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High External Quantum Efficiency Green Light
Emitting Diodes on Stress-Manipulated

AlNO Buffer Layers
Aimin Wang, Kaixuan Chen , Jinchai Li, and Junyong Kang

Abstract—We demonstrated high-brightness InGaN/GaN green
light emitting diodes (LEDs) with ex-situ sputtered stress-
manipulated AlNO buffer on 4-inch patterned sapphire substrates.
The lattice constant of the AlNO buffer was adjusted by oxygen
flow. As a result, the dislocation density and the in-plane compres-
sive stress caused by lattice mismatch were greatly reduced, while
the interface quality of the InGaN/GaN multiple quantum wells and
the uniformity of the indium composition were greatly improved. At
20A/cm2, the external quantum efficiency and wall plug efficiency
of the 526.4-nm-green LEDs grown on the sputtered AlNO buffer
reached 46.1% and 41.9%, which were both higher than reported
values.

Index Terms—AlNO buffer, pattern sapphire substrate, InGaN/
GaN quantum well, light-emitting diode, green gap.

I. INTRODUCTION

L IGHT emitting diodes (LEDs) have been widely used in
general lighting, backlight unit, display, agriculture and

communications. The development of solid-state lighting based
on LEDs offers an opportunity to significantly reduce worldwide
energy consumption [1]–[3]. Nevertheless, the LED efficiencies
with different colors are unbalanced: the efficiency of the LEDs
in the green wavelength region is much lower than that of
the blue and red. This problem is known as the “green gap”.
On one hand, for the LEDs made from (AlxGa1-x)0.5In0.5P,
their external quantum efficiency (EQE) is very high in the red
region. However, the energy band of (AlxGa1-x)0.5In0.5P will
change from direct band gap to indirect band gap when the Al
composition x is higher than 0.5, corresponding to the emission
of green-yellow wavelength around 570 nm. The direct-indirect
transition in the band gap of (AlxGa1-x)0.5In0.5P leads to a
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sharp decrease in the EQE [4], [5]. On the other hand, although
InGaN-based LEDs grown on pattern sapphire substrate (PSS)
have achieved great success in blue region, it is still challenging
to obtain high EQE green LEDs with high indium composition
[3]. The large lattice mismatch and thermal expansion coefficient
difference between the epi-layer and the substrate give rise to
a high density of threading dislocations and a large residual
strain in the LED structures [6]–[8]. Furthermore, the contrast-
ing thermodynamic and structural properties of InN and GaN
lead to low miscibility, making it difficult to grow high-quality
green-emitting InGaN/GaN multiple quantum wells (MQWs)
[9]. Several methods have been used to improve the EQE of green
LEDs, such as the use of pattern sapphire substrates, non-polar
or semi-polar substrates [10], AlGaN ternary quantum well pro-
tective layers [11], [12], sandwich MQW growth process [13],
[14], and controlling the strain, field, electronic band mechanism
to reduce the influence of QCSE [15], [16] The EQE of the green
LEDs has been improved to reach 40%. In spite of this, it is still
much lower than that of blue LEDs [17].

In this paper, the mismatch between the nitride epi-layers
and the substrate was manipulated with ex-situ sputtered AlNO
buffer on 4-inch PSS. The lattice constants of the AlNO buffer
layers and the dislocation densities of full LED structures were
investigated by X-ray diffraction and rocking curve analysis. The
influence of the buffer layers on the InGaN quantum wells was
examined by analyzing the reciprocal space mappings of epi-
layers. Finally, both the enhancements of photoluminescence
(PL) and electroluminescence were confirmed to significantly
bridge the green gap in the wall plug efficiency as well as the
external quantum efficiency.

II. EXPERIMENT

A 45-nm thick AlNO buffer layer was deposited on a 4-inch
c-plane PSS using physical vapor deposition (PVD) at 700 °C.
The oxygen content in the AlNO buffer layer was adjusted during
sputtering by using different O2 flow rates of 0, 1, 2, 3, and 4 sccm
(labeled as Buffer A, B, C, D, and E, respectively). Thereafter,
InGaN-based green LEDs were grown on the buffer layer using
metal organic vapor phase epitaxy (MOVPE). The growth pre-
cursors were trimethylgallium (TMGa), triethylgallium (TEGa),
trimethylindium (TMIn), ammonia (NH3), silane (SiH4), and
bis-cyclopentadienyl magnesium (Cp2Mg). The LED structures
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Fig. 1. Cross-sectional schematics of full LED structure with an AlNO buffer
layer.

Fig. 2. X-ray diffraction ω-2θ scan along (a) (0002) and (b) (10-15) planes.

comprised a 4-μm-thick undoped GaN layer, a 2-μm-thick Si-
doped n-GaN layer, 9 pairs of In0.05Ga0.95N/GaN superlattices,
10 pairs of In0.20GaN0.80/GaN MQWs, 40-nm-thick p-type
AlGaN electron-blocking layer (EBL), 70-nm-thick p-GaN, and
10-nm-thick heavily Mg doped p+-GaN as the contact layer. The
LED epitaxial wafers on different buffer layers were named as
LED A, B, C, D, and E. The green LED device structure was
illustrated in the cross-sectional schematic shown in Fig. 1.

The material quality of the AlNO buffer layers and epi-
layers were characterized using high-resolution X-ray diffrac-
tion (XRD) (Philips X’Pert MRD). The optical properties of full
LED structures were analyzed using an epitaxial photolumines-
cence spectrum scanning imager (Chn-Top Optical-Electronic
IM-3000). The performance of the LEDs was measured using a
high accuracy array spectro-radiometer (Everfine HAAS-2000).

III. RESULTS AND DISCUSSIONS

A. AlNO Buffer Layers

The quality of the AlNO buffer layers was analyzed by using
XRD. The ω-2θ scanning curves of Buffer A, B, C, D, and
E on (0002) plane were shown in Fig. 2(a). It showed that in
the absence of oxygen (Buffer A), the ω-2θ curve had only

TABLE I
LATTICE CONSTANTS OF ALNO BUFFER LAYERS AND LATTICE

MISMATCH WITH α-AL2O3

one diffraction peak (blue dotted line) of the (0002) plane
of AlN [18] and one diffraction peak (black dotted line) of
the (0006) plane of the substrate (α-Al2O3) [19]. Moreover,
the AlN thin films prepared using the PVD sputtering without
oxygen incorporation had a hexagonal wurtzite structure. A
small peak of the γ-Al2O3 (12-31) plane was observed (yellow
dotted line) when the O2 flow rate was 1 sccm (Buffer B) [20].
With an increasing O2 flow rate, the diffraction peaks of AlN
(0002) gradually merged with the small peak ofγ-Al2O3 (12-31)
plane, indicating the infusion of oxygen in the AlN structure of
the hexagonal system. Oxygen atoms partly substitute nitrogen
atoms to form an AlNO ternary buffer layer while the AlNO
layer still kept the hexagonal wurtzite structure. When the O2

flow rate exceeded 4 sccm (Buffer E), the crystal structure of AlN
was seriously changed because of the higher chemical activity
of oxygen. This caused obvious phase separation in the buffer
and resulted in double peaks in the diffraction curve of Buffer E.
With the destruction of the wurtzite structure, Buffer E became
unsuitable for the subsequent epitaxial growth.

The ω-2θ scanning curves of Buffer A, B, C, D, and E on (10-
15) plane were shown in Fig. 2(b). When the O2 flow rate was 0
(Buffer A), the diffraction peak (blue dotted line) of the AlNO
(10-15) plane had a large angle difference with the diffraction
peak (black dotted line) of the α-Al2O3 (42-65) plane. With an
increasing O2 flow rate, the diffraction peak of the AlNO (10-15)
plane gradually moved closer to the peak of theα-Al2O3 (42-65)
plane, indicating that the mismatch of a-axis between the buffer
layer and the PSS was reduced. The lattice constants of AlNO
buffer layers calculated from XRD were listed in Table I. The
in-plane lattice constant a and the lattice mismatch withα-Al2O3

decreased with increasing oxygen content. The calculated lattice
mismatch for Buffer A was -13.4%, which was consistent with
the reported data [10]. Although the lattice mismatch for Buffer
E reached the lowest value among all of the buffers, its wurtzite
structure was destroyed, indicated by its weak diffraction peak
in Fig. 2(b). Therefore, it was not suitable to be used as a buffer
layer for subsequent epitaxial growth. Buffer D with an O2 flow
rate of 3 sccm was more suitable for subsequent epitaxial growth.
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Fig. 3. (a) Wafer bow distribution in space. (b) Rocking curves of (0002) plane
of different LEDs. (c) Rocking curves of the (10-12) plane of different LEDs.
(d) Corresponding screw and edge dislocation densities of different LEDs.

B. Full LED Structures

Following the growth and characterization of the AlNO buffer
layers with different O2 flow rates (Buffer A-E), green LEDs
(named as LED A-E) with the same structure and an emission
wavelength of 525 nm were grown on top of these AlNO buffer
layers. As mentioned above, the oxygen content in the AlNO film
could effectively reduce the lattice mismatch between AlNO and
PSS. Therefore, the in-plane biaxial stress caused by the lattice
mismatch should also be reduced. For LED A-E, the wafer bow
mapping of each LED was obtained at room temperature (293
K), as shown in Fig. 3(a). For the full LED structure grown
on the pure AlN buffer layer (LED A), it had the largest in-
plane compressive stress because of the biggest lattice mismatch
between its AlNO buffer and PSS. In LED B, C, and D, the stress
and the wafer bow values were significantly reduced due to the
decrescent lattice mismatch between their AlNO buffer layers
and PSS. Although the lattice mismatch for LED E was the
smallest among all LEDs, the ω-2θ scan curves along the (0002)
and (10-15) planes showed that its buffer layer had obvious phase
separation, which might affect subsequent epitaxial growth and
resulted in a higher in-plane stress. The trend of the in-plane
stress in the full LED structure was consistent with that of the
lattice mismatch between the AlNO buffer and PSS.

In order to determine the effect of different buffer layers
on the epi-layer quality of the full LED structure, the rocking
curves of the (0002) and (10-12) planes of different LEDs
were measured using high-resolution XRD, and the dislocation
density of different LEDs was estimated. As shown in Fig. 3(b)
and (c), the full width at half maximum (FWHM) of the (0002)
and (10-12) XRD rocking curves decreased with increasing O2

flow rates in the buffer layers (LED A -D), which indicated that
the crystal qualities of the epi-layers were improved. By further
increasing the O2 flow rate in the buffer layer of LED E, the
FWHM of the rocking curves was broaden because its buffer
layer quality was deteriorated. The decrescent lattice mismatch

Fig. 4. (a)–(b) Reciprocal space mappings (RSM) of LED A and LED D on
(10-15) plane. Vertical (red dot) and inclined (black dot) lines represent positions
of a fully strained and fully relaxed layer grown on GaN, respectively. (c) ω-2θ
curves of (0002) plane of different LEDs. Inset shows FWHM of diffraction
peaks with different diffraction orders.

of the buffer layer significantly improved the crystal quality of
the epi-layer and reduced the density of screw dislocations (SD)
and edge dislocations (ED). The SD and ED densities of LED
A-E can be calculated by using the following formula [21], [22]:

D=
β2
α

2πb2 ln 2
(1)

where βα is the diffraction FWHM of the (0002) or (10-12)
rocking curves, and b is the Burgers vector of the dislocation.
The growth conditions of different buffer layers significantly and
directly influence the dislocation density of the final epi-layers.
The SD and ED densities of different LEDs were calculated
using (1) and the results were presented in Fig. 3(d). With
different oxygen content in the buffer layers, the lattice mismatch
between the buffer layer and the PSS was effectively reduced,
thus the dislocation density of the epi-layer also decreased.

In order to examine the influence of different buffer layers
on the LED performance, the relaxation between the InGaN
quantum wells and the GaN barriers in the MQW layer of
different LEDs was measured. The reciprocal space mappings
(RSM) of LED A and LED D on the (10-15) plane were shown in
Fig. 4(a) and (b). According to the RSM, the InGaN well layers
had exactly the same a-axis lattice constant as the GaN barriers
in all LEDs, which indicated that the InGaN well layers were
fully strained. The difference in the resolution of higher-order
diffraction spots indicated that the MQW qualities of individual
LEDs were quite different. For LED A and LED E, the edges of
their diffraction spots were blur, and the -7th order diffraction
spot was hardly recognized. It meant the inferior quality or
a larger composition fluctuation in the MQWs. For LED B,
C, and D, the edges of the diffraction spots were sharp and
the -8th order diffraction spot was clearly recognized, which



8234405 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022

Fig. 5. Photoluminescence spectra of different LEDs.

demonstrated a much better quality of the MQWs. To further
examine the differences in MQW quality among different LEDs,
the (0002) plane ω-2θ scan of all LEDs were measured. As
shown in Fig. 4(c), the InGaN diffraction peaks of different
LEDs had the same period, which indicated that all the LEDs
had exactly the same MQW structure and indium composition
in the InGaN wells. The superlattice period thickness (157 Å
± 2 Å for all LEDs) and indium composition (20 ± 0.1%
for all LEDs) obtained from fitting were confirmed by direct
calculation using the program Philips X’Pert Epitaxy 4.0 [23],
[24]. At the same time, there were obvious differences in the
FWHM of individual diffraction peaks for all LEDs, as shown
in the inset of Fig. 4(c). For the 0th InGaN diffraction peaks,
LED B, C, and D had much smaller FWHM than LED A and
LED E. It testified that LED B, C, and D had much better MQW
qualities, because the decreasing in-plane stress reduced the
lattice defects in the MQWs. Furthermore, although the FWHM
of the diffraction peaks of all LEDs increased with the diffraction
order, the increasing rates of LED B, C, and D were much smaller
than that of LED A and LED E. It was known that for the MQW
structures the FWHM of satellite peaks of ω-2θ scan curves
will be broadened with increase of the satellite peak’s order by
the rough interfaces between wells and barriers [25]–[27]. As
shown in the inset of Fig. 4(c), the slopes of the fitting curves
represented the roughness of the MQW interface. The interface
roughness obtained according to the slope values were about
1.55%, 0.63%, 0.60%, 0.46%, and 1.22% for LED A, B, C, D,
and E, respectively. This result indicated that LED B, C, and D
had better periodic consistency, indium component uniformity,
and interface smoothness than LED A and LED E. Among all the
LEDs, LED D had the sharpest MQW interface and the smallest
composition fluctuation due to the smallest in-plane stress.

The optical properties of different LEDs were characterized
by photoluminescence. The PL integrated intensity (INT) ratios
of different LEDs were 1.0: 7.0: 7.4: 7.5: 2.7, according to Fig. 5.
Notably, the PL INTs of LED B, C, and D were much higher
than LED A and LED E. The PL peak wavelengths of LED A-E
were 535.6 nm, 520.6 nm, 520.4 nm, 517.5 nm and 527.3 nm,
respectively. There was a large blue shift for LED B, C, and

Fig. 6. (a) Dependence of voltage on current density, inset shows electrolu-
minescence (EL) spectrum at 20 A/cm2. (b) Dependence of WPE and EQE on
current density. (c) WPE of nitride and phosphide LEDs as a function of emission
wavelength at 20 A/cm2 [5], [6], [13], [14], [27].

D. The polarization field caused bandgap bending, emission
spectrum red shift, and radiative recombination reduction in
MQWs, which was known as QCSE [8]. The enhanced INT
and the shorter wavelength indicated that the QCSE in LED B,
C, and D had been greatly alleviated. Based on this result, it
was concluded that AlNO buffer layers could effectively reduce
the in-plane stress due to the lattice mismatch between PSS
and LEDs, thus alleviate the QCSE caused by piezoelectric
polarization field and increase radiative recombination. As a
result, LED D with the smallest mismatch had the highest PL
INT.

A 0.28×0.35 mm2 green LED chip with an emission wave-
length of 526.4 nm was fabricated based on LED D. Dependence
of voltage on current density and EL spectrum were shown in
Fig. 6(a), and the dependence of WPE and EQE on current den-
sity was shown in Fig. 6(b). WPE is defined as the ratio of emitted
optical power to injected electrical power (WPE = P

IV ), where
P is the optical power, I is the current and V is the forward voltage.
And EQE is defined as the ratio of the number of photons emitted
from the LED to the number of electrons passing through the
device (EQE = P/(hv)

I/e = Pλ
I ∗ e

Ch ), where ν is the emission
light frequency of LEDs, λ is the emission wavelength of LEDs,
e is the elementary charge, C is the velocity of light, h is the
Planck constant.

At a typical working current density of 20 A/cm2, the chip
exhibited a low forward voltage of 2.59 V and a high optical
power of 21.6 mW. Furthermore, the FWHM of 25.3 nm was
much narrower than that reported in literatures. The calculated
EQE and wall plug efficiency (WPE) of the chip were 46.2%
and 41.9%, respectively. Table II showed the wavelength, EQE,
WPE, FWHM, and forward voltage at 20 A/cm2 of different
green LEDs reported in recent literatures [11]–[14], [27]. It
showed that the EQE of this work was higher, along with the



WANG et al.: HIGH EQE GREEN LEDS ON STRESS-MANIPULATED ALNO BUFFER LAYERS 8234405

TABLE II
REPORTED GREEN LED CHIP DATA AT 20 A/cm2

much lower forward voltage, which made the WPE significantly
improved. Based on the data of literatures and major commercial
LEDs, the WPE values at 20 A/cm2 of these LEDs with different
wavelengths were plot in Fig. 6(c). It was shown that the WPE of
both literature-reported and commercial green LEDs were lower
than 38%, which was much lower than that of commercial red
and blue LEDs. The WPE of this work had an obvious leap
forward (as shown by the green pentagram in the Fig. 6(c)) and
diminished the difference between green LEDs and blue/red
LEDs. It demonstrated that the ex-situ sputtered AlNO buffer
layer was a feasible method to improve the WPE of InGaN LEDs.

IV. CONCLUSION

The method to improve efficiency of InGaN green LEDs by
adjusting AlNO buffer layer lattice constant was reported. By
optimizing the O2 flow rate during AlNO sputtering process,
the lattice constant of the AlNO buffer was adjusted and its
lattice mismatch with PSS decreased. As a result, the disloca-
tion density and the in-plane compressive stress were greatly
reduced, while the interface quality of the InGaN/GaN multiple
quantum wells and the uniformity of the indium composition
were improved. The QCSE was alleviated which was proved by
the enhanced INT and the shorter wavelength in photolumines-
cence. As a result, the high EQE of 46.2% and WPE of 41.9%
were obtained at a typical working current density of 20 A/cm2.
This technique paves the way for stress manipulation in nitride
LEDs grown on sapphire substrates covering from ultraviolet to
infrared.
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