of 800 nm, onto the epitaxial
wafer. These SiO, nanospheres were then pre-etched for 300 s using re-
active ion etching (RIE) (etching gas: CHF;, flow rate: 100 sccm, radio
frequency power: 300 W). The pre-etched SiO, layer served as an etch-
ing hard mask to form the nanorods array on the light-emitting mesa via
ICP-RIE, with the nanorods achieving a height of 1.3 uym and a diame-
ter of 500 nm. Since the SiO, nanospheres acted as an etching mask, we
could directly control the diameter of the nanorods by adjusting the etch-
ing time of the nanospheres. In the supporting information, we provide
the fabrication process for nanorod arrays with different sizes, as well as
the corresponding optical performance parameters (Figures S1-S3; Table
S1, Supporting Information). After the nanorod array was etched, we used
BOE solution to remove the SiO, protective layer and SiO, nanospheres.
Then, we soaked the sample in a 70 °C KOH solution for 5 min to elimi-
nate the sidewall damage introduced during the dry etching process. Next,
a 300 nm layer of SiO, was deposited using ICPCVD as a sidewall passiva-
tion layer and P electrode isolation layer. Finally, a 15/300 nm Ti/Au layer
was magnetron sputtered as the P/N electrodes, completing the NR-uLED
fabrication in this study. We then used spin-coating to fill the nanorod gaps
with a QD/AuNNP mixture. After cleaning the top of the nanorods, we
transferred two layers of monolayer graphene onto the top of the nanorod
array to connect the individual nanorods. After the graphene transfer, the
band bending effect of graphene and QDs is leveraged, along with the
mechanical strength of graphene, to use it as both a support layer and
an inserted carrier transport layer. A second layer of QD/AuUNNP mixture
was integrated onto its surface, which effectively collects and utilizes the
blue photons escaping from the top of the nanorods, thereby maximizing
the CCE. Figure 1i is a schematic of the final device, and Figure 1j shows
a cross-sectional view of the device as well as a structural diagram of a
single nanorod.

Spin-coating of QD/AuNNPs (process schematic can be seen in Figure
S5, Supporting Information): In a stationary state, the mixed solution of
QDs and NPs is dropped onto the epitaxial wafer surface. The wafer is
first rotated at 500 rpm for 1 min, allowing gravity and centrifugal force to
help the QDs/AuNNPs fill the nanorod gaps uniformly. Then, the speed
is increased to 1000 rpm and rotated for 30 s to reduce the thickness
of the QDs/AuNNPs solution on the wafer surface and ensure the uni-
form filling of QDs/AuNNPs into the nanorod gaps. Finally, the wafer is
rotated at 2000 rpm for 30 s to remove the excess QD/AuNNPs solution
on the surface. The wafer is then placed in a drying oven at 60 °C for 1 min
to thoroughly dry the QDs/AuNNPs solution. Afterward, a cotton swab
dipped in alcohol is used to gently wipe off any residual QDs/AuNNPs on
the wafer surface, preventing the graphene from being electrically discon-
nected from the nanorods in subsequent steps.

Graphene Transfer (process schematic can be seen in Figure
S6, Supporting Information): The commercially purchased mono-
layer graphene is first cut into pieces, with a structure of
PMMA/graphene/Cu/graphene/PMMA. O, Plasma cleaning is then
used to remove the graphene/PMMA layer from the copper foil’s back-
side. The copper foil, which has graphene grown on it, is floated with
the graphene side facing upwards in a copper etching solution (CuSOy,:
HCl: H,O = 10 g:50 ml:50 ml). After 2 h of etching, the copper substrate
is completely dissolved, leaving the graphene and PMMA support layer
floating on the surface of the etching solution. The graphene/PMMA is
then picked up using a clean silicon wafer and transferred into deionized
water. The wafer is repeatedly transferred back and forth in a container
of deionized water for more than 10 cycles to ensure that no excess
impurities remain on the graphene surface. After this, the prepared
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NR-uLED substrate is used to pick up the graphene/PMMA layer. Once
air-dried, the graphene firmly adheres to the NR-uLED surface through
van der Waals forces, while surface tension also helps to promote the
adhesion. The substrate is then gently immersed in acetone to remove
the PMMA support layer, leaving only the graphene on the device surface.
The residual acetone is treated with isopropyl alcohol, and after soaking
in deionized water, the graphene-covered NR-uLED device is left to
naturally air dry at room temperature. Once dried, the same process is
repeated to transfer a second layer of graphene onto the nanorod surface.
The final step involves photolithography to etch away the unwanted
graphene, leaving only the graphene layer at the top of the NR-uLED mesa
as the transparent conductive layer. The purpose of using two layers of
graphene is to enhance the mechanical strength of the graphene layer
and prevent damage to the graphene during the first transfer or growth
process. In the supporting information, we show the SEM images of the
nanorod surface after transferring graphene once and twice, along with
the corresponding atomic force microscopy (AFM) images, transmittance
and Raman spectra of the graphene, (Figure S7, Supporting Information).
When graphene is transferred once, some damage occurs during transfer
process or the graphene growth process, which can affect the conductivity
of the nanorods. After transferring graphene twice, although there is
a slight decrease in the Raman spectrum and transmittance due to
increased thickness and roughness, the continuity of graphene on the
nanorod surface has significantly improved. We believe that the two-step
graphene transfer method we presented could contribute to achieving
high-performance electrical performance in NR-uLEDs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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