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Introduction
In recent years, the field of display technology has witnessed remarkable advancements, 
revolutionizing the way we interact with digital content and enhancing our visual expe-
riences. Among these breakthroughs, micro-LED technology stands out as a promis-
ing contender for the next generation of display systems. With its potential to achieve 

Abstract 

The issue of brightness in strong ambient light conditions is one of the critical obsta-
cles restricting the application of augmented reality (AR) and mixed reality (MR). 
Gallium nitride (GaN)-based micro-LEDs, renowned for their exceptional brightness 
and stability, are considered the foremost contenders for AR applications. Nevertheless, 
conventional heteroepitaxial growth micro-LED devices confront formidable chal-
lenges, including substantial wavelength shifts and efficiency droop. In this paper, we 
firstly demonstrated the high-quality homoepitaxial GaN-on-GaN micro-LEDs micro-
display, and thoroughly analyzed the possible benefits for free-standing GaN substrate 
from the material-level characterization to device optoelectronic properties and micro-
display application compared with sapphire substrate. The GaN-on-GaN structure 
exhibits a superior crystal quality with ultra-low threading dislocation densities (TDDs) 
of ~ 105 cm−2, which is three orders of magnitude lower than that of GaN-on-Sapphire. 
Through an in-depth size-dependent optoelectronic analysis of blue/green emission 
GaN-on-GaN/ Sapphire micro-LEDs from 100 × 100 shrink to 3 × 3 μm2, real that a lower 
forward voltage and series resistance, a consistent emission wavelength (1.21 nm 
for blue and 4.79 nm for green @ 500 A/cm2), coupled with a notable reduction in effi-
ciency droop ratios (15.6% for blue and 28.5% for green @ 500 A/cm2) and expanded 
color gamut (103.57% over Rec. 2020) within GaN-on-GaN 10 μm micro-LEDs. Last 
but not least, the GaN-on-GaN micro-display with 3000 pixels per inch (PPI) showcased 
enhanced display uniformity and higher luminance in comparison to its GaN-on-
Sapphire counterpart, demonstrating significant potentials for high-brightness AR/MR 
applications under strong ambient light.
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unprecedented brightness levels, energy efficiency, and pixel density, micro-LED dis-
plays hold the key to ushering in a new era of high-resolution, immersive visual displays.

Micro-LED technology represents a significant departure from traditional Liquid 
Crystal Displays (LCDs) and Organic Light Emitting Diodes (OLEDs). Unlike these con-
ventional technologies, micro-LED displays consist of individual self-emissive micro-
sized light-emitting diodes that function as individual pixels. This intrinsic feature allows 
for superior control over each pixel’s brightness and color, thereby leading to sharper 
images, wider color gamuts, and improved contrast ratios. With the potential to reshape 
industries like displays [1–5], visible light communication (VLC) [6–8], and medical 
healthcare applications [9, 10], Micro-LED technology is on the cusp of redefining the 
limits of technological progress.

The efficiency droop of LEDs has long been a vexing issue in solid-state lighting. 
When micro-LEDs are applied in display applications, this challenge becomes more 
pronounced. Taking AR glasses as an example, although micro-LEDs exhibit higher 
brightness compared to OLEDs and QLEDs at low current densities, their complex 
optical design and waveguide systems lead to significant light loss during propaga-
tion. The Fig. 1(a) illustrates the efficiency issues associated with the use of a diffractive 
waveguide, which includes the color conversion efficiency of full-color quantum dots, 

Fig. 1  a Efficiency issues in micro-LED AR glass with diffractive waveguide (from Millions of Nits-In and 
Thousands of Nits-Out); b Fabrication process of micro-LED display:1. micro-LED homoepitaxy; 2. micro-LED 
processing; 3. laser dicing transfer of thinned and polished homoepitaxy wafer; 4. chip-to-chip bonding 
mass transfer of micro-LED display chip and CMOS two-transistor one-capacitor (2T1C) driver; (c), (f) 
Cathodoluminescence (CL) characterization, (d), (g) Transmission electron microscopy (TEM) observation, 
(e), (h) different polarization field in quantum well (QW) and lattice/thermal mismatch demonstration of 
GaN-on-GaN homoepitaxy and GaN-on-Sapphire heteroeptaxy structure



Page 3 of 22Liu et al. PhotoniX            (2024) 5:23 	

collimation efficiency of lens arrays, and the efficiency of light coupling into and out of 
the waveguide system. Typically, the lens array is designed for collimating micro-LED 
Lambertian light into semi-collimated light before entering the waveguide system. Then, 
a small entrance area of waveguide severely limits the coupled light due to “etendue loss” 
[11]. Under conditions of total internal reflection (TIR), only a fraction of incident light 
can complete waveguide transmission, resulting in substantial brightness loss. Next, the 
diffraction grating losses due to the pupil expansion through entrance grating, expan-
sion grating and exit grating. Ultimately, the light that enters through the small entrance 
area is dispersed throughout the very larger exit area in order to facilitate clear visibil-
ity of the image across the whole field of view (FOV). Furthermore, unlike VR glasses, 
AR glasses are primarily used outdoors where ambient light is stronger. Considering the 
ambient contrast ratio (ACR), micro-LEDs require higher current drive to achieve the 
desired brightness for a satisfying user experience. Research [12] indicates that with a 
waveguide efficiency of 10%, ACR at 5:1, and human eye see-through transmittance of 
90%, the luminance at the eye is less than 10% of the luminance at the display output. 
With the increase in ambient light, the ACR gradually decreases. As shown in Fig. S1, 
with LLED fixed at 100 k nits, when the optical loss is approximately 1%, Lon equals 1 k 
nits. The ACR < 5:1 when Lambient > 300 nits (indoors) and ACR < 2:1 when Lambient > 2000 
nits (outdoors). Therefore, enhancing the performance of the display source is one of 
the solutions to achieve a high ACR. The detailed luminance requirements for various 
display scenarios are listed in Table S1, the micro-LED needs over 400 A/cm2 under out-
door sunny condition. Therefore, a lower efficiency droop can ensure that micro-LEDs 
achieve higher brightness at high current densities, reducing device power consumption 
and heat generation. Additionally, a stable emission wavelength at different current den-
sities can ensure color accuracy for varying display requirements under changing ambi-
ent lighting conditions.

Studies have shown that the causes and explanations for efficiency droop vary widely 
and can be broadly categorized into three aspects: defect-related mechanisms [13], 
Auger recombination [14], and electron leakage and overflow [15]. Among these, defect-
related mechanisms are more amenable to optimization of efficiency droop by changing 
substrate materials. Among the many material options for micro-LED substrates, Gal-
lium Nitride (GaN) has emerged as a leading candidate, offering a host of advantages 
that make it an ideal choice for micro-LED fabrication. Compared to GaN-on-sapphire 
structure, GaN-on-GaN LED refers to a structure where the epitaxial layers and the 
active region of the LED are grown on a free-standing GaN (FS-GaN) substrate. This 
approach offers numerous benefits, such as reduced lattice mismatch, lower threading 
dislocation densities (TDDs) and improved thermal management [16–19], leading to 
enhanced device performance, such as shorter peak wavelength shift, lower efficiency 
droop, higher luminance, better display uniformity. Over the past few decades, numer-
ous researchers have documented that dislocations serve as nonradiative centers within 
GaN-based LEDs. As a result, the development of epitaxial structures with lower dis-
location densities on GaN substrates has garnered significant attention. In a pivotal 
milestone, back in 1998, Takashi Mukai, Kazunori Takekawa, and Shuji Nakamura [20] 
reported the first InGaN-based blue LED on a GaN substrate, achieving a dislocation 
density of 2 × 107 cm−2. Subsequently, in 2007, Akita K et al. [21] achieved an even lower 
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dislocation density of 106 cm−2, accompanied by an enhancement in external quantum 
efficiency. Moving forward to 2011, two distinct research groups [22, 23] made notewor-
thy contributions by reporting efficiency droop reduction through the utilization of the 
GaN-on-GaN structure. However, the dislocation density remains at the level of 106 to 
107 cm−2, accompanied by a noticeable peak wavelength shift.

This work delves into our remarkable progress made in the domain of micro-LEDs on 
FS-GaN substrate with an ultra-low dislocation density of ~ 105 cm−2 and nearly stress-
free state. Figure 1(b) demonstrates the fabrication process of micro-display including 
micro-LED homoepitaxy, display array processing, lase dicing transfer and chip-to-
chip bonding mass transfer, and the detailed information on the fabrication process 
of the micro-LED display can be referred to the “Materials and methods” section. We 
have reported the first-ever micro-LEDs display array with a homoepitaxy GaN-on-
GaN structure, featuring an ultra-low dislocation density, achieving minimal efficiency 
droop, consistent emission peak wavelength and an extensive color gamut of 103.57% 
Rec. 2020. Homoepitaxial blue and green devices manifest a peak shift value (nm) that is 
merely 10% and 24% of the corresponding value observed in traditional heteroepitaxial 
structures as the current density increases. Notably, this is concomitant with a substan-
tial 30% enhancement in efficiency. Therefore, our attention will be directed towards a 
comprehensive exploration of material engineering, device physics, and display applica-
tions, and systematically investigate and analyze the exceptional performance exhibited 
by GaN-on-GaN micro-LED structures.

Results and discussion
Material‑level characterization results

To verify the TDD of heteroepitaxial and homoepitaxial structures, the cathodolumi-
nescence (CL) diagrams are characterized shown in Fig. 1(c) and (f ). The CL results 
reveal TDDs of approximately ~ 108 cm−2 and ~ 105 cm−2 for GaN-on-sapphire and 
GaN-on-GaN, respectively. Furthermore, transmission electron microscopy (TEM) 
observations in Fig. 1(d) and (g) clearly demonstrate the V-shaped pits with inverted 
pyramid structure embedded in quantum wells region for GaN-on-Sapphire struc-
ture, which usually connect to the threading dislocation and serve as the stress relaxa-
tion centers in heteroepitaxy. In contrast, the V-shaped pits can be rarely observed 
in GaN-on-GaN homoepitaxy due to the lower dislocation density and nearly free-
stress structure. Due to the absence of lattice and thermal mismatch between the 
epitaxial layer and the substrate, the polarization field in homoepitaxial devices is 
correspondingly reduced, as depicted in Fig.  1(e) and (h). Certain researchers [24–
27] posited that V-shaped pits enhance light extraction efficiency (LEE) through pro-
moting reflection and refraction at the boundaries, thereby facilitating the escape of 
light. And some others [28–30] stated that the lateral diffusion of excited carriers 
into non-radiative recombination centers at TDs could be effectively suppressed by 
the presence of V-pits, thereby improving the quantum efficiency. However, previous 
findings [31–33] indicated the center of V-pits connected to dislocations are known 
as non-radiative recombination region and may increase the leakage current as well, 
which may degrade the quantum efficiency. Therefore, the ultimate change in external 
quantum efficiency (EQE) depends on various factors such as the density, structure, 



Page 5 of 22Liu et al. PhotoniX            (2024) 5:23 	

and size of the V-shaped pits [30, 34]. it remains an open question and the discussion 
regarding V-shaped pits will continue in the subsequent EQE analysis section of this 
paper.

The X-ray diffraction (XRD) rocking curves for (002) and (102) scans are presented 
in Fig.  2(a) and (b). The symmetric (002) and asymmetric (102) rocking curves full 
width at half maximum (FWHM) represent the influence of screw dislocation density 
and edge dislocation density, respectively [35]. The FWHM values of the (002) scan 
are approximately 257.7 arcsec and 44.4 arcsec for GaN-on-sapphire and GaN-on-
GaN structures, respectively. For the (102) scan, the FWHM values are 321.9 arcsec 
and 32.8 arcsec for GaN-on-sapphire and GaN-on-GaN structures, respectively. The 
GaN-on-sapphire structure exhibits noticeable broadening in both symmetric and 
asymmetric rocking curves. The FWHM from rocking curve can be used to estimate 
screw and edge dislocation densities. Typically, the sum of these two values repre-
sents the threading dislocation densities (TDDs) [36], with the Eq. (1) as follows:

where s represents the screw dislocation (002 scan) and e represents the edge disloca-
tion (102 scan). ρ represents the dislocation densities calculated. W is the FWHM 
value, and b denotes the Burgers vector, which should be equal to the lattice parameters 
(bs = c(GaN) = 0.52 nm and be = a(GaN) = 0.32 nm). Through the calculation, the TDD 
for GaN-on-GaN and GaN-on-Sapphire structures are determined to be 7.09 × 105 cm−2 
and 4.34 × 108 cm−2 respectively, indicating lower TDDs and better crystal quality for 
GaN-on-GaN structure, which is consistent to CL results.

In order to characterize the strain states of the GaN-on-GaN and GaN-on-Sapphire 
structures, micro-Raman scattering spectroscopy was employed in conjunction with 
a 25 mW He–Ne laser operating at 632.8 nm. The E2 phonon peak, which is deter-
mined to be 567.36 cm−1 for a stress-free GaN thin film, is sensitive to the stress of 
the epitaxial structure [37]. The phonon peak at E2 for GaN-on- Sapphire is 567.52 
cm−1, while it is 570.29 cm−1 for GaN-on-GaN, as illustrated in Fig. 2(c). Using Eq. 
(2), the relaxation of residual stress can be calculated.

where Δω denotes the E2 phonon peak shift, σ represents the biaxial stress, and k stands 
for the GaN E2 mode Raman strain coefficient (4.2 cm−1/GPa). The calculation reveals 
that the GaN-on-GaN structure is in close proximity to an ideal stress-free state (~ 0.010 
GPa), whereas the GaN-on-Sapphire structure has a compressive stress of ~ 0.698 GPa. 
This value suggests that the inherent strain within the homoepitaxy structure has been 
alleviated, resulting in a diminished Quantum-confined Stark Effect (QCSE). Conse-
quently, there are more overlaps between electron–hole wave functions and increased 
radiative recombination. To further prove this point, the room-temperature time-
resolved photoluminescence (TRPL) was performed at the peak emission of MQWs by 
using the FS5 Spectrofluorometer integrated with Life Spectrometer, manufactured by 
Edinburgh Instruments Ltd. It is based on the Time Correlated Single Photon Counting 

(1)ρ(s,e) =
W(s,e)

2

2π ln2 • b(s,e)
2

(2)σ = �ω/k(cm−1
GPa

−1)



Page 6 of 22Liu et al. PhotoniX            (2024) 5:23 

Fig. 2  a Symmetric and (b) Asymmetric rocking curves; c: micro-Raman scattering spectra; 
d room-temperature time-resolved phototluminescence (TRPL) decay of GaN-on-Sapphire and GaN-on-GaN 
structure respectively; e current–voltage (I-V) and current density–voltage (J-V) characteristics; f ideality 
factor extraction within 2–3 V; g series resistance extraction; h EQE characteristics of three types of micro-LED
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(TCSPC) technique, including the Xe Arc nanosecond flash lamp with 325 nm wave-
length emission, TCSPC data acquisition card and photomultiplier tube detector. The 
carrier lifetime was extracted via a single exponential decay model, which is 1.19 and 
1.82 ns for GaN-on-GaN and GaN-on-Sapphire respectively, as illustrated in Fig. 2(d). 
In GaN/InGaN micro-LEDs, On one hand, a high density of defects can facilitate the 
trapping of carriers during transport, consequently leading to a reduction in their life-
time. On the other hand, the separation of electron and hole wavefunctions induced 
by the QCSE diminishes the probability of recombination, thereby prolonging the life-
time. In our case, after confirming the lower defect density in the GaN-on-GaN struc-
ture through CL and XRD measurements, we attribute the observed shorter lifetime of 
GaN-on-GaN to a weakening of the QCSE phenomenon, better material qualities, lower 
defect density and more electron–hole wave function overlaps [38], which also suggests 
the faster response time and higher modulation bandwidth for GaN-on-GaN structure 
micro-LEDs VLC. In addition, the Transmission Line Model (TLM) was employed to 
examine the ohmic contacts between p-GaN and CSL(ITO) layer within distinct sub-
strate structures, as shown in Fig. S3. The results reveal that the contact resistance of the 
GaN-on-GaN structure (Rcontact = 958.2 Ω) and the sheet resistance (Rsheet = 2.73 × 104 
Ω/) are both lower than those of the GaN-on-Sapphire structure (Rcontact = 1751.0 Ω and 
Rsheet = 5.31 × 104 Ω/). Also, the specific contact resistivity (ρcontact) between ITO and 
p-GaN layer can be calculated as 3.35 × 10–3 Ω·cm2 for GaN-on-GaN and 5.78 × 10–3 
Ω·cm2 for GaN-on-Sapphire respectively. A comparison of AFM images shown in Fig. 
S4 reveals that the GaN-on-GaN surface is more uniform and well-defined compared to 
GaN-on-Sapphire. Additionally, clear crystallographic steps can be observed, indicating 
better crystalline quality and a smoother surface for p-GaN in the homoepitaxial struc-
ture, contributing to achieving lower sheet resistance and contact resistance.

Device‑level analysis and discussion

In this section, characterization is conducted on three types of samples: GaN-on-Sap-
phire blue, GaN-on-GaN blue, and green with size from 100 × 100 shrinks to 3 × 3 
μm2. The epi-ready wafer sizes are 2-inch for GaN-on-Sapphire blue and GaN-on-GaN 
blue, and 10 × 10 mm2 for GaN-on-GaN green. The DC-voltage characteristics were 
measured by using Keysight B1500 Analyzer. The size-dependent current–voltage (I-
V) related characterizations including current density–voltage (J-V) and ideality factor 
extraction for all three are individually demonstrated in Fig. S5, and the relevant anal-
ysis can refer to the following content of Fig. S5 in Supplementary Information. Fig-
ure 2(e) illustrates the I-V in linear scale and J-V in semi-log scale behaviors for 10 × 10 
μm2 micro-LEDs. If we define a current density of 1 mA/cm2 as the threshold for LED 
activation, the turn-on voltage for GaN-on-Sapphire blue devices is 2.26 V. For GaN-
on-GaN devices in blue, and green, the respective turn-on voltages are 2.05 V and 2.09 
V. Among them, the GaN-on-GaN blue micro-LEDs exhibit significantly lower turn-on 
voltages and markedly superior current density capabilities compared to the other two. 
The current density is measured as 15,810, 68,240 and 23,790 A/cm2 at a driving voltage 
of 5 V for GaN-on-Sapphire, GaN-on-GaN blue and green respectively. In contrast to 
the higher indium composition in GaN-on-GaN green devices, the lower indium com-
position in the active region of GaN-on-GaN blue micro-LEDs can mitigate internal 



Page 8 of 22Liu et al. PhotoniX            (2024) 5:23 

piezoelectric polarization, thereby improving radiative recombination efficiency of car-
riers in small-sized devices. Additionally, compared to GaN-on-sapphire blue devices 
with elevated dislocation density, the lower dislocation density in GaN-on-GaN devices 
signifies a more complete lattice structure, facilitating reduced hindrance to carrier dif-
fusion and transportation processes within the device. The resultant reduction in local-
ized carrier recombination due to dislocations contributes to sustaining higher current 
densities. The reverse leakage current density is ~ 10–4 and ~ 10–7 A/cm2 level at -5 V for 
GaN-on-Sapphire and GaN-on-GaN micro-LEDs respectively, which can be attributed 
to the increased leakage path in higher dislocation densities GaN-on-Sapphire structure. 
The evident carrier leakage also contributes to a lower current injection efficiency and 
an increase in defect-induced recombination within the GaN-on-Sapphire micro-LEDs.

The value of the ideality factor (n) is a parameter that indicates the mechanism of cur-
rent transport within the device, and the derivation process can be found in Supplemen-
tary Information. As the Shockley theory applied to traditional p–n junction diodes, 
when n approaches 1, it corresponds to band-to-band radiative recombination, which is 
associated with diffusion current. Conversely, when n approaches 2, it is linked to Shock-
ley–Read–Hall (SRH) recombination involving traps, which contributes to recombina-
tion current. However, our previous research [39] indicated the higher ideality factor in 
GaN-based MQWs LED primarily stem from the diode superposition within the LED 
structure. In addition to the GaN p–n junction, the quantum barriers heterojunction 
within the quantum well region also needs to be considered. This is a significant factor 
leading to the difference in ideal factors between homoepitaxy blue and green micro-
LEDs. The process of calculating the ideality factor through the I-V curve can be refer-
enced to the Eq. (S2) [40]. As the driving voltage increases, the ideality factor n exhibits 
a minimum value, representing the device’s state closest to ideal performance shown 
in Fig. 2(f ). This minimum value typically occurs after LED turn-on, during the initial 
stages of low current density injection. Ideality factor values greater than 2 in this con-
text result from intrinsic parallel resistances and nonradiative recombination caused by 
deep-level defects in quantum wells, which dominate the current transport mechanism. 
The lowest value of ideality factor is 1.74, 1.58, and 1.77 for GaN-on-Sapphire blue, GaN-
on-GaN blue and green respectively. With the rise in injection current, the series resist-
ance prompts a decline in voltage, resulting in a growing disparity between the real and 
theoretical currents. This divergence leads to a curvature in the current–voltage graph, 
ultimately inducing a rise. Within the operating range of 2.5-3 V, the variation in the 
ideal factor values for all three corresponds to the sequence of their respective minimum 
values, indicating that GaN-on-GaN blue micro-LED operates in the most ideal state. 
The high defect density in GaN-on-Sapphire blue micro-LED significantly increases the 
non-uniformity of the quantum barrier, leading to tunneling mechanism and an increase 
in the ideal factor [40]. In the case of GaN-on-GaN green micro-LED, the increase in 
indium composition in the MQWs results in a more pronounced rectification character-
istic in the heterojunction, leading to the highest ideal factor, which indicates that junc-
tion superposition predominates in the analysis above.

Figure  2(g) demonstrate I·dV/dI vs. I relation to extract the series resistance (Rs) of 
three kinds of micro-LEDs with size of 10 × 10 μm2, and the data for other sizes can be 
found in Fig. S6-S8. It is worth noting that the linear fit of Rs calculation for GaN-on-GaN 
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green devices is notably poorer-fitted compared to other devices, particularly evident in 
the R-square value of 0.63. Consequently, the precision of Rs values calculation for green 
devices less than 10 μm is diminished in comparison to other devices, suggesting that 
the high indium composition in the MQWs region of the green LED induces instability 
in the interface states between the EBL and the barrier region of MQWs due to polariza-
tion effects, exacerbating carrier leakage at low current densities and carrier overflow 
under high current density injection [41, 42]. The Rs values for GaN-on-Sapphire and 
GaN-on-GaN blue micro-LEDs are 23.04 and 5.78 Ω, respectively. Since Rs primarily 
originates from the high-resistance p-GaN region, a reasonable explanation would be 
that the doping efficiency of Mg was boosted in the homoepitaxy structure [43]. In ref-
erence to the analysis of size dependence concerning Rs and n, please refer to Fig. S9 as 
detailed.

As for the EQE measurement, the light output power was measured by XPQY-EQE-
Adv Integrating Sphere and the EQE was calculated through Eq. (3) and (4):

where P represents the light output power, h stands for the Planck constant, and v is 
derived from c/λ, wherein c signifies the speed of light, and λ represents the emission 
peak wavelength achieved with a specific current density injection. I and e represent the 
injected current and the elementary charge of an electron respectively. In essence, the 
numerator in Eq. (3) corresponds to the number of emitted photons, while the denomi-
nator segment represents the number of injected electrons. In Eq. (4), LEE signifies the 
light extraction efficiency, while IQE denotes the internal quantum efficiency. The IQE 
can be expounded using the ABC model, where CIE represents the current injection effi-
ciency, indicating the proportion of effective carriers in the active region. n stands for 
carrier concentration, while A, B, and C represent the coefficients for Shockley–Read–
Hall (SRH), radiative, and Auger recombination, respectively. Equation (5) [44] facilitates 
the conversion between carrier concentration (n) and current density (J), where τ repre-
sents carrier lifetime shown in Fig. 2(d), and d stands for the active region thickness.

The brightness of micro-LEDs is closely associated with their EQE. A lower degrada-
tion in EQE ensures that the devices maintain a higher level of brightness even when 
operating at high current densities. Refer to Fig. S10(a) and (b) for the radiometric unit 
of light output power(W) and photometric unit of luminous flux (lm) results meas-
ured from integrating sphere. The measurement indicates that the light output power 
of GaN-on-GaN blue devices is significantly superior to other devices, reaching 0.13 
mW at 500 A/cm2. GaN-on-GaN green and GaN-on-sapphire blue devices maintain a 
lower level, achieving 0.09 and 0.08 mW at 500 A/cm2 respectively. Furthermore, GaN-
on-GaN green exhibits the highest luminous flux, which can be attributed to the human 

(3)EQE =
P/hν

I/e

(4)EQE = LEE × IQE = LEE ×
CIE × Bn2

An+ Bn2 + Cn3

(5)n =
J × τ

e × d
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eye’s visual response being more sensitive to green light. Under the same optical power, 
green LEDs have higher luminous flux and luminous efficacy, but they also demonstrate 
a more pronounced phenomenon of luminous efficacy droop. GaN-on-GaN green can 
achieve a luminous flux of 15.0 mlm at 500 A/cm2, followed by GaN-on-GaN blue at 7.3 
mlm, and GaN-on-Sapphire blue with the lowest at 3.8 mlm. Based on that, we could 
infer that panel brightness for micro-display is directly correlated with luminous flux, 
and the brightness of GaN-on-GaN green is more than twice that of blue. Figure 2(h) 
displays the EQE performance for three types of micro-LEDs. The peak EQE values are 
10.39% for GaN-on-Sapphire blue, 11.48% for GaN-on-GaN blue, and 10.16% for GaN-
on-GaN green micro-LEDs respectively, and the EQE droop ratios are 31.3%, 15.6% and 
28.5%. The ratio is defined as the value difference between the device peak EQE and 
the EQE at a current density of 500 A/cm2, divided by the peak EQE value. Regarding 
peak EQE, it is intricately linked to IQE and LEE, and a more detailed discussion on 
this matter will be provided in the following sections. The current density at the peak 
EQE (Jpeak) is another noteworthy aspect shown in Fig. S10(d), where a distinct observa-
tion emerges—the Jpeak of GaN-on-GaN micro-LEDs stands notably higher than that of 
GaN-on-Sapphire counterparts. Guided by the derivation of the ABC model, Jpeak dem-
onstrates a direct proportionality to 

√
A/C  . Based on the previous analysis, we ascer-

tain that the A parameter, linked to GaN-on-GaN devices and lattice defects, is smaller 
compared to GaN-on-Sapphire devices. As a result, we attribute the elevated Jpeak to a 
smaller C parameter, which in turn correlates to Auger recombination. As mentioned 
above that Auger recombination is one of the contributor to EQE droop. Thus, the 
diminished value of parameter C concurs with the aforementioned analysis, suggesting a 
low EQE degradation in GaN-on-GaN devices.

For further investigation, the Fig. 3(a)-(c), involving a more detailed ABC model fitting 
and parameters extraction with various sizes, will further substantiate this viewpoint. 
The scattered points in the Fig.  3(a)-(c) represent the IQE data, employing the room-
temperature reference-point method (RTRM) [45] to deduce IQE data from EQE meas-
urements. The solid line represents model fitting based on Eq. (3). Detailed results of 
the EQE tests can be referred to in Fig. S10(e)-(g), and the specific values of each param-
eter can be referred to Table S2-S4. Micro-LEDs of three kinds with a size of 100 µm 
achieve an IQE above 90%, a relatively high level. However, as the size decreases, the IQE 
progressively reduces. This reduction is attributed to an increase in the defect-assisted 
recombination coefficient (A) for smaller-sized devices and a decrease in CIE, as illus-
trated in the Fig. 3(e) and (f ). These factors collectively reflect an increase in non-radia-
tive recombination due to defects and surface recombination, as well as carrier leakage. 
With decreasing size, an increasing trend in the A coefficient is observed for all three 
types of devices. The trend is most pronounced for GaN-on-Sapphire due to its high 
intrinsic defect density. Concurrently, the CIE for GaN-on-Sapphire blue, GaN-on-GaN 
blue, and green decreases from 93%, 99%, and 98% at 100 µm to 50%, 73%, and 62% at 5 
µm, respectively. This implies that sidewall surface recombination and internal defects 
causing carrier leakage and overflow are most severe in GaN-on-Sapphire blue, followed 
by GaN-on-GaN green, and with the least impact on GaN-on-GaN blue. Moreover, as 
illustrated in Fig.  3(d), the LEE of all three devices exhibits an upward trend as their 
dimensions diminish. The observed rise can be ascribed to the increased percentage of 
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edge-emitting light in small-sized devices. Combined with a shorter overall light path, 
which leads to a reduction in losses caused by internal refraction, reflection, and scat-
tering within the device. The substantial V-pit density accounts for the elevated LEE of 
sapphire substrates, which will be discussed in subsequent sections. The LEE trends for 
blue and green devices on GaN substrates show no significant difference, with green 
being only up to 2% higher than blue. This minor discrepancy is attributed to the vari-
ation in the refractive index of GaN-based materials for different wavelengths of light. 
Figure 3(g) illustrates the variation of the Auger recombination coefficient (C) with size, 
where C is commonly considered to be a multi-carrier process associated with the gen-
eration of thermal energy [46]. In comparison to GaN-on-Sapphire blue micro-LEDs, 
GaN-on-GaN blue and green micro-LEDs exhibit no significant size dependency. This 
can be attributed to the exceptional thermal dissipation properties of the GaN substrate. 
The superior thermal management offered by the GaN substrate reduces the thermal 
effects related to Auger recombination, thereby maintaining a consistent Auger recom-
bination coefficient irrespective of the size variations.

Next, we primarily focus on the spectral characterization of GaN-on-GaN blue and 
green micro-LEDs. Figure  4(a) illustrates their intensity-normalized electrolumines-
cence (EL) spectra. The emission center wavelengths for the blue and green micro-LEDs 
at 10 A/cm2 are 455.6 nm and 504.3 nm respectively. The corresponding FWHM val-
ues are 18.6 nm and 23.5 nm. The varying FWHM of the EL peaks, corresponding to 

Fig. 3  Size-dependent internal quantum efficiency (IQE) of (a) GaN-on-Sapphire blue, (b) GaN-on-GaN blue 
and (c) GaN-on-GaN green micro-LEDs with ABC model fitting; d light extraction efficiency (LEE), (e) current 
injection efficiency (CIE), (f) coefficient A and (g) coefficient C with different pixel size
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the emission wavelengths, can be attributed to distinct fluctuations in indium composi-
tion within the InGaN active layer [47]. The value of FWHM tends to broaden with the 
increase in current density (data for blue micro-LED will be revealed in the subsequent 
section; refer to Supplementary Information Fig. S11 for green micro-LED). This indi-
cates that the GaN-on-GaN blue micro-LEDs belong to the typical blue light spectral 
range, and the green micro-LED is positioned in the spectral range close to cyan.

The peak wavelength shift diagram for both is shown in Fig.  4(b) and the specific 
shifting with spectra and luminous images from 10 to 500 A/cm2 are demonstrated in 
Fig. 4(c) and (d). It can be observed that the wavelength shift is most pronounced in the 
case of green light (4.79 nm), followed by blue light (1.21 nm), which originates from 
varying degrees of the QCSE caused by indium fluctuation within the active region [48, 
49]. The polar MQWs possess a built-in electric field that induces band tilting. As the 
carrier density rises, this leads to a partial screening of the initial built-in field, causing a 
decrease in the emission wavelength equivalent to a leftward shift in the spectrum, and 
this shifting is more pronounced with higher In-content in MQWs. More importantly, 
our GaN-on-GaN devices exhibit the ability to maintain a more stable center wavelength 
compared to other substrates, benefiting from the fact that lower defect density typically 
helps mitigate the extent of wavelength blue shift.

Moving forward, we will conduct a comprehensive analysis to contrast the dispari-
ties between GaN-on-GaN and GaN-on-Sapphire 10 μm blue micro-LEDs concern-
ing their optical and electrical characteristics. Figure 5(a) showcases the distinction in 
IQE between the two devices. From the fitting results, the GaN-on-GaN device’s A, 
B, and C parameters are 2.1 × 107 s−1, 5 × 10–11 cm3s−1, and 1 × 10–31 cm6s−1, respec-
tively, whereas the GaN-on-Sapphire device’s A, B, and C parameters are 4.4 × 107 s−1, 
4.3 × 10–11 cm3s−1, and 2.3 × 10–31 cm6s−1, respectively. Additionally, the GaN-on-
Sapphire device demonstrates a current injection efficiency of 72.2% in contrast to the 
GaN-on-GaN device of 84.0%. Meanwhile, its LEE reaches 16.7%, outperforming the 
GaN-on-GaN device’s 14.5%. From our results, the more defects connected to V-pits 
may play a role in enhancing non-radiative and Auger recombination for GaN-on-Sap-
phire device. This contributes to a elevated leakage current, reduced current injection 

Fig. 4  a Normalized EL of GaN-on-GaN blue and green micro-LEDs @ 10 A/cm2; b Peak wavelength shift 
with current density elevating to 500 A/cm2; Specific EL spectra from 10 to 500 A/cm2 with luminous images 
of GaN-on-GaN (c) blue and (d) green micro-LED
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efficiency and a more pronounced droop. Conversely, the V-pits’ inverted pyramid 
structure in active region elevates the device’s light extraction efficiency.

To further compare the EL characteristics, the peak wavelength shift and FWHM 
broadening are demonstrated in Fig. 5(b), the GaN-on-Sapphire micro-LED displays a 
continuous wavelength shift, ranging from 463 to 451 nm, whereas the wavelength shift 
for the GaN-on-GaN micro-LED is merely 1.21 nm. One possible explanation might be 
the reduced compressive stress in homoeptaxial structure and alleviated inherent strain 
within epilayer, leading to a diminished QCSE in MQWs region [50]. Notably, the wave-
length shift of the GaN-on-GaN device can be divided into three intervals. The first 
interval, 0–20 A/cm2, experiences a blue shift due to the band filling effect at low current 
densities [51–53]. Within the range of 50–200 A/cm2, a red shift phenomenon emerges, 
indicating the gradual influence of device self-heating and the screening effect of exter-
nal electric fields. The red shift signifies the dominance of the self-heating effect. The 
third interval (> 200 A/cm2) blue shift indicates the dominance of electric field screening 
due to the QCSE aforementioned. For the GaN-on-Sapphire device, due to the initial 
pronounced QCSE polarization phenomenon, the electric field shielding effect domi-
nates after the band filling effect, leading to a continuous wavelength blue shift. Simi-
larly, concerning the changes in FWHM, both device types initially experience a rapid 
increase in FWHM during the band filling effect interval. However, in the subsequent 
interval, the increase in FWHM for the GaN-on-GaN device is significantly smaller than 
that for the GaN-on-Sapphire device.

Fig. 5  GaN-on-GaN and GaN-on-Sapphire blue micro-LED: a IQE extraction based on room-temperature 
reference-point (RTRM) method; b Peak wavelength shift and FWHM broadening; c Intensity-normalized EL 
with sub-peak fitting; d band diagram of trap-assisted recombination
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For display application, GaN-on-GaN micro-LEDs offer a narrower FWHM, sig-
nifying elevated color purity and an expanded color gamut. This attribute has the 
potential to significantly heighten the final display performance. Our specific anal-
ysis is conducted through fitting the EL spectra. Figure  5(c) shows the EL spectra 
on two distinct substrates at 10 A/cm2. The blue dash-dot line corresponds to the 
Gaussian fit of the GaN-on-GaN device spectrum, demonstrating an almost ideal 
fit (R-square = 0.99). The red dash-dot line represents the Gaussian fit of the GaN-
on-Sapphire device spectrum. Given the less-than-ideal single-peak fit, a dual-peak 
Gaussian fit was employed. Notably, a sub-peak emerges at a lower energy position. 
This sub-peak can be attributed to trap-assisted recombination arising from a higher 
defect density, as depicted in Fig. 5(d). This recombination mechanism can emit pho-
tons or phonons, with photon energy lower than that of band-to-band recombination. 
It is important to highlight that with the increase in carrier density, the prominence 
of trap-assisted recombination grows, contributing to the progressively widening 
divergence in FWHM between the two devices.

The spectral characteristics of micro-LEDs have a direct impact on the color gamut 
within the color space. The role of a high gamut paired with elevated color purity 
is pivotal in achieving a display with rich and vibrant colors. We conducted a spec-
tral analysis of the aforementioned 10 μm devices across varying current densities, 
translating the results into the International Commission on Illumination (CIE) 1976 
uniform chromaticity space (UCS). This choice was made due to its suitability for 
observing shifts in blue spectrum. From the data presented in Fig.  6(a), it becomes 
evident that GaN-on-GaN blue and green micro-LEDs can attain 103.57% of the 
Rec. 2020 color gamut at a current density of 10 A/cm2. As the current density is 
ramped up to 500 A/cm2 (the direction of the arrow represents an increase in current 
density), the green emission from the GaN-on-GaN device exhibits noticeable drift, 
whereas the stability of the blue emission allows it to maintain 92.82% of the Rec. 
2020 standard. In Fig. 6(b) and (c), we offer a detailed color coordinates for the three 
device types. To establish a visually consistent color space for consistent brightness 
levels, the CIE 1976 color space employs color coordinates u’ and v’ to quantify color 
differences [54, 55]. Notably, the human eye’s discernible color difference threshold is 
recognized as 0.005 within the CIE 1976 color space (△u’v’) [56, 57].

From Fig. 6(d) and (e), a clear pattern emerges: both GaN-on-Sapphire blue and GaN-
on-GaN green devices exhibit a linear increase in color difference values with the pro-
gressive increment of current density. For reference, we establish the color coordinates 
at 10 A/cm2 as the baseline, representing a color difference of 0 at this particular current 
density. Upon reaching a current density of 500 A/cm2, the color difference for GaN-
on-Sapphire blue measures 0.00145, while for GaN-on-GaN green, it is 0.00066—both 
values well below the discernible threshold of the human eye (0.005). What’s particularly 
interesting is that the color difference of GaN-on-GaN blue micro-LED does not show-
case a distinctly linear correlation with current density. The maximum color difference 
occurs at a current density of 200 A/cm2, registering a mere 2 × 10–5. This outcome can 
be attributed to its consistent peak wavelength and narrower FWHM.

To enhance the comparative analysis of our devices’ performance, we selected 
representative blue and green micro-LEDs from peer institutions. Subsequently, 
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comprehensive benchmarking was constructed in Table  1, encompassing both the 
realms of electrical and optical attributes.

Display‑level demonstration

Due to the limitations in the size of the GaN-on-GaN epi-ready wafer for green light, 
the subsequent device-level processes are exclusively focused on blue micro-LEDs. In 
the perspective of array displays, we employed a silicon-based driving CMOS two-tran-
sistor one-capacitor (2T1C) architecture, which is designed by Shenzhen Sitan Tech-
nology CO., Ltd, and conducted a comparative analysis between GaN-on-Sapphire and 
GaN-on-GaN blue micro-LEDs under full-screen illumination conditions (depicted in 
Fig. 7(a) and (b)). The devices exhibited a pixel per inch (PPI) of 3000, a resolution of 
1300 × 720, and a display dimension of 6.5 × 10.9 mm2 (refer to the scale diagram of a 
prototype in Fig. S12). Notably, the GaN-on-GaN devices demonstrated superior bright-
ness and luminosity uniformity in comparison to their GaN-on-Sapphire counterparts. 
SEM array images (depicted in Fig. 7(c)-(f )) exhibit identical device sizes as those shown 
in Fig.  7(a) and (b). Due to the implementation of our optimized dual-layer passiva-
tion approach, there is no noticeable indium infiltration observed in both the Mesa and 
n-GaN regions beneath the p- and n-contact indium bumps shown in Fig. 7(d) and (f ). 

Fig. 6  a Color coordinates of our GaN-on-Sapphire blue, GaN-on-GaN blue and green micro-LEDs in CIE 
1976 color space compared with Rec. 2020; b and (c) Specific color coordinates (u’, v’); d and (e) Color 
difference (△u’v’) of GaN-on-GaN/GaN-on-Sapphire blue and GaN-on-GaN green micro-LEDs respectively
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Considering the superior performance exhibited by GaN-on-GaN blue micro-LEDs, 
which is selected for the subsequent packaging and integration processes with periph-
eral drivers. The panel luminance and field of view (FOV) for GaN-on-GaN blue micro-
LED display is measured as 9 × 104 cd/m2 @ 80 A/cm2 and 143° respectively. The specific 
luminance change of the pattern from 5 to 60 A/cm2 is demonstrated in Fig.  7(h). At 
present, the realization of full-color micro-LED displays is predominantly grounded in 
quantum dot technology. Among the various methods, blue light excitation stands as 
the most commonly adopted approach. This preference arises from the fact that, when 
compared to UV light, blue light necessitates only two distinct quantum dot colors for 
achieving a full-color spectrum. Moreover, the utilization of blue light eliminates con-
cerns about potential ultraviolet light leakage and its implications for human exposure. 
Consequently, GaN-on-GaN blue light micro-LEDs, distinguished by their elevated 
luminance and uniformity, confer a unique set of advantages. These advantages are par-
ticularly pronounced in the context of achieving a wider color gamut, facilitating high-
energy excitation, and enabling displays with elevated resolution.

Conclusion
In this paper, we comprehensively compare GaN-on-GaN and GaN-on-Sapphire micro-
LEDs from the epitaxial to display application perspectives. At the epitaxial level, 
we achieved an ultra-low dislocation density in GaN-on-GaN, which is three orders 
of magnitude lower than that in GaN-on-Sapphire. The TRPL results reveal that the 

Fig. 7  a, b Display uniformity of GaN-on-Sapphire and GaN-on-GaN micro-LED array; c-f scanning electron 
microscope (SEM) observation of reflowed indium bumps onto Mesa structure and n-GaN layer; g Luminance 
vs. driving current density relationship with the light distribution curve inset; h Display patternluminance 
graph from 5 to 60 A/cm2
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GaN-on-GaN structure manifests a reduced carrier lifetime and a notable diminished 
QCSE. Moving on to device characterization, we present two variations of blue-emitting 
devices on different substrates, along with green-emitting devices on GaN-on-GaN. The 
GaN-on-GaN devices exhibit excellent electrical and optical attributes, such as reduced 
ideality factors and series resistances, stable central wavelengths, narrower FWHM, 
and diminished EQE droop. Moreover, through fitting calculations of IQE and EL spec-
tra of blue-emitting devices on different substrates, we ascertain the presence of more 
pronounced deep-level trap-assisted recombination within sapphire-substrate devices, 
closely tied to the epitaxial dislocation density. Lastly, in the realm of display applica-
tions, GaN-on-GaN micro-displays manifest improved display uniformity and higher 
brightness. This factor plays a pivotal role in paving the way for the imminent realization 
of high-brightness, fine-pitch, and high-resolution AR displays.

Materials and methods
The study involved the growth of GaN-based micro-LED epi-layer structures on both a 
2-inch standard c-plane sapphire substrate and a free-standing GaN substrate (as shown 
in Fig. 1 (b1)) using metal organic chemical vapour deposition (MOCVD). The growth 
process for both substrates was conducted under identical conditions. The only differ-
ence is an unintentionally doped GaN buffer layer was grown on the sapphire substrate 
firstly. The epitaxial layers were sequentially deposited in the following order: a 1800-nm 
Si-doped n-GaN layer, a 20 nm Si-doped n-Al0.05Ga0.95N electron spreading layer (ESL), 
a stress-relaxation layer (SRL) comprising 3 periods of u-In0.05GaN (1 nm)/n-GaN (49 
nm), a 22 nm 2 periods of multiple quantum wells (MQWs) region consisting of u-Inx-

GaN (3 nm)/n-GaN (8 nm) with indium components x of 0.15, and 0.25 for blue and 
green emission respectively, a 20 nm Mg-doped low temperature (LT) p-GaN layer, a 
20 nm p-Al0.05GaN electron blocking layer, and a 40 nm Mg-doped high temperature 
(HT) p-GaN layer. The specific structure is demonstrated in Fig. S2(a) in Supplementary 
Information.

To enhance current spreading, an initial deposition of a 100-nm indium tin oxide 
(ITO) layer onto p-GaN was carried out using E-beam technology. Subsequently, the 
ITO layer was annealed at 550 °C with 100% O2 for 5 min to increase transparency 
and at 600 °C with 80% N2 and 20% O2 for 3 min to enhance conductivity through 
rapid thermal annealing, thereby achieving an ohmic contact between ITO and 
p-GaN. Next, photolithography was employed with a 300 nm PECVD SiO2 layer as 
a hard mask to define the mesa structure, as shown in Fig. S2(b). Inductively cou-
pled plasma (ICP) etching using BCl3/Cl2 = 12/12 SCCM for ITO and BCl3/Cl2 = 5/25 
SCCM for p-GaN was utilized to etch the ITO current spreading layer (CSL) and 
p-GaN, respectively. Following that, the device was immersed in an 8% KOH solution 
at 80 °C to reduce sidewall damage caused by the ICP process and eliminate nano-
defects formed during the ITO dry etching. Subsequently, a dual-layer passivation 
with a 50-nm thermal ALD Al2O3 (trimethylaluminum (TMA) + H2O) layer and a 
400-nm PECVD SiO2 layer were deposited to passivate the remaining sidewall dan-
gling bonds. For the p-electrode and n-electrode, a 300 nm Ti/Al/Ni/Au stack layer 
was evaporated onto the ITO and n-GaN, respectively, using photolithography and 
E-beam techniques. This stack layer also served as the indium penetration blocking 
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layer, as shown in Fig. S2(c). Lastly, a 2-μm thick indium layer was deposited onto 
the passivation layer and connected with both p- and n-electrodes, which is ready for 
reflow and flip-chip bonding process. Upon completion of this step, the display chip 
on the LED epitaxial structure has been fabricated, as depicted in Fig. 1(b2).

The 2-inch wafer is subjected to a series of post-fabrication processes for micro-
LED display, including grinding, rough polishing by using Galaxy GS610P Precision 
Polishing Machine and chemical mechanical polishing (CMP) by using AM Tech-
nology Single Side Polishing Machine ASP Series to thin the thickness down to 280 
μm. Then, display chips are obtained by laser dicing from the 2-inch wafer by using 
Hanslaser DSI-9200 automatic invisible dicing machine, as shown in Fig. 1(b3). The 
chips undergo a subsequent treatment with 1% HCl to enhance the formation of 
indium spheres. Subsequently, reflow process is accomplished in an acidic gas envi-
ronment (HCOOH), with an operating temperature of 200°C, and the process dura-
tion lasting 2 min in ATV SRO-700 reflow system. After the reflow process, the 
indium metal forms spheres, which help to enhance the connection of solder joints 
on the micro-LED display chip to the driver chip, thereby improving the reliability of 
the soldering. Fig. S2(d) and Fig. 7(c)-(f ) respectively illustrate the schematic diagram 
and SEM images of the indium metal after reflowing into spheres. Following this, the 
mass transfer of the micro-LED display chip and driver chip can be achieved through 
chip-to-chip bonding.The micro-LED display chips are transferred to ACCµRA100 
flip-chip bonder with a ± 0.5 μm placement accuracy. The force and temperature are 
43 kg and 200°C, and process duration is 240 s. The outcomes of chip-to-chip bonding 
are showcased in Fig. S13, wherein the FIB-SEM images of Fig. S13(a) and (b) viv-
idly demonstrate the seamless integration of the display chip and driver chip through 
the utilization of indium bumps. Due to the active matrix driving method, each pixel 
of the display chip has its corresponding independent driving circuit, as the 2T1C 
structure in our case. The layout design of the 2T1C driver, including clock signal 
(CLK), scanning signal (Vscan), and partition signal (Data1, 2, 3, etc.), is illustrated in 
Fig. S13(c) and (d). The inset in Fig. S13(d) depicts the schematic diagram of the 2T1C 
circuit. The panel luminance and field of view (FOV) is measured by using SITAN-
LDM3 Optical Spectrometer (the measurement setup can be referred to Fig. S14).
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