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Indium gallium nitride (InGaN)-based micro-LEDs (LLEDs) are suitable for meeting

ever-increasing demands for high-performance displays owing to their high
efficiency, brightness and stability'>. However, pLEDs have a large problem in that the
external quantum efficiency (EQE) decreases with the size reduction®™’. Here we
demonstrate ablue InGaN/GaN multiple quantum well (MQW) nanorod-LED (nLED)
with high EQE. To overcome the size-dependent EQE reduction problem®’, we studied
theinteraction between the GaN surface and the sidewall passivation layer through
various analyses. Minimizing the point defects created during the passivation process
is crucial to manufacturing high-performance nLEDs. Notably, the sol-gel method is
advantageous for the passivation because SiO, nanoparticles are adsorbed on the
GaN surface, thereby minimizing its atomic interactions. The fabricated nLEDs
showed an EQE 0f 20.2 + 0.6%, the highest EQE value ever reported for the LED in the
nanoscale. This work opens the way for manufacturing self-emissive nLED displays
that can become an enabling technology for next-generation displays.

Light-emitting diodes (LEDs) have been continuously seeing tech-
nological advances and are being used in various applications, such
as solid-state lightings, displays, optical data communications and
photonics'® ™, Inparticular, the huge opportunity in the display appli-
cations for high brightness and contrast are leading the recent devel-
opment of micro-LEDs (uLEDs)**>*3, Moreover, rapid growth of the
market for augmented reality and extended reality demanding high
pixel density per inch (greater than 5,000) and high luminance (more
than10,000 cd m2)*Visalso accelerating a shift from a conventional
liquid crystal display to the self-emissive pLED displays.

For most display applications, especially high-resolution augmented
displays, an LED chip size onthe order of micrometres or submicrome-
tresis required™>'®. However, small-size pLEDs show the size-dependent
EQE reduction problem, mainly owing to increased non-radiative
recombination loss at the surface as the surface-to-volume ratio
increases for smaller chip size®”’. Although the surface recombination
velocity, a key parameter for surface recombination, of InGaN-based
materials (about 3 x 10>-10* cm s™) is several orders of magnitude lower
than for other IlI-V semiconductors such as GaAs and InP (ref. ®), the
Shockley-Read-Hall (SRH) recombination at surface defects becomes
severe in the micrometre-scale InGaN LEDs® ', In the manufacturing
processes of LLEDs, defects, impurities and dangling bonds, which act
as non-radiative recombination centres, are generated on the etched
surface”®™', It was reported that the EQE of blue InGaN LEDs decreases
fromabout10% at the lateral dimension of 10 pm down to about 2-3%
at the 1-um size’. Therefore, it is essential to develop a technology
that minimizes surface defects that occur when manufacturing pmor

sub-pum-sized (nanoscale) LEDs and protects the surface witharobust
passivation layer.

Development of highly efficient nanoscale LEDs can also make a
breakthroughinreducing the manufacturing cost of large-sized display
products. The current manufacturing process of uLED displays based
onthe ‘pick-and-place’ method has a high manufacturing cost because
of slow tact time and low production yield®. To overcome this technical
challenge, we are developing a new cost-effective method for fabricat-
ing nLED displays®. The nLEDs were dispersed on the substrate by
means ofinkjet printing and were horizontally aligned on prepatterned
electrodes using dielectrophoretic forces' . Electric-field-assisted
alignment of inkjet-printed nLEDs shortens the process time and
lowers the unit cost™. This configuration not only increases the light
extraction efficiency but also provides control over the luminance by
adjusting the number of nLEDs in the pixel. Because the luminance
is averaged out over many nLEDs connected in parallel in each pixel,
the nLED display is less sensitive to luminance deviation owing to epi-
taxial defects compared with the pLED display having the pixel witha
single pLED. Although the nLED display has a great potential of real-
izing high-performance displays, the development of highly efficient
nLEDs by overcoming the size-dependent EQE reduction problem is
agreat challenge.

Thesidewalls of the InGaN/GaN MQW nanorods contain various struc-
tural defects, such as surface dangling bonds, strain-relaxation-induced
defects and residual damage from the dry-etch process®** 2, It was
reported that surface passivation is an effective way to reduce defect
states and thereby increase the EQE**%°, However, it is inevitable that
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Fig.1|Fabrication of nLEDs and their optical properties.a-c, Schematics
and corresponding scanning electron microscopy images of nLEDs fabricated
by means of conventional top-down processing methods. Dry etching (a), wet
etching (b) and deposition of aSiO, surface passivation layer by means of asol-
gelmethod (c). Scale bars,1 pum. Insetis aschematic of the sol-gel reaction on
the GaN LED nanorod. Scale bars, 500 nm (left) and 200 nm (right).d, PLimage
(top; blue and yellow emissions are co-displayed) and fluorescence excitation-

the nLED is exposed to thermal energy, plasma and atomic reactions
during the conventional passivation processes of chemical vapour
deposition or atomic layer deposition (ALD)**%, As a result, fragile
sidewall surfaces are susceptible to structural damages, resulting in
the formation of defects.

In this study, we will demonstrate that a low-temperature sol-gel
process? %’ can minimize the formation of defects during the surface
passivation process, leading to blue InGaN nanoscale LEDs with a peak
EQE 0f 20.2 + 0.6%. Considering the trend of the decreasing EQE on
sizereduction (Extended DataFig.1), thisis aremarkable achievement
and offers the possibility of fabricating highly efficient nLED displays.
Using extensive analysis methods such as photoluminescence (PL),
electroluminescence (EL), cathodoluminescence (CL) and electron
energy-loss spectroscopy (EELS), we identified the defects that cause
the performance deterioration in the top-down-processed nLEDs.
Whenthe SiO, passivation layer is formed with an ALD process, gallium
vacancy (V;,) complex defects are created on the sidewalls of InGaN/
GaN nanorods, resulting in the increased SRH recombination and the
decreased EQE. This result was cross-validated using X-ray photoelec-
tronspectroscopy (XPS) and deep-level transient spectroscopy (DLTS).

The fabrication process and surface treatment of the nLEDs con-
sisting of an indium tin oxide (ITO)/p-GaN/MQW/n-GaN structure are
showninFig.1a-c. The eight pairs of InGaN/GaN MQWs were grown on
a4-inchc-plane sapphire substrate. Ananorod pattern with adiameter
of about 600 nm was constructed through nanoimprint lithography
andthenitwasdry etched by inductively coupled plasmareactiveion
etching. Subsequently, potassium hydroxide (KOH) wet etching was
conducted toremove the sidewall damages from the dry-etching pro-
cess®?°. The nanorod shape is transformed from trapezoidal to a verti-
cal cylinder because of the high etching barrier index of the m-plane
surface®® and the surfaces of the nanorods become smooth (Fig. 1b).

Wavelength (nm) Time (ns)

emission spectra (bottom) of nanorods with plasma-enhanced ALD SiO,
passivation (left) and sol-gel SiO, passivation (right). Scale bars, 3 pm.

e, Panchromatic CLimages of the submicron LED rod array on wafer with
plasma-enhanced ALD SiO, (left) and sol-gel SiO, (right) (1=300-700 nm).
Scalebars,3 um.f, g, PLspectra (f) and PL decay traces (g) of the nanorods
averaged over theareaindicated intheinsetimages.

We applied two insulating layers on the nanorods because a single
insulatinglayer is insufficient to simultaneously achieve the high effi-
ciency, good reliability and processability required for display prod-
ucts. Theinner SiO, (60 nmthickness) and outer Al,O; (20 nm thickness)
layers were used for sidewall passivation and etch stopping during
pixel processing, respectively, because of their high transparency, low
leakage current and high bandgap energy®*?. Optimization of the inner
insulating layer, which is directly deposited on the GaN surface, is of
utmostimportance for achieving highly efficient nLEDs. To minimize
the surface damage during the passivation process, we developed a
wet-chemical process for synthesizing the SiO, passivation layer by
means of asol-gel method, as shownintheinset of Fig. 1c. Performing
the sol-gel process at room temperature could minimize the atomic
reaction between the GaN surface and the SiO, layer and enhance the
optical properties of the nanorods by passivating the dangling bonds.

The PL images and the fluorescence excitation-emission spectra
(Fig. 1d) and the panchromatic (A =300-700 nm) CL images (Fig. 1e)
are compared for the nanorods passivated by different methods;
conventional plasma-enhanced ALD-deposited SiO, (left) and sol-
gel-deposited SiO, (right). We chose the plasma-enhanced ALD SiO,
as the reference for comparison with the sol-gel SiO, despite its EQE
being slightly lower than the thermal ALD SiO, because of its superior
thin film quality (Extended Data Fig.2). Compared with the thermal ALD
process, the plasma-enhanced ALD produces the SiO, layer with lower
H, outgassing (Extended Data Fig. 2b), which deteriorates the device
efficiency during the operation through defect creation, such as Mg-H
complexes®?**, When the sol-gel processis applied for the SiO, passiva-
tion, the enhancement of the blue emission over the yellow emission
isclearly observed in Fig. 1d. The intensity of the blue emission of the
sol-gel SiO,-passivated nanorods is approximately 13 times higher
thanthat of plasma-enhanced ALD SiO,-passivated nanorods (Fig. 1f).
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Fig.2|VariationinEL and current-density-voltage curves of nLEDs
accordingto thesurface passivation method: plasma-enhanced ALD and
sol-gel Si0, deposition. a, EL and PL composite image of asingle nanorod
within a pixel based on passivation type: plasma-enhanced ALD SiO, (left) and
sol-gel SiO, (right). Scale bars, 1 um.b, ELintensity profile across the MQWsin
the horizontal directionin Fig.2a, measured with a confocal microscope

The slight increase of the yellow luminescence (YL) around 550 nm
mainly originated from the n-GaN and u-GaN underneath the nanorods
(Extended DataFig.3) owing to V,, or substitutional carbon (Cy), and/or
its complexes® ¥, The YL intensity of nanorods dispersed on the wafer
ishigher than that of the glass specimen for both the plasma-enhanced
ALD and sol-gel methods (Extended Data Fig. 3d,h). Furthermore, when
we compared the PL spectraof the nanorods itself by normalizing the
intensity of the glass specimens (Extended Data Fig. 3j), the YL inten-
sity of the plasma-enhanced ALD SiO,-passivated nanorods is higher
than that of the sol-gel SiO,-passivated nanorods, indicating that the
sol-gel method produces fewer surface defects.

The panchromatic CLimages of the individualnanorod LEDs inFig.1e
clearly visualizes the existence of the non-radiative recombination
region depending on the passivation method?®*¥. The outer rim cor-
responds to the yellow emission from the insulator®® and the inner
circle corresponds to the blue emission of the MQW regions. In the case
of plasma-enhanced ALD SiO,-passivated nanorods (Fig. 1e, left), the
outside of the MQWs is darker owing to the non-radiative recombina-
tion centre (NRC). Furthermore, the nanorods show marked differences
inbrightness because of the different positions of the NRC. However,
for the sol-gel SiO,-passivated nanorods (Fig. 1e, right), the overall
brightnessis uniform and the above-mentioned abnormal light emis-
sionisabsent. Furthermore, the reduced carrier lifetime of the sol-gel
SiO,-passivated nanorods verifies that the surface defects of GaN are
reduced compared with that of the plasma-enhanced ALD-deposited
SiO, (Fig.1g).

Figure 2a shows the EL and PL composite images of a single nLED
within a pixel according to the passivation method. The pixel is com-
posed of the nLEDs connected in parallel with transparent conductive
metals. Because the EL of the horizontally aligned nLED is emitted
alongtheradial and longitudinal directions owing to waveguide reflec-
tion, abright blue and arelatively dark emission are observed at the
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placed directly above the nanorods. ¢, EQE curves for the nLEDs. Each curve is
obtained from 60 pixels, with each pixel comprising six and nine nanorods

for plasma-enhanced ALD SiO, and sol-gel SiO, passivation, respectively.

d, e, The current-density-voltage (J-V) characteristics of thenLEDs in linear
scale (d) and logscale (e). f, Ideality factors obtained from theJ-V curvesat2.5 V.

top and bottom of the nanorods, respectively. The light extraction
efficiency (LEE) is calculated for the pixel structure in Extended Data
Fig. 4a usingafinite-difference time-domain (Ansys Lumerical FDTD)
method. The total LEE is approximately 25% and it comprises 71.0%
radial emission, 16.8% p-side and 9.9% n-side waveguide emission, and
therest of the optical lossin the transparentelectrodes (Extended Data
Fig.4b). The EL intensity profiles obtained from a region horizontally
across the top of the nLEDs confirm that the EL intensity of the sol-gel
Si0,-passivated nanorod is higher than that of the plasma-enhanced
ALD SiO,-passivated nanorod (Fig. 2b).

Figure 2c compares the EQE curves for the nLEDs for each surface
passivationtype. Each curveis obtained froma 60-pixel array (Extended
DataFig.4c),and each pixel comprises an average of sixand nine nLEDs
for the plasma-enhanced ALD SiO, and sol-gel SiO,, respectively. The dif-
ferenceinthe number of nLEDs per pixel originates from the dispersion
inthealigned process. The average values of the peak EQE of the sol-gel
and plasma-enhanced ALD SiO,-deposited nLEDs are 20.2 + 0.6% and
8.9 + 0.1%, respectively. Furthermore, the internal quantum efficiency
(IQE), calculated by dividing the EQE by the LEE, was 81% and 36% for
nLEDs with the sol-gel SiO,and plasma-enhanced ALD SiO,, respectively.
The high EQE of the sol-gel SiO, nLED is remarkable becauseit is higher
than the best EQE value of the uLED structure even at a larger size®?.
The primary reason for such a high EQE is the decreased GaN surface
damage in the sol-gel SiO, nLED, as confirmed by the longer carrier
lifetime in PL and decreased NRC regionin CLin Fig. 1.

The nLEDs with the sol-gel SiO, show a lower leakage current than
that of the plasma-enhanced ALD SiO, at below-threshold voltages
(Fig. 2d,e) owing to the parallel resistance component attributed to
the sidewall damage. This is consistent with the decrease in the ideal-
ity factor of nLEDs with the sol-gel SiO, compared with that of the
plasma-enhanced ALD SiO, (Fig. 2f). Generally, the ideality factor of
the LED changes greatly depending oniits epi-structure®. However, we
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Fig.3|Surface analysis of the nLEDs after each fabrication step.
a,HAADF-STEMimages of the sidewall in MQWs according to the fabrication step.
Thewhitearrows represent the amorphization of the dry-etched surface. The
yellow arrowsindicate the plasma damage concentrated on the sidewall of the

have proved that theideality factor canalso be changed notably by the
passivation method. The decrease in the ideality factor of sol-gel SiO,
nanorods indicates a decrease in the effective SRH recombination™®,
thereby increasing the IQE to more than 80%.

The marked changein the electrical and optical properties depend-
ingonthesidewall passivation method s closely related to the defects
generated during the passivation process. Therefore, understanding
the phenomenon occurring at the interface and controlling it are key
to manufacturing nLEDs with outstanding performance.

Figure 3 shows the analysis results of the interface between the
sidewall of the nanorods and the insulator. The evolution of the mor-
phology and atomic structure of the sidewall in the MQW region after
each fabrication step is traced by means of high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging (Fig. 3a). After the dry etching of the epi-layer, the nanorod
developed atrapezoidal shape owingto theimpact-energy difference
on the surface. The white arrows indicate the amorphous region at
the sidewall, which formed owing to successive ion bombardments.
However, after KOH wet etching, the nanorod developed aninverted
trapezoidal shape because the etch rate of p-GaN is slower than that
of n-GaN (ref. *!). Furthermore, the semi-polar {1011}plane and m-plane
appear alternately, resulting in a staircase-like sidewall morphology
ofthe InGaN quantum wells. When the SiO, layer is deposited through
plasma-enhanced ALD, the plasma creates point defects, such as
nitrogen vacancies (Vy), nitrogen interstitials (N;), nitrogen splitinter-
stitials (N-N),, and V, and V, complexes****, resulting in the amor-
phization of the surface of the nanorods. This amorphous region is
observed on the entire surface of the GaN nanorod. However, it is
predominantly observed on the semi-polar facet of the InGaN quan-
tum wells (yellow arrows), probably owing to the high density of
dangling bonds. As the thickness of the SiO, layer increases from 2 nm
to 60 nm (Extended Data Fig. 5e), the penetration depth of the
plasma-induced amorphizationincreases to4 nmat the InGaN quan-
tum wells. However, when sol-gel SiO, is deposited on the nanorods,
there is no amorphous region formed at the interface in addition to
the deposited SiO,.

Magnetic field (G) etching etching SiO, Sio,

InGaN quantum wells. Scale bars,2 nm. b, XPS core-level spectraof nLEDs witha
2-nm-thick SiO, coating: Ga3d (left) and N 1s (right). ¢, Ga3d state ratios obtained
fromthe XPSspectra.d, ESRspectraofthenanorods after each fabrication step.
e, N-Nsplitinterstitials of the nanorods based onthe ESR spectra.

Figure 3b,c and Extended Data Fig. 6b—g show the XPS results.
The core-level spectra of Ga 3d could be deconvoluted to the Ga-N,
Ga-0 and Ga-Gabonds. The Ga 3d state ratios (Fig. 3¢c) clearly show
that the Ga-0 bonds were the highest in the plasma-enhanced ALD
Si0, nanorods and the lowest in the sol-gel SiO, nanorods. Owing to
the plasma-induced GaN defects, such as Vy and O,, the Ga-O bonds
increased, whereas the Ga-Nbonds decreased. Furthermore, compar-
ingtheSi2p core-level spectrum of sol-gel SiO, and plasma-enhanced
ALD SiO, (Extended Data Fig. 6e), the latter shows oxygen deficiency
because of oxygen atoms contributing to the Ga-O bond. Moreover,
we obtained electron spin resonance (ESR) spectra to analyse the
concentration of the (N-N), defects (Fig. 3d,e), which are known as
ambipolar defects, that is, with a deep acceptor in n-GaN and a deep
donor in p-GaN (ref. **). The (N-N),° defects decreased after the wet
etching of the nanorods and increased after plasma-enhanced ALD
SiO, deposition. Because the defect concentrations are calculated by
dividing the spins by the total weight of the nanorods and consider-
ing that most of the defects are concentrated at the nanorod surface,
the actual differences in the defect concentrations of the nanorods
after each fabrication step will be greater. Furthermore, the (N-N),°
defects in the sol-gel SiO,-coated nanorods were fewer than those in
the wet-etched nanorod, demonstrating the passivation of surface
dangling bonds without generating excess defects.

We also carried out DLTS analysis on a bulk LED chip and
plasma-enhanced ALD SiO,-coated nLED-array chip (Extended Data
Fig.7).Inthe bulk LED chip, the main defects are electron traps owing to
Vyand N; with activation energies of 0.56 and 0.67 eV, respectively®.In
the nLED-array chip, although the electron trap concentration is similar
to that of the bulk LED chip, five types of hole traps (0.14, 0.39, 0.51,
0.56 and 0.93 eV) are observed and the defect concentration is greater
than10% cmfor the deepest defect level (E, + 0.93 eV). V,-related com-
plexes (complexes of V;, and oxygen that replace nitrogenssites, that is,
Vga—On, Ve~ On—2H) are reportedly responsible for these hole traps*¢*.
According to previous reports**8, these V;, complexes increase the
SRH coefficient, thereby increasing the non-radiative recombination
rate and markedly decreasing the IQE.
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Fig.4 |Defectsinthesidewalls of InGaN quantum wells fabricated using
different passivation methods. a, High-resolution STEM images of the InGaN
quantumwells. Each coloured layer indicates the region at which the
correspondingelectronenergy loss spectrumwas obtained, thatis, bulk

Figure 4 shows a detailed comparison of two representative electron
energy loss spectra obtained from the bulk and the surface region of
the InGaN quantum wells. For the bulk InGaN, the N-K-edge electron
energy-loss near-edge structure (ELNES) can be decomposed into four
contributions, denoted by A, B, C and D (ref. *°). For the InGaN passi-
vated by sol-gel SiO,, the observed spectral features of N-K ELNES are
almost similar for the bulk and surface regions (top panel in Fig 4b).
Compared withthose of InGaN passivated by the sol-gel method, pro-
nounced changes are observedinthe spectral features of the N-K ELNES
(redline) of the surface region of InGaN passivated by plasma-enhanced
ALD: the appearance of the small peak between the second and third
peaks and the chemical shift of the third peak, labelled as C, to alower
energy (red shift).

To theoretically verify the observed spectral features of the N-K
ELNES, density functional theory (DFT) calculations were performed
by consideringthe V;,-Oy—2H complexinal00-atom-based 3 x 4 x 2 GaN
supercell, which corresponds to the most energetically favourable Vg,
point defect complexed with O and H (ref. *’). The main changes caused
by the V;,—~O\-2H complex are that the third peak (C) at approximately
405 eV (bottom-most panel of Fig. 4b) is shifted towards alower energy
by approximately 0.4 eV,and asmall shoulder peak appears between B
and C atapproximately 403 eV, consistent with the experimental results.
The red shift and the formation of the shoulder peak suggest that the
Vg.—On—2H complex locally breaks the wurtzite symmetry by changing
the relative distance between the Ga and N atoms and then modifying
the hybridization between the Gaand N 2p states, resultinginachemical
shift of the N-K edge and the formation of a shoulder peak. Therefore,
we conclude that the V,—0y\-2H complexis the dominant defect gener-
atedinthe sidewalls of the nanorods during the plasma-enhanced ALD
SiO, passivation, wherein a hydrogen-containing precursor is used.

Although the sol-gel SiO, passivation provides superior
opto-electrical properties such as high peak EQE 0f20.2 + 0.6% (Fig.2c),
alowleakage current at below-threshold voltages (Fig. 2d,e) and lower
ideality factor of 1.56 (Fig. 2f) compared with the plasma-enhanced
ALD SiO, passivation, it has a few disadvantages, such as the presence
of residual reaction by-products. To achieve good reliability, suitable
post-treatments are required to complete the reaction and eliminate
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(green, sol-gel; and yellow, plasma-enhanced ALD) and surface (blue, sol-gel;
andred, plasma-enhanced ALD). Scale bars, 2 nm. b, N-K-edge spectra of the
regionsindicatedina.Spectral features of the N-K-edge ELNES, which were
theoretically verified using DFT calculations, as shownin the bottom panel.

the reaction residue. We have found that this can be achieved while
maintaining the high EQE by baking the sol-gel SiO, film (Extended Data
Fig.8). Withthese preliminary results, research on furtherimprovement
through process optimization is now under way.

In conclusion, we developed blue InGaN nLEDs with high peak EQE
of 20.2 £ 0.6% by means of sol-gel SiO, passivation. The nanorods
were aligned on prepatterned electrodes using the dielectrophoretic
forceand connectedin parallel through transparent electrodesin each
pixel. We demonstrated that passivation by means of conventional
plasma-enhanced ALD induces amorphization at the InGaN quantum
well surfaces and creates point defects on the sidewalls of GaN nanorods,
whichincreases the SRH recombination and generates an NRC region
at the InGaN sidewall of the nanorods. The sol-gel process provides
effective passivation for the GaN surfaces because the SiO, nanoparticles
are adsorbed on the GaN surface after the sol-gel reaction. Thus, the
atomicinteractionwith the GaN surface is minimized and only dangling
bonds of the surfaces are passivated, resulting in alow leakage current,
decreased NRCregions and high EQE. We believe that our findings will
accelerate the implementation of nLEDs in next-generation displays.
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Methods

Fabrication of top-down-processed nLEDs

We used commercially grown 4-inch epitaxial wafers, produced by
the Samsung Electronics LED Business Team. They had eight pairs of
InGaN/GaN MQW LED structures on c-plane sapphire substrates. AnITO
layer (110 nm thick) was deposited on top of the p-type GaN to obtain
ap-typetransparent conductingelectrode. Nanoimprint lithography
was performed to fabricate a rod-like pattern using a SiO,-based hard
mask on theITO layer, and this pattern was dry etched using inductively
coupled plasmareactive ion etching. Subsequently, KOH wet etching
was conducted to remove the surfaces of the mesa that were damaged
during the dry-etching process. Then the nanorod surface was pas-
sivated by two insulating layers with the 60-nm-thick SiO, inner layer
for sidewall passivation and the 20-nm-thick Al,O; outer layer for etch
stopping during pixel processing. The average diameter and length of
the fabricated nanorods were about 580 nm and 4 um, respectively.
The nanorods were separated from the wafer using adiamond cutter.
The separated nanorods were then dispersed in solvents for depos-
iting in the pixel area using an inkjet printing method. As shown in
the schematic diagram in Extended Data Fig. 4a, the nanorods were
placed between two bottom electrodes, which were used to align the
nanorods horizontally by applying the dielectrophoretic force® 2.
The top transparent electrodes were connected with the nanorods
for electrical biasing.

Synthesis of SiO, passivation layer by means of the sol-gel
method

Tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 98%) was used asa pre-
cursor for the synthesis of a SiO, passivation layer on the surface of
nanorods. A schematic of the entire sol-gel process is showninFig. 1c.
First, 210 ml of ethanol (EtOH, Sigma-Aldrich, anhydrous) and 290 ml
of deionized water were mixed in a three-necked flask. The entire
4-inch wafer with nanorods was dipped in this solution. Then, 0.8 g of
cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich, >98%) was
dissolved in the solution at room temperature to form micelles. After
stirring the above mixture at 500 rpm for 5 min, 2.5 ml of an aqueous
ammoniasolution (Sigma-Aldrich, 28-30%) and 1.25 ml of TEOS were
sequentially added dropwise into the reactants. The resulting mixture
was then continuously stirred at 25 °C at 500 rpm for 2 h and the wafer
was washed with deionized water and EtOH. The thickness of the SiO,
layerincreased linearly with anincreasein the reaction time for 60 min
and saturated at 23 nm owing to the limited quantity of sol particles
(Extended DataFig. 9g). The transmission electron microscopy image
intheinset of Fig. 1c shows awell-defined and uniform SiO, layer on the
nanorods from the top to bottom. By repeating the sol-gel reaction,
thethickness of the SiO, layer increases. The PL intensity increased on
doubling the thickness of the SiO, layer (Extended Data Fig. 9h) and
thensaturated. Itis attributed to the reduction of defects and effective
passivation of the dangling bonds (Extended Data Fig. 5c). To evaluate
the passivation uniformity, we recorded the PL spectra from three dif-
ferent positions on the 4-inch wafer. We found that the variationin the
PLintensity with respect to the position is minor.

PL analysis of nanorods and nLEDs in the pixel structure

Two-dimensional steady-state PL spectra were obtained using a
FluoroMax-4 spectrofluorometer (Horiba) with a150-W ozone-free
xenon arc lamp as the excitation source. Steady-state PL/EL images
and a two-photon spectrum of GaN nanorods were obtained using a
modified confocal microscope (Leica TCS SP8). The excitation sources
were an enhanced mercury arc lamp with a bandpass filter (1=340-
380 nm) and aTi:sapphire laser (Chameleon Vision) producing 140-fs
pulses at a repetition rate of 80 MHz for the steady-state PL images
and two-photon spectrum, respectively. An excitation wavelength of
740 nm was used for the two-photon excitation of InGaN MQWs. The

lamp and laser were focused through a dry objective (NA 0.8). For the
PL images in Fig. 1 and Extended Data Fig. 3, we applied a long-pass
filter (A >425nm) to acquire the blue and yellow overlapped image.
To avoid the PL saturation for the sol-gel SiO, nanorods, in Fig. 1d,
we applied an attenuator to reduce the light intensity by a quarter.
The PL decay traces and fluorescence lifetime images were obtained
using another modified confocal microscope (Leica TCS SP8) with
PicoHarp 300 (PicoQuant) by using the time-correlated single-photon
counting technique. They were obtained by the one-photon excitation
of a405-nm diode laser at a repetition rate of 625 kHz. The objective
lens was the same as that used in the steady-state PL measurements.
All PL and EL measurements were performed at room temperature
between 20 and 25 °Cin a dark room. The PL and EL spectra for the
plasma-enhanced ALD SiO, passivation and sol-gel SiO, passivation
were compared in Extended DataFig.10. Thered-shifted EL spectrum
compared with the PL spectrum can be attributed to the influence of
surface defects and different quantum confinement process between
photoexcitation and electrical excitation. The EL spectrumbroadening
inthe plasma SiO,-passivated device can be explained as the result of
the increased dispersion owing to surface defects. The plasma SiO,
passivation generates more surface defects compared with the sol-gel
Si0, passivation or KOH wet etching (Fig. 3 and Extended Data Fig. 11).

Quantification of defect concentrations using ESR

ESR measurements were performed using an X-band Bruker ELEXSYS-II
E500 spectrometer. A helium gas flow cryostat was used at an oper-
ating temperature of 6 K. The GaN nanorod powder samples were
placed in a quartz sample tube with a diameter of 4 mm and held in
amicrowave cavity. The experimental ESR settings were as follows:
microwave power 0.002 mW; sweep width 1,000 G; modulation fre-
quency 100 kHz; modulationamplitude 5 G; sweep time 200 s; number
of points 2,048; number of scans 8. The spin density was calculated
using the SpinCount/SpinFit software.

Surface-state analysis using XPS

The XPS data were obtained using an ESCALAB 250Xi electron spec-
trometer (Thermo Fisher Scientific) witha monochromatic Al-Ka X-ray
(1,486.7 eV) source and a spot size of 400 um. To obtain the Ga3d and
N 1s core-level spectra of the nanorod sidewall, the SiO, insulating
layer was intentionally deposited with a thickness of only 2 nm using
plasma-enhanced ALD and sol-gel synthesis. Then, the nanorods were
separated from the wafer and dispersed on the Si substrate. Atomic
concentrations were determined from the survey spectra (0-1,350 eV,
10 eV detector pass energy, 1 eV step size, 50 ms dwell time, two scans).
Furthermore, high-resolution spectra were acquired (20 eV detec-
tor pass energy, 0.1eV step size, 50 ms dwell time, ten scans) and the
Thermo Fisher Scientific Avantage software was used for peak fitting;
the Smart background option was used. The spectrometer was cali-
brated using the C 1s peak as a reference point (284.8 eV), whichisin
excellent agreement with the average values provided by the National
Institute of Standards and Technology (NIST).

Trap-density analysis using DLTS

Allthe DLTS measurements in this study were conducted using a DLS-
1100 (SEMILAB) systemin the temperature range 80-600 K. The chips
inwhich approximately 10,000 nanorods were p-nalignedin an area of
500 pm?wereloaded in the DLTS chamber ata vacuum of 1 x 107 torr.
The measurement conditions were a temperature scan of 100 mK s™
and a pulse voltage of 2 V to facilitate the formation of the depletion
regioninthe nanorod device.

Measurement of electrical properties and EQE of nLEDs and LEE
simulation

The current density-voltage (J-V) curves for a single pixel in test ele-
ment group (TEG) cells were recorded using a Keithley 2400 source



measurement unit (Keithley Instruments). The ideality factor of the
diode characteristics was calculated from the intermediate range of
theJ-V curvesasshownin Extended DataFig.12. The EQE was measured
for the TEG cell using a CAS 140CT Array Spectroradiometer (Konica
Minolta) withanintegrating sphere (ISP 40-101), which was calibrated
withastandard light source (Extended Data Fig. 4c,d). The optical field
distributionin Extended DataFig. 4b was calculated for the pixel struc-
turein Extended Data Fig. 4a with the simulation area of 30 x 30 x 5 pym?
usingan FDTD method (Ansys Lumerical). Isotropic dipoles from MQWs
were used as a light source and the total amount of light emitted out
of the pixelis defined as the LEE. The IQE was obtained by dividing the
EQE by the LEE.

Observation of surface atomic structure using transmission
electron microscopy

Weused anaberration-corrected STEM system (Themis Z G3, Thermo
Fisher Scientific) with an accelerated electron beam of 300 kV to
observe the atomic structure of the sidewall region. The nanorods
were directly dispersed on lacey carbon grids to prevent damage
to Gaions during focused ion beam (FIB) milling of the specimen.
Furthermore, the insulating layer was intentionally deposited with
athickness of only 2 nm for electron transparency. To observe the
interface between the nanorods and the SiO, layer, we performed
STEM-EELS (JEM-ARM20OF, JEOL) measurement on an FIB specimen
with 60-nm-thick SiO,-deposited nanorods. Further, we cleaned the
specimen using an Ar-ion beam to remove the areas that sustained
Ga-ion damage during FIB.

Electron energy-loss spectroscopic analysis

EELS calculations were performed on the basis of the DFT implemented
in VASP*. The projector augmented-wave method was used to mimic
theionicfunctional®, whereas the Perdew-Burke-Ernzerhof approxi-
mation was used for the electron exchange-correlation functional®.
Plane waves were included up to an energy cut-off of 400 eV. We used
a9.0 x 11 x 11-A supercell to consider defect complexes. The Brillouin
zone for the supercell calculation was sampled using a2 x 2 x 2 k-point
grid. lonic and electronic relaxations were performed by applying a
convergence criterion of 5 x 102 eV A perionand 10~ eV per electronic
step. The supercell core-hole method was used to obtain the electron
energy loss spectraof GaN (ref. ®). The core electron of the oxygen atom
was removed from the coreand added to the valence/conduction bands,

resembling the final state of the excitation process (also referred to as
final-state approximation). We used a constant Lorentzian broadening
of 0.5 eVtoreplicate the experimental broadening.
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accordingto the fabrication steps, thatis, dry etch (a), wet etch (b), sol-gel SiO, (d) to 60 nm (e) isevident.
deposition (c) and plasma-enhanced ALD SiO, deposition of thicknesses of
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Extended DataFig. 6 | Surface defects of nLEDs according to their
fabrication steps. a, Optical micrographs of the nLEDs dispersed on Si
substrates. b, Ga3d state ratios estimated using XPS. Fitting of XPS core-level

spectraofdry-etched nanorods for Ga3d (c) and N1s (d). XPS core-level spectra
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Extended DataFig. 9 |Synthesis of Si0, passivation layer using the sol-gel
method. a-c, Transmission electron microscopy images of nLEDs passivated
withsol-gel SiO, at reaction times of 15 min (a), 30 min (b) and 60 min (c).

d-f,Inaddition, thereaction was repeated twice under the same synthesizing
conditionstoincrease their thicknesses. g, The thickness of the SiO, layer was
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saturated at 23 nm after reaction for 60 min. h, PLintensities of the nanorods.
We obtained the PLspectrafrom three different positions ona4-inch wafer.
Thevariationin the PLintensity with respectto the positionissmall.
Furthermore, the PLintensityincreased withanincreaseinthe thickness of the
sol-gel SiO, layer.
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Extended DataFig.10 | ComparisonbetweenPLand EL spectra. a, Plasma-enhanced ALD SiO, passivation. b, Sol-gel SiO, passivation. The ELspectraare

obtainedatacurrentdensity of 10 mA cm™, whichis near the peak EQE position.
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Extended DataFig.12|Extraction of theideality factor. The dashedred lines represent the linear fittings for calculating the ideality factor in the J-V curves of

devices with the plasma-enhanced ALD SiO, passivation.
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