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Abstract: Pyramid-shaped InGaN/GaN micro-light-emitting diodes (µ-LEDs) were grown on a
sapphire substrate using the selective area growth technique. A stable emission wavelength of
a single µ-LED pyramid at 412 nm was observed under an injection current from 0.05 to 20 mA,
despite the non-uniformity of the thickness and composition of the multiple quantum wells (MQWs)
on the sidewall. An efficient carrier confinement and, thus, a high luminescence intensity were
demonstrated in the middle of the sidewall through spatial-resolved cathodoluminescence (CL)
characterization and were predicted by theoretical simulations. An ultra-high output power density
of 1.37 kW/cm2 was obtained from the single µ-LED pyramid, illustrating its great potential for
application in high-brightness micro-displays and in virtual reality and augmented reality (VR and
AR) applications.

Keywords: micro-LED; selective area growth; luminescence property; output power density;
carrier confinement

1. Introduction

µ-LEDs have drawn an increasing amount of interest among researchers due to their
wide range of applications in self-emissive micro-displays, visible light communications,
virtual reality and augmented reality (VR and AR), etc. The high pixel resolution, tunability
of emission wavelength, and compatibility with flexible electronics of µ-LEDs show their
great advantages over conventional LEDs [1–3]. Top-down etching is one of the most
commonly used techniques in fabricating µ-LEDs. For instance, Tian et al. demonstrated a
GaN-based LED epitaxial structure grown on a Si substrate using a dry-etching process. In
addition, 10 × 10 LED arrays with pixel diameters of 45 µm and a peak emission at 470
nm were reported [4]. However, many previous studies indicated that the luminescence
intensity and external quantum efficiency (EQE) sharply decrease with reductions in
the µ-LED dimensions due to the existence of nonradiative recombination centers at the
exposed sidewalls [5]. These losses originate from the point defects and dangling Ga
bonds at the LED sidewalls, which are introduced during the plasma-etching process [6,7].
Wong et al. reported that plasma-enhanced chemical vapor deposition (PECVD) on the
sidewall is beneficial in reducing leakage current in LEDs, but unfortunately, it has little
influence on µ-LEDs with dimensions smaller than 60 × 60 µm2 [8]. Ley et al. discussed
the treatment of sidewalls with KOH etching and Al2O3 dielectric passivation [5]. Despite
the above attempts, the sidewall damages cannot be fully eliminated. A perfect alternative
for avoiding the sidewall damage is the utilization of a “bottom-up” growth process.
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As a typical example of a bottom-up technique, selective area growth (SAG) of µ-LEDs
in the form of rods or disks offers great benefits, including an enhanced surface area
for light extraction and a smooth surface morphology. Furthermore, the SAG technique
can effectively reduce the threading dislocation density, which is blocked by a SiOx or
SiNx mask [9–13]. Last of all, biaxial strain stemming from the thermal expansion and
lattice mismatch during the heteroepitaxial growth can also be relieved during SAG,
contributing to lower internal polarization [14–16]. Overall, SAG has been demonstrated
to be a promising approach in the realization of next-generation µ-LEDs [17]. InGaN-based
multiple quantum wells (MQWs) were grown on non-polar or semi-polar sidewalls of
the pyramid base structure, resulting in an increased overlap of the electron and hole
wavefunctions; thus, a high radiative recombination rate was obtained [18,19].

Despite the numerous advances mentioned above, there is still a lack of understanding
of the correlation between the microscale optoelectronic properties of the devices and
the structural information because µ-LEDs usually have stringent requirements for the
uniformity of the emission wavelength. However, note that the thickness non-uniformity
on the sidewalls of the SAG nanostructure is an inherent drawback for the selective area
growth technique due to the variations in the gas phase and surface diffusion of In, Ga,
and Al atoms [1]. Some researchers even reported multiple emission peaks and severe
peak shifting during current injection [20–22]. This issue has seriously slowed down the
development of µ-LEDs using the bottom-up growth technique, and a deep understanding
of the spatially resolved optical and electrical behaviors of pyramid µ-LEDs is therefore,
strongly, required.

In this work, electrically driven pyramidal near-UV µ-LED arrays were grown on 2 µm
thick Si-doped GaN thin film on 2 inch c-plane sapphire with the SAG technique. A detailed
analysis of the correlation between the nanoscale structural and optical properties of the
pyramid µ-LEDs is provided. A strong EL intensity with a stable emission wavelength at
412 nm was reported for a single µ-LED pyramid in spite of the nonuniform thickness and
composition on the semipolar crystallographic plane.

2. Materials and Methods

A pyramidal µ-LED array was grown in an AMEC Prismo HiT3
TM metal organic

chemical vapor deposition (MOCVD) reactor with ambient N2. Trimethylaluminum,
trimethylindium, trimethylgallium/triethylgallium, and ammonia were used as the pre-
cursors of Al, In, Ga, and N, respectively. A 2 µm thick Si-doped GaN thin film was
grown on 2 inch c-plane sapphire as a current-spreading layer. A 150 nm thick SiO2 layer
serving as the mask was deposited on the top of the GaN with the e-beam evaporation
technique, and the patterns were fabricated using standard photolithography followed
by reactive ion etching (RIE). The diameter of the circular opening was 20 µm, and the
periodicity was 40 µm. The patterned mask was then reloaded into the MOCVD reactor
for regrowth. The pyramid-shaped µ-LEDs consisted of a Si-doped GaN contact layer,
five periods of In0.1Ga0.9N/In0.02Ga0.98N MQWs, and a p-type current-spreading layer,
denoted as AlGaN1 and AlGaN2, and they were capped with a 50 nm Mg-doped GaN
contact layer. The targeted carrier concentrations for the n-GaN and p-GaN contact layers
are 1 × 1019 and 2 × 1018 cm−3, respectively. The gaps between the individual µ-LEDs
were filled with insulating photoresist to provide mechanical isolation. Afterwards, a
thin Ni/Au (10/10 nm) p-electrode was deposited on the surface of the µ-LEDs using a
shadow mask. An indium n-type electrode was coated on the exposed n-GaN template.
The surface morphologies of the µ-LED pyramids were characterized by a Hitachi s4800
scanning electron microscope (SEM). The samples were optically pumped by an Ar-F
(193 nm) excimer laser at various power densities. Large-scale photoluminescence (PL)
spectra were collected by an optical fiber, dispersed with a Jobin-Yvon Horiba iHR550
spectrometer (300 grooves/mm), and detected by an air-cooled charge-coupled device
(CCD). Spatially resolved room temperature (RT) PL analysis was carried out using a
Renishaw inVia Reflex Raman microscope and spectrometer with a 325 nm He-Cd laser. In
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addition, RT cathodoluminescence (CL) was analyzed with an FEI Quanta FEG 250 with
a Gatan Mono CL setup. For the electrical properties, current–voltage (I-V) characteriza-
tion and electroluminescence (EL) were measured with a Keithley 4200S semiconductor
characterization system and a Zolix Omni-750i spectroscope, respectively. The samples
for transmission electron microscopy (TEM) analysis were prepared using an FEI Helios
dual-beam-focused ion-beam scanning electron microscope system with a Ga ion source.
The cross-sectional morphology of the semi-polar plane, MQW layer thickness, and energy
dispersion spectroscopy (EDS) mapping were characterized with an FEI probe-corrected
High-Angle Annular Dark-Field (HAADF) TEM operated at an acceleration voltage of
300 kV.

3. Results

Figure 1a shows a top-view SEM image of the as-grown pyramidal µ-LED arrays. The
µ-LEDs were uniformly distributed on the surface, and the facet length and pyramid height
were 15 and 26 µm, respectively. The growth condition of the GaN template was similar to
that of the pure GaN thin film reported in our previous work [14]. With a low V/III ratio
and a low carrier gas N2/H2 flow ratio, the smooth semi-polar—rather than non-polar
planes—were formed on the sidewall during the SAG process [17]. On the semi-polar facets,
some protrusions were observed, which were possibly due to local variations in growth
rates. Note that polycrystalline grains were found on top of the SiO2 mask, which can be
ascribed to the high gas-phase supersaturation and, thus, a large nucleation density [23].
A schematic illustration of the µ-LED is shown in Figure 1b.

Figure 1. Top-view SEM image of the as-grown µ-LED array (a). Schematic illustration of the
structure of a single µ-LED (b).

To analyze the nanoscale structural properties of the µ-LED, a cross-sectional TEM
image of the pyramid is shown in Figure 2a. The zoomed-in views of the MQW regions
from the upper, middle, and lower parts of the sidewall are illustrated in the HAADF
images shown in Figure 2b–d, respectively, and denoted as regions A, B, and C. The regions
with a brighter contrast are the high-indium quantum wells (QWs), while the regions
with a darker contrast are the low-indium quantum barriers (QBs). The thicknesses of
the InGaN QW in regions A, B, and C were approximately 4, 2, and 1 nm, respectively.
The corresponding GaN barriers were 7, 3, and 2 nm, respectively. The thicknesses of
the MQWs decreased from region A to region C of the semi-polar plane, suggesting that
gas-phase diffusion processes were more dominant over surface diffusion from the SiO2
mask in the 3D pyramid structures, leading to thicker QWs on the top. Our result is
also consistent with the observations from Wunderer et al., who established a gas-phase
diffusion model during MOCVD growth [24]. It is worth noting that regions A, B, and C
were just relative positions of the pyramid sidewall. The MQWs at the very bottom of the
pyramid could hardly be observed because of the limited atom diffusion length. Region C
was located 6 µm above the base of the µ-LED pyramid. Meanwhile, the EDS mappings of
the indium content in regions A and B of the semi-polar plane are shown in Figure 2e,f. It
was observed that the MQWs on the top had a stronger color contrast than in the middle.
Furthermore, from the line-scan of the indium composition shown in Figure 2g, the QW
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in region A had much higher indium content than in region B. The above observations
suggest that a higher indium content was incorporated into the top of the pyramid. As
already mentioned before, the variations in MQW thickness and composition along the
semi-polar plane were induced by a limited gas diffusion towards the pyramid base, or in
other words, a higher flow of precursors near the top [25,26]. This matches well with the
TEM observation shown in Figure 2.

Figure 2. (a) HAADF TEM image of the semi-polar plane of a single µ-LED pyramid. The inserted
image shows the low-magnification epitaxial layer containing the MQW. HAADF images of the
MQW regions taken from regions A (b), B (c), and C (d) of the semi-polar planes, and corresponding
EDS mappings showing the In content in regions A (e) and B (f) of the semi-polar MQWs. (g) Line
scan of the In content across the MQW in the upper and middle parts of the semi-polar plane.

The optical properties of the µ-LED array were strongly correlated with the QW
thickness and composition, and therefore deserve in-depth investigation. Herein, RT–PL
characterization was performed. The sample was placed on an X-Y stage with a lateral
resolution of 10 nm. For the power-dependent PL measurement, the 193 nm Ar-F laser
illuminated at 45◦ towards the sample surface with an excitation area of approximately
2 × 3 mm2, covering a large number of µ-LED pyramids. The influence of the excitation
power on the large-scale emission properties of the µ-LED arrays is illustrated in Figure 3a.
Spontaneous emission peaks centered at 409 nm were observed, with the full width at
half maximum (FWHM) value of 34 nm. Meanwhile, it is worth noting that the FWHM
value of the GaN E2 (high) Raman peak measured from the cross-sectional GaN pyramid
was around 3.1 nm−1, as shown in the Supplementary Information (Figure S1), which
is comparable with or lower than the reports by other groups, highlighting the excellent
crystal quality of the GaN pyramid [27,28]. The weak defect-related yellow luminescence
(YL) at 560 nm was attributed to either carbon at the nitrogen site CN or, simply, the isolated
VGa, indicating that the defect emission is a “bulk-like” property [29,30]. As the excitation
power density increased, a linear increase in PL intensity was observed, as the wavelength
remained nearly constant, as shown in Figure 3b. The stable emission spectra confirmed
the weak quantum-confined Stark effect (QCSE) on the semi-polar plane, as previously
demonstrated [31,32]. On the other hand, an extremely weak MQW emission was observed
in the planar LED sample that was directly grown on the GaN template (data not shown)
under the same growth conditions. To further evaluate the nanoscale optical properties of
the µ-LEDs, spatially resolved PL measurement of a single µ-LED pyramid was performed
using confocal Raman spectrometry equipment. A He-Cd laser was used as the excitation



Photonics 2021, 8, 157 5 of 11

source. The wavelength and excitation power were 325 nm and 5 mW, respectively. The
laser spot was focused to around 2 µm in diameter. Figure 3c shows the PL spectra obtained
on different positions of the semi-polar facet. For a clear identification, the spectra in the
wavelengths ranging from 400 to 480 nm are shown in the graph. The broad emission
spectra could be deconvoluted into three peaks and ascribed to the emissions from the
local potential minima of the non-uniform MQWs. While the laser spot moved from the
top to the bottom of the semi-polar facet, both peak 1 and peak 2 of the MQW emissions
followed a gradual blue shift, while the defect emission (peak 3) may have been related to
the decrease in the VGa-ON complex as the position approached the bottom of the pyramid,
indicating the better crystalline quality of the GaN pyramid due to the suppression of
threading dislocations during the lateral epitaxial growth at the wing region [33,34]. The
lateral overgrowth region during the SAG process was approximately 3 µm, as shown in
Figure S2. Note that both decreasing indium content and thinning of the MQWs from top
to the bottom of the semi-polar plane contributed to the blue shift of peaks 1 and 2, which
corresponds perfectly with the spectral variation demonstrated in Figure 3c. The variations
in the emission properties in Figure 3a,c were induced by the composition and thickness
fluctuations on the sidewall of the pyramid. Efficient carrier recombination happened
in the global potential minimum in the pyramid sidewall according to the macro-scale
PL in Figure 3a, while the different peak positions in Figure 3c represent the radiative
recombination in the local potential minimum on the pyramid [35].

Figure 3. Macro-scale PL spectra (a), the influence of excitation power density on the PL intensity of
the µ-LED array (b), and spatially resolved µ-PL spectra of a single µ-LED pyramid (c).

From the spatially resolved PL spectra shown in Figure 3c, a 12 nm peak shift was
observed from the top to the bottom of the pyramid, in strong contrast to the stable 409
nm emission in the macro-scale PL spectra under various pumping powers from Figure 3a.
This discrepancy is ascribed to different carrier localization effects when optical pumping
was imposed on a large number of pyramids or simply on a particular position on the
sidewall of the pyramid. Herein, to provide direct evidence of the relationship between
the position of the facet and localized optical properties, an RT CL measurement was
performed because it has a much higher lateral resolution. Figure 4a shows the top-view
SEM image of a single pyramid. The position-dependent CL spectra of the semi-polar
facet were performed and are shown in Figure 4b. The five dotted positions are labeled in



Photonics 2021, 8, 157 6 of 11

Figure 4a. The CL spectra revealed both the MQW emissions at 420 nm and the GaN near-
band-edge emissions at 370 nm, accompanied by the weak defect-related shoulder peaks
at 562 nm. When the optical pumped electron beam moved from the top to the bottom
of the semi-polar facet, MQW emissions followed with a gradual blue shift, consistently
with the micro-scale PL spectra shown in Figure 3c. At the very bottom of the pyramid, the
MQW emissions disappeared, which is in accordance with the absence of MQWs at the
bottom of the pyramid proved with TEM. Meanwhile, the FWHM of the MQW emissions
of the CL spectrum on the top part was relatively broader than in the middle parts of the
semi-polar facet, indicating poor carrier confinement in the top parts. Therefore, the direct
correlation between the position of the MQWs and the CL spectra suggests that the carrier
recombination rate is the highest in the MQWs with 1 nm QW/2 nm QB. This is ascribed
to the superior carrier confinement properties in our as-grown µ-LED pyramid.

Figure 4. The top-view SEM image (a) and the position-dependent CL spectra of the semi-polar facet
(b) of a single µ-LED pyramid. The five dot positions are labeled in Figure 4a.

To evaluate the electrical performance of the µ-LED, n-type and p-type Ohmic contacts
were deposited on the n-GaN region and the top of the pyramid arrays, respectively.
Figure 5a shows the RT EL spectra of the samples at injection currents in the range of
0.05–20 mA. The FWHM of the emission peaks decreased from 35 to 28 nm, which is much
narrower than the FWHM of 43 to 53 nm from the core/shell nanowire LED fabricated
with the bottom-up technique [19,36,37]. The narrow linewidth of the pyramid µ-LED
greatly benefits its application in multiple-color displays, VR, and AR. A typical rectifying
behavior with a turn-on voltage of 4.4 V and a series resistance of 48.5 Ω were obtained
from the I-V curve of a single µ-LED, as shown in the inset image of Figure 5a. Above
the turn-on voltage, a sharp increase in the forward current was observed from the I-V
curve. The turn-on voltage was slightly higher than that of the planar LED. This is possibly
because an indium contact was used for the convenience of testing, which had a large
contact resistance and poor adherence. The light output power and peak position as a
function of injection current (bottom) or current density (top) were, therefore, collected
and are shown in Figure 5b. Considering the sidewall area of the pyramid, 0.05 to 20 mA
current levels were transferred to current densities ranging from 3.8 A/cm2 to 1.52 kA/cm2.
As the current increased, the peak position firstly had a blue shift from 418 to 408 nm, which
can be ascribed to the band-filling effect at the beginning of the current injection; then, a
slight red shift from 408 to 412 nm was observed with the increase in the current density
from 0.38 to 1.52 kA/cm2 due to the thermal heating effect, which caused the narrowing of
the bandgap, according to the Varshni equation. Note that in previous reports, a very large
peak shift of 30 nm and an 89 nm EL peak blue shift were observed in GaN µ-LEDs [38,39].
However, in this work, the EL peak shift was much smaller than expected, and the EL
stability was quite good. It is well known that, unlike planar LEDs with poor overlap
between the electron and hole wavefunctions, the three-dimensional geometry of the
pyramid LED not only provides an efficient light extraction from the sidewall, but also
suffers less from QCSE [40,41]. A single-peak EL spectrum with a negligible variation in the
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peak position was demonstrated in this work. Our investigations, in fact, have provided
direct evidence that, in spite of thickness and composition fluctuations, as revealed by the
nanoscale PL and CL characterizations, the electrical performance of the pyramid µ-LEDs
grown from the bottom up is still quite good. This can be acknowledged as a promising
method for overcoming the drawbacks of plasma damage and strong QCSE in regular
top-down µ-LEDs.

Figure 5. EL spectra of the µ-LED array with injection currents from 0.05 to 20 mA (a), where the
inserted plot shows the I-V curve of the µ-LED. Light output power and peak position of a single
µ-LED pyramid as a function of injection current and current density (b).

To calculate the output power of the pyramid µ-LED, the active area that emitted
photons was taken into consideration. The power density of a single µ-LED pyramid
could reach 1.37 kW/cm2 under the high injection current density of 1.52 kA/cm2. Note
that, firstly, the power density was collected from a single µ-LED pyramid with a Ni/Au
(10 nm/10 nm) p-type electrode deposited on the top. Such a high output power value
demonstrates the strong radiative recombination rate and a large light extraction efficiency
from the 3D LED structure compared to the planar samples. Secondly, the high current
density of 1.52 kA/cm2 also suggests the stable performance of our µ-LED array. Therefore,
the proposed near-UV µ-LEDs have great potential for application in high-brightness and
high-efficiency micro-displays. In addition, it is worth mentioning that only a chip-on-
wafer (COW) test was performed on our pyramid µ-LED in this work. The emission
intensity of the single µ-LED was compared to that of a commercialized planar near-UV
LED obtained by San’an optoelectronics, whose absolute output power and EQE were
known. It is noted that the emitting area of the µ-LED was located on the sidewalls of
the pyramid, benefiting light extraction. Thanks to the enlarged emitting area of the µ-
LED, which is located on the sidewalls, and the reduced total internal reflection because
of the 3D structure, higher light output power is expected. However, the EQE of our
pyramid µ-LED cannot be precisely calculated due to the lack of an integrating sphere and
a corresponding characterization system. Further investigations on the evaluation of the
quantum efficiencies of such pyramid structures are highly desired after complete device
packaging, and will be explored in the future.

Finally, to further understand the current transport and recombination mechanisms in
such non-uniform MQWs, an LED structure containing a single semi-polar InGaN/InGaN
QW with a thickness and indium composition gradient similar to that found in the TEM
observation was simulated by numerically solving the Schrodinger and Poisson equations
self-consistently [42]. The correlation between the simulated structure and the experimental
morphology is shown in Figure S3. To reduce the calculation workload, the structure of
our simulated LED device was simplified with a lateral dimension of 1 µm shown in the
X axis and a vertical depth of 100 µm in the Z axis. The Y axis stands for the direction
perpendicular to the side facet. The QW thickness decreases from 4 to 1 nm from the left-
to the right-hand side, following the thickness fluctuation from the top to the bottom of the
sidewall facet. The schematic structure of the QW associated with the spatially resolved
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distribution of the electron concentration and the radiative recombination rate inside the
QW at the applied current density of 1600 A/cm2 are illustrated in Figure 6a,b, respectively.
Interestingly, the electrons are mostly concentrated near the right part of the QW, where
the thickness is close to 1 nm, strongly supporting the experimental results showing that
the LED luminescence is strongly localized. In the simulation process, it was assumed that
the electrons are uniformly injected into the active region from the underlying n-contact
layer. However, a strong variation in the radiative recombination rate is observed along
the QWs with different thicknesses, suggesting a strong influence of QW thickness on
carrier confinement. The EL spectra of the LED at a series of current densities are shown in
Figure 6c. The peak position is around 410 nm, which is consistent with the experimental
results shown in Figure 5a. Furthermore, to distinguish the contributions of the MQW
composition and thickness to the optical properties of the µ-LED, structures with uniform
indium compositions but increasing QW thicknesses of 1, 2, and 4 nm were designed, and
the simulated EL spectra are compared in Figure 6d. The emission wavelengths are located
at 408, 415, and 428 nm, respectively. Therefore, the 20 nm wavelength variation strongly
supports the localized PL spectra in Figure 3c, indicating that QW thickness, rather than
composition variation, plays a more important role in the luminescence properties of the
µ-LED. It is noted that the wavelength of 452 nm cannot be found in both the position-
dependent CL spectra shown in Figure 4b and the simulated emission spectra of the LED
shown in Figure 6d. Therefore, we believe that peak 3, which is located at around 450 nm in
Figure 3c, can be ascribed to emissions resulting from VGa-ON complex defects. Figure 6e
shows the line-scan values of the electron concentration and radiative recombination rate
along the QW region from left to right. The ratio between the radiative recombination rate
and the electron concentration represents the relative EQE value, and this can be utilized
as a gauge to optimize the QW design. The relative quantum efficiency shown by the red
curve reaches the highest value at the right corner, again proving the fact that a thinner
QW/QB design facilitates efficient carrier recombination. On the other hand, a thicker QW
has poor control over the carrier confinement due to a low wave function overlap. This
emphasizes the impact of the QW design on the luminescence properties of the µ-LED.
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Figure 6. The schematic structure and the spatially resolved distribution of the electron concentration
(a) and the radiative recombination rate (b) inside the QW region at an applied bias of 1600 A/cm2.
The x axis and y axis stand for the directions parallel and perpendicular to the µ-LED sidewall,
respectively. Simulated emission spectra of the µ-LED at a series of injection currents (c) and
normalized spectra of the LED with uniform In content and QW/QB thickness, as denoted by
the labels (d). Spatially resolved electron concentration, radiative recombination rate, and relative
quantum efficiency in the QW (e).

4. Conclusions

In summary, an electrically driven pyramidal InGaN-based UV µ-LED array was
grown on a sapphire substrate through a selective area growth technique. A stable emission
wavelength centered at 412 nm was obtained. From spatially resolved PL spectra, the MQW
emission wavelengths experienced a blue shift from the upper to the lower parts of the semi-
polar plane, corresponding to the thickness and compositional fluctuations of the QWs due
to the surface diffusion. The µ-LED exhibits a high output power density of 1.37 kW/cm2

thanks to its large active region area and superior light extraction capability. Finally, the
experimental results were further supported by a theoretical simulation, suggesting that
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the carriers are efficiently confined in the thin QW regions located near the bottom of
the pyramid.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/photonics8050157/s1, Figure S1: Raman spectrum taken from the cross-sectional GaN pyramid
(a), the inserted image shows the optical image of the GaN pyramid and positions where Raman
spectroscopy was taken; The Raman shift and corresponding FWHM values of the GaN E2 (high)
peak from above 10 positions on the pyramid (b); Figure S2: Cross-sectional SEM image of the
pyramidal GaN overgrowing on SiO2 mask (chemically etched away); Figure S3: The correlation
between the simulation structure and the SEM cross-sectional image of the pyramid.
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