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A B S T R A C T

Improving the energy conversion efficiency of light-emitting diodes (LEDs) for blue light emission has been a
continuing pursuit for the past several decades. Here, we report InGaN/GaN LEDs with improved energy effi-
ciency through the simple deposition of multifunctional ultrathin AlN/Al2O3 layers on top of p-type GaN (i.e.,
GaN:Mg) using remote plasma pretreatment and plasma-enhanced atomic-layer deposition (PEALD). The AlN/
Al2O3 stacked layers played principal roles in improving the LED energy efficiency: 1) The surface defect states of
p-type GaN were reduced to minimize leakage current and oxidation was prevented by passivating the GaN
surface; 2) the net positive charges formed at the AlN/GaN interface enhanced the hole injection rate into the
multi-quantum well (MQW) by formation of downward band bending with the increased surface potential; and
3) the increased hole injection rate induced the band-filling effect and screening of internal polarization fields in
the MQW. The AlN/Al2O3 stacked layers deposited on the GaN:Mg have overall improved the radiative re-
combination rate of the InGaN/GaN LEDs and thus light-emission efficiency. X-ray photoelectron spectroscopy
was used to characterize the surface potential change of GaN. The peak efficiency values of wall-plug efficiency,
the external-quantum efficiency, and the efficacy of the AlN/Al2O3 coated InGaN/GaN LEDs were improved by
29%, 29%, and 30%, respectively. The corresponding efficiency droop rates were decreased by 13%, 6% and 3%,
respectively, as compared to those of reference LEDs.

1. Introduction

Over the past decades, improving energy conversion efficiency of
InGaN/GaN blue light-emitting diodes (LEDs) has been persistently
pursued since its first invention in 1993 [1]. The continuous improve-
ment of energy efficiency of the InGaN/GaN LEDs mainly originated
from developments in wafer growth techniques, packaging technolo-
gies, and nanophotonics [2–15]. The major bottleneck toward
achieving high efficiency LEDs is the low hole injection rate from the p-
type hole transport layer (p-GaN:Mg) due to insufficient activation of
the p-type dopant. The poor hole injector leads to significant imbalance
of the number of electrons and holes, thus low efficiency at high current
densities [16–19]. A number of research efforts have been geared to-
ward making a breakthrough in this issue, including formation of a
surface polarization layer, electron blocking layer, tunnelling layer,
graded barrier structure, and nanopatterning [17,20–23]. While these
approaches helped improve energy conversion efficiency, there still
exist issues such as high cost for wafer regrowth and nonuniformity for
surface patterning over a full-wafer area, in addition to strain induced

by different coefficients of thermal expansion and different lattice
constants between substrates and epitaxial layers.

The InGaN/GaN LEDs grown on a c-plane sapphire substrate possess
a piezo-electric polarization field induced by the lattice mismatch be-
tween active InGaN and underlying GaN layers. Additionally, the
Wurtzite crystal structure of GaN generates a spontaneous polarization
field in the LEDs, which consequently forms tiled energy bands within
the InGaN/GaN multi-quantum wells (MQWs), leading to reduced
spatial distribution of electron and hole wave functions and thus re-
duced radiative recombination rates (i.e., quantum-confined Stark ef-
fect (QCSE)) [24–29]. Several methods were attempted to suppress the
QCSE in LEDs, such as adaptation of nonpolar or semipolar substrates,
polar MQWs with large wave function overlap design, substrate varia-
tion, polarization-matched epi-layer, top surface modification, and 1-
dimensional vertical structure array [2,4,5,14,15,28–35]. These
methods require complicated device design, special/expensive sub-
strates, and skillful epitaxy techniques. Various processes for LED top
surface modification were also attempted including surface texturing,
less-strained layer growth, and thin layer deposition [28,30,34,35].
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Although these surface modification approaches are simpler than other
epitaxial methods, the cost associated with these approaches may still
be high.

AlN was proved to be an efficient III–nitride passivation material for
GaN-based devices with low interface states [36–41]. However, the AlN
can be easily oxidized in air and the oxidation of AlN completely de-
grades the material properties. Al2O3 is also a passivation material but
not a polarized material. By coating a conventional Al2O3 on top of AlN
to form stacked AlN/Al2O3 layers on top of GaN, the AlN then acts as an
interface blocking layer that prevents Ga-O formation between Al2O3

and GaN, while maintaining its polarization properties. As a result, the
stacked AlN/Al2O3 layers can significantly improve the passivation
quality in terms of surface states of leakage as compared to that of
Al2O3 passivation. Previously, the polarization charges of AlN deposited
by atomic layer deposition (ALD) were successfully used to compensate
the slow-response surface states in AlGaN/GaN high-electron-mobility
transistors and thus to prevent the 2-D electron gas channel from being
pinched off [39]. Up to now, no investigations on the influences of AlN/
Al2O3 polarization layers on the performance of InGaN/GaN LEDs were
found in existing literature.

In this paper, we report the detailed studies on the impact of
plasma-enhanced ALD (PEALD) AlN/Al2O3 on the energy conversion
efficiency of InGaN/GaN blue LEDs. We used X-ray photoelectron
spectroscopy (XPS) to characterize the surface potential changes inside
the p-GaN layer of InGaN/GaN LEDs coated with AlN/Al2O3 stacked
layers. We discovered three roles of PEALD AlN/Al2O3 on the InGaN/
GaN LEDs. 1) The surface defect states of p-GaN in relation to leakage
and oxidation were reduced by the passivation function of the layers. 2)
The hole injection rate into the MQW was enhanced by the increased
surface potential of p-GaN. The surface recombination of holes on the p-
GaN was also reduced by the increased surface potential. 3) The QCSE

in the MQW was suppressed by the band-filling effect and screening of
the internal polarization fields with the increased hole injection. As a
result of the above factors, the radiative recombination rate and light
emission efficiency of the InGaN/GaN LEDs were improved with re-
duced efficiency droop rates.

2. Experimental section

2.1. InGaN/GaN LED wafer preparation

The InGaN/GaN LED wafers were grown on patterned sapphire
substrate (PSS) along the (0001)-orientation by metal organic chemical
vapor deposition (MOCVD). An undoped GaN buffer layer was grown
first, followed by a 600 nm Si-doped GaN layer with a doping con-
centration of ~ 1019 cm−3 and a ~ 350 nm GaN grading layer. Next, an
eight-period InGaN/GaN MQW with a targeted wavelength of ~
450 nm was grown. The growth of the LED structure was finished with
a Mg-doped GaN layer. After epi-growth, the LED wafers were subject
to sonication in acetone/isopropyl alcohol at room temperature (RT)
(Note: at this state the sample is labelled as “as-received”), followed by
RCA cleaning to remove organic and ionic debris and surface oxide
(Note: the state of the sample is now labelled as “as-cleaned”. If the “as-
cleaned” sample is exposed to ambient for long, it returns to “as-re-
ceived” state). Three samples were prepared in the experiment. The
reference sample A in the following context is a bare InGaN/GaN LED
wafer with no deposition of oxide (“as-received” state). Samples B and
C are the InGaN/GaN LED wafers coated with 1 nm Al2O3 using con-
ventional ALD and 0.6 nm/1.0 nm AlN/Al2O3 using PEALD on sample
A, respectively.

Fig. 1. Surface structure and properties of AlN/Al2O3-coated GaN:Mg layer on top of InGaN/GaN LEDs. (a) Formation of AlN/Al2O3 stacked layer on the GaN:Mg through remote plasma
pretreatment (RPP) and plasma-enhanced atomic layer deposition (PEALD). I. As-received GaN LED epi-wafer with surface oxide layer. II. In situ RPP native oxide removal and nitridation.
III. PEALD AlN monolayer deposition. IV. PEALD Al2O3 deposition. V. Atomic crystal structure of the GaN:Mg with top surface deposition of AlN/Al2O3 stacked layer. (b) Surface
roughness of the three types of samples characterized by AFM. The root-mean square (Rrms) values for reference GaN LED wafer (sample A), Al2O3-coated GaN LED wafer (sample B), and
AlN/Al2O3-coated GaN LED wafer (sample C) are 1.32 nm, 1.30 nm, and 1.24 nm, respectively. (c) X-ray photoelectron spectroscopy (XPS) of Ga 3d core level spectra for the three
samples. Ga-N and Ga-O denote Ga bonded to N and Ga bonded to O, respectively. (d) Plot of Ga 3d peak binding energy and Ga-O/Ga-N intensity ratio for the three samples. The Ga 3d
binding energies of as-received and as-cleaned sample A are indicated separately. (e) XPS Al 2p binding energy comparison between samples B and C.
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2.2. PEALD process

After a wet cleaning procedure, the LED wafer (for sample C) was
loaded into the PEALD system. An in situ remote plasma pretreatment
(RPP) process in sequence with NH3-Ar-N2 plasma was performed to
remove surface native oxides on GaN. After the RPP process, the 0.6 nm
AlN monolayer using N2-H2 and trimethylaluminum (TMA) precursors
and the 1 nm Al2O3 layer using H2O and TMA precursors were chron-
ologically deposited by PEALD with a growth rate of 0.6 Å/cycle. The
RPP and PEALD were carried out at a substrate temperature of 300 °C.
The detailed process is described elsewhere previously [36,41]. The
thicknesses of the AlN/Al2O3 stacked layers were measured by an el-
lipsometer.

2.3. XPS measurements

The elements’ core energy level shifts in the top Mg-doped GaN
layers of the reference (no coating, sample A), Al2O3-coated (sample B),
and AlN/Al2O3-coated (sample C) GaN LED wafers were measured
using XPS. The valence band maximum (VBM) and core levels of Ga 3d,
Al 2p, C 1s, N 1s, and O 1s were scanned to analyse the surface potential
changes of the GaN under different oxide coating conditions. A mono-
chromatic Al Kα (hν = 1486.60 eV) X-ray source with a 90° take-off
angle (normal to surface) was used with filament current of 1.66 A,
emission current of 2.98 mA, and accelerating voltage of 12 kV. The

scans were repeated 20 times with a survey step of 0.01 eV, spot size of
100 µm, pass energy of 50 eV, and dwell time of 50 ms. The XPS
equipment was calibrated using the standard peak positions at
933.00 eV of Cu 2p3/2, 368.20 eV of Ag 3d5/2, and 84.00 eV of Au 4f7/2.
The 284.80 eV of C 1s peak was referenced to offset the binding energy
shift induced by surface charge. The uncertainty of core level centers
is± 0.015 eV.

2.4. Fabrication of GaN LEDs

GaN LEDs were fabricated on the XPS-characterized reference,
Al2O3-, and AlN/Al2O3-GaN LED wafers, respectively. The three types
of LEDs were fabricated together from the beginning to the end of the
process. Ni/Au (5/300 nm) was deposited for anodes, followed by
cathode mesa etching using inductively coupled plasma with BCl3, Cl2,
and Ar gas at a flow rate of 10, 16, and 3 sccm, respectively, 100/500 W
ICP/RF power, 190 V DC voltage, and 4 mT pressure. Ti/Al (5/300 nm)
was deposited for cathodes and a subsequent ohmic annealing was
carried out at 500 °C for 30 s in N2 ambient for both anodes and cath-
odes. All electrodes were formed by photolithography, e-beam eva-
poration, and lift-off. After isolation, the active area of GaN LEDs was
defined to be 0.0025 cm2. The fabricated GaN LEDs were aluminium
wire-bonded for efficiency measurements using an integration sphere.
No light extraction fixtures were used for three types of fabricated
LEDs.

Fig. 2. Surface potential and band bending. The band bending illustrations for (a) sample A (as-cleaned) (b) sample B, and (c) sample C. QSP
GaN and QSP

AlN Al2 O3/ indicate the polarization

charges in the top p-GaN and AlN/Al2O3 layers, respectively. In the case of downward band bending (c), hole injection rate into multi-quantum well (MQW) is increased due to higher
potential energy. + and – denote the positive and negative polarization charges. (d) Photoluminescence (PL) spectra of the three samples. (e) Plot of the PL peak intensity and wavelength
of the three samples.
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2.5. Characterizations

The morphologies of the three types of LED wafers were char-
acterized by a Bruker Multimode 8 atomic force microscopy (AFM). I-V
characteristics were measured using a Keithley 4200-SCS semi-
conductor characterization system. Photoluminescence (PL) spectra
were obtained using a Horiba Jobin Yvon Labram Aramis Raman
spectrometer equipped with a He-Cd laser source. Electroluminescence
(EL) spectra were acquired using a Gamma Scientific GS-1290 spec-
troradiometer with a calibrated integration sphere. Input bias for effi-
ciency measurements was supplied by a Keithley 2602B system source
meter. Chemical bonding states were analysed by a Thermo Scientific K-
Alpha+ XPS. All measurements were made at RT.

3. Results and discussion

3.1. Surface characterizations

Fig. 1a illustrates the formation of top surface AlN/Al2O3 stacked
layers on the GaN:Mg layer of InGaN/GaN LED wafer through the RPP
and PEALD processes (sample C). It begins with LED wafer preparation
(I), followed by RPP native oxide removal and surface nitridation (II),

PEALD of 0.6 nm AlN monolayer (III), and PEALD of 1 nm Al2O3 stack
layer (IV). The deposition of the AlN interface layer was precisely
controlled to be one monolayer [40]. An atomic crystal structure of
sample C after finishing the PEALD exhibits the AlN/Al2O3 stacked
layers deposited on the GaN:Mg (V). The crystalline property of the
PEALD AlN monolayer between GaN and Al2O3 was examined using
transmission electron microscopy (TEM) in our previous studies, in
which the Wurtzite GaN, monocrystal-like AlN, and amorphous Al2O3

properties were characterized (Fig. S2) [38,41]. The AFM scans as
shown in Fig. 1b exhibit the surface roughness of the samples, in which
the root-mean square (Rrms) values for samples A, B, and C were
1.32 nm, 1.30 nm, and 1.24 nm, respectively.

The passivation properties of the AlN/Al2O3 layers for the GaN:Mg
were analysed by XPS measurements. AlN/Al2O3 with a total thickness
of 1.6 nm is suitable for XPS characterizations since photoelectrons can
escape 10 nm deep from the surface. The XPS Ga 3d core levels of the
three samples (before LED fabrication) were obtained and divided into
three components: Ga bonded to N (Ga–N), Ga bonded to O (Ga–O), and
O 2 s peaks as shown in Fig. 1c. For samples A, B and C, the Ga 3d
binding energies were 18.43, 18.35, and 18.81 eV, respectively, and the
peak intensity ratios of Ga-O/Ga-N were 0.69, 0.66, and 0.28, respec-
tively, as shown in Fig. 1d. The Ga 3d binding energy of as-cleaned

Fig. 3. Process steps for AlN/Al2O3-GaN LEDs. (a) GaN LED epi-wafer cleaning and remote plasma pretreatment (RPP) process. (b) Plasma-enhanced atomic-layer deposition (PEALD) of
AlN/Al2O3. (c) Deposition of anode electrodes and ohmic annealing. (d) Cathode mesa etching. (e) Deposition of cathode electrodes and ohmic annealing. (f) Plasma-enhanced chemical
vapor deposition (PECVD) of SiO2. (g) Via hole etching and interconnection metal deposition. (h) Wire-bonding for measurement. (i) Optical image of the fabricated AlN/Al2O3-GaN
LEDs, scale bar = 100 µm.
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sample A (18.31 eV) was added in Fig. 1d for an estimation of band
bending (as plotted in Fig. 2a). The Ga 3d binding energy of the GaN
decreased with Al2O3 deposition (sample B) and increased with AlN/
Al2O3 deposition (sample C), compared to that of the reference GaN
LED wafer (sample A). The increased Ga 3d binding energy with the
AlN/Al2O3 stacked layers indicated the increased surface potential of
GaN. The decreased Ga-O/Ga-N ratio with the Al2O3 layer and the
further decreased ratio with the AlN/Al2O3 stacked layers proved the
better passivation quality of AlN/Al2O3 in relation to Al2O3. Since the
enthalpy for the formation of Ga–O and Ga–N bonds are ‒545 kJ/mol
and ‒110 kJ/mol, individually, the Ga–O bond is more stable than the
Ga–N bond; thus, the oxygen atoms can easily incorporate into GaN
surface under ambient air or during Al2O3 deposition [42]. The ratio of
Ga-O/Ga-N of sample A represents the natural surface oxidation ratio of
GaN. For sample B, the ratio represents a measure of oxidation of the
GaN surface during ALD Al2O3. Due to the TMA precursor pulse at the
beginning of the ALD process, the surface oxide of GaN (Ga–O bond)
was removed first by “clean up effect” and the Al2O3 film was deposited
on the GaN [43]. Thus, the ratio of Ga-O/Ga-N of sample B indicates the
oxidation ratio of GaN from the ALD process, in which the GaN surface
absorbed the oxygen atoms from the Al2O3 film. In the case of sample C,
however, the ratio of Ga-O/Ga-N was much decreased in comparison to
samples A and B. This is due to RPP removal of the surface oxide of GaN
prior to the ALD process and the subsequent PEALD AlN which com-
pletely prevents the GaN surface from oxidation with oxygen atoms of
the Al2O3 film on AlN. The detectable O 2s peak on sample C is due to
the unabsorbed oxygen atoms, in contrast to samples A and B in which
the oxygen atoms contribute to the formation of Ga–O bonds. The TEM
image demonstrates no interface/surface oxidation on GaN during AlN/

Al2O3 deposition (Fig. S1). Therefore, the Ga 3d peak of sample C was
obtained from the oxidation-free GaN surface. The shift in Ga 3d
binding energy and corresponding surface potential of sample C are
attributed solely to the AlN/Al2O3 top surface deposition. Regarding the
ratio of Ga-O/Ga-N of sample C, it might be related to the maximum
atomic percentage of oxygen (25%) the GaN lattice can accommodate
inside with no change in the Wurtzite crystal structure [42,44]. Fig. 1e
shows the XPS Al 2p core level binding energies of samples B and C,
which were 74.48 and 73.89 eV, respectively. The shift of the Al 2p core
level binding energy is due to the different band gaps of two interface
materials (i.e., AlN versus Al2O3).

3.2. Surface band characteristics

The shifts in the binding energy of the atomic core levels due to the
different interface/surface conditions induce surface potential changes
and the corresponding band bending situations. Based on the XPS re-
sults (Fig. 1c and d), the band bending and surface potential of the three
types of LEDs are depicted in Fig. 2a-c, respectively. The Ga 3d binding
energy of as-received sample A (Fig. 1d) is referenced to estimate the
band bending. It is noted that sample A under as-cleaned state shows
upward band bending with 0.12 eV surface potential in comparison to
that under as-received state (Fig. 2a. and Fig. S2). The upward band
bending of sample A was originated from the negative bound sheet
charges that come from the internal spontaneous polarization field in
the GaN (Fig. 2a) [45]. Due to the upward valence band bending, holes
in the GaN are “confined” in the potential valley, which impedes hole
injection. The deposition of the Al2O3 layer (sample B) resulted in a
lower surface potential and band bending as compared to that of sample

Fig. 4. Structure of AlN/Al2O3-GaN LEDs. (a) The vertical structure of GaN LEDs with top surface AlN/Al2O3 layer. Inset shows light emission from sample C LED, scale bar = 1 mm. (b)
Optical image of anode and cathode electrodes (top) and light-emission from the electrodes at current density 10 A/cm2 (bottom), scale bar = 20 µm. No current crowding effect was
observed. (c) Calculated energy band diagram of the LEDs with the AlN/Al2O3 layer. (d) Energy band diagram of a single QW nearby the EBL/GaN:Mg layers.
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A, which exhibits a surface potential of only 0.08 eV but still with up-
ward bending (Fig. 2b). For sample C, a 0.38 eV surface potential and
downward band bending were formed on the surface of the GaN:Mg
(Fig. 2c). The change in the band bending direction from upward
bending in sample A and B to downward bending in sample C indicates
that positive surface charges were formed at the GaN/AlN interface,
which is solely due to the deposition of the AlN/Al2O3 layers. From the
capacitance-voltage measurements in our previous study, a fixed sheet
positive charge density of ~3.20 × 1013 cm−2 was formed [39]. Due to
the monocrystal-like structure of the PEALD-AlN layer (Fig. S1), the
positive charges can be considered polarization charges. The positive
surface charges at the interface induced by the AlN/Al2O3 have over-
compensated for the negative spontaneous polarization charges of 2.10
× 1013 cm−2 in the GaN. Therefore, positive surface potential of GaN
at the interface was formed, which leads to downward band bending at
the surface of GaN and facilitates hole injection into the MQW [45]. The
combination of the above situations lead to a reduced surface

recombination of holes.
Fig. 2d shows the PL spectra of the three samples. The peak wave-

lengths of samples A, B and C LEDs are 448.6 nm, 447.8 nm, and
447.6 nm, respectively, with gradual increasing peak intensities
(Fig. 2e) that were measured under the same conditions. The increased
PL intensities of samples B and C, compared to sample A, are attributed
to the reduced surface recombination of holes. The blue shift in the
peak wavelengths is possibly due to the reduced internal polarization
field in the GaN that was caused by the compensation of surface po-
larization charges due to top layer depositions [28].

3.3. LED process and structures

The structure of the LEDs with the top surface layer is described in
Fig. 3, in which the GaN LED epi-wafer was first deposited with the
AlN/Al2O3 layer (Fig. 3b) and the anode electrodes were formed on the
top surface of the AlN/Al2O3-deposited GaN epi-wafer (Fig. 3c). The

Fig. 5. Electrical characteristics of the LEDs. (a) Vertical structure of AlN/Al2O3-GaN LEDs. The ITotal is divided into the bulk current (IB) and the shunt current (IS). Inset shows an optical
image of the top view of a fabricated LED, scale bar = 100 µm. The red solid line indicates the horizontal region for the vertical structure. (b) Equivalent circuit of the LEDs. RAC and RCC

are anode and cathode contact resistances, respectively. RB is bulk series resistance and DB the ideal bulk p-n diode. RC, RB, and DB are fixed. IS varies according to the condition of surface
states. (c) Current density-voltage (J-V) characteristics of the LEDs. The inset shows the leakage current characteristics of the three types LEDs under reverse bias. Electroluminescence
(EL) spectra of (d) sample A, (e) sample B, and (f) sample C at driving current densities of 0.1, 0.3, 0.5, 0.7, 1, 1.5, 2, 5, 10, 20, and 40 A/cm2. The dashed lines in (d), (e), and (f) indicate
the peak wavelength at 0.1 and 40 A/cm2. Insets in d-f represent the EL spectra at low current densities of 0.1, 0.3, 0.5, 0.7, 1, 1.5, and 2 A/cm2. (g) The CIE1931 chromaticity diagram
including the chromaticity coordinates of EL spectra from the LEDs. Inset shows the light-emission image of sample C LED captured at 10 A/cm2, scale bar = 100 µm. (h) Plot of the EL
peak intensity as a function of current density of the LEDs. The increased EL peak intensities of samples B and C are ascribed to the increased electron-hole recombination rate by the
surface passivation and enhanced hole injection rate. (i) Plot of the EL peak wavelength as function of current density for the three types LEDs, indicating the blue shift of sample A (ΔλA),
sample B (ΔλB), and sample C (ΔλC).
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specific contact resistivity (ρc) of the anode electrodes were measured
by the circular transmission line method (CTLM) (Fig. S3). In addition,
the epi-wafer was etched down for the cathode mesa and isolation
process with consideration for the current spreading length and current
crowding effect on the top surface (Fig. 3d-f). The vertical structure and
electrodes dimension of the AlN/Al2O3-GaN LEDs are represented in
Fig. 4a-b, in which the electrodes design of LEDs with consideration for
the current spreading length was demonstrated by the light emission
image with no current crowding effect. In addition, the calculated en-
ergy band diagram of the AlN/Al2O3-GaN LEDs with the increased
surface potential, shown in Fig. 4c, supports the improved hole injec-
tion and light-emission efficiency thereafter.

3.4. Electrical characteristics of LEDs

The three samples characterized by XPS were fabricated together
into LEDs. The vertical structure of the fabricated GaN LED with AlN/
Al2O3 stacked layers (sample C LED) and an optical image of the top
view of the LED are shown in the inset of Fig. 5a. The LED has three
anode fingers and two cathode fingers to maximize current spreading
length and light-emission intensity. The equivalent circuit of the LED is
shown in Fig. 5b. RAC and RCC are the anode and cathode contact re-
sistances, respectively. RB is the bulk series resistance and DB represents
the bulk diode. The surface states relating to leakage path in parallel
with bulk current (IB) is labelled as Is. It is noted that RB is mainly due to
the resistance of GaN:Mg. The surface leakage IS can be reduced by the
deposition of top surface layers [46]. The total current (ITotal) consists of

IB and IS and only IB contributes to the radiative recombination for the
LEDs. Fig. 3c shows the measured current density versus bias voltage of
the three LEDs, in which the decreased current density level of sample
B, 34.30 A/cm2 at 5 V, is due to the reduced IS with Al2O3 passivation.
And the current density levels of samples A and C, 36.95 A/cm2 and
37.22 A/cm2 at 5 V, respectively, are compared, in which the levels
(ITotal) of both samples look similar, but the ITotal of sample C consists of
a reduced IS by passivation and an increased IB by the hole injection as
compared to the current composition of sample A. Thus, a higher ra-
diative recombination rate of sample C is expected. The diode ideality
factors (n) of the three types of LEDs were calculated to be 2.03 (sample
A), 1.69 (sample B) and 1.58 (sample C) by the equation

= ∙n e kT V I/ δ /δln , where k is the Boltzmann constant [47]. The inset of
Fig. 3c showed the decreased leakage current levels of sample B and C
LEDs, which confirms the passivation effects of Al2O3 and AlN/Al2O3 at
different levels, respectively.

The EL spectra of the three types of LEDs at driving current densities
of 0.1, 0.3, 0.5, 0.7, 1, 1.5, 2, 5, 10, 20, and 40 A/cm2 are exhibited in
Fig. 5d–f, respectively. The insets in Fig. 5d-f show the EL spectra ob-
tained at low current densities of 0.1, 0.3, 0.5, 1, 1.5, and 2 A/cm2 (Fig.
S4). The chromaticity coordinates of the EL spectra of the three LEDs
are plotted within the adjacent blue area of the CIE 1931 chromaticity
diagram in Fig. 5g. The optical light emission image of the sample C
LED captured at 10 A/cm2 is displayed in the inset of Fig. 5g. As can be
seen in Fig. 5h, the EL intensity of sample B and C LEDs are higher than
that of sample A LED, and the intensity of sample C LED is the highest at
every driving current density levels. The highest EL peak intensity of

Fig. 6. Light output power of the LEDs. Plots of (a) Radiant flux and (b) luminous flux of the LEDs as a function of current density. (c) Plot of the number of emitted photons and injected
electrons of the LEDs as a function of current density.
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sample C LED, compared to the other two samples, is ascribed to the
increased electron-hole pair (EHP) recombination rate in the MQW due
to the passivation and enhanced hole injection rate with the deposition
of AlN/Al2O3 stacked layers.

Interestingly, the EL peak wavelengths showed a blue-shift (Δλ) as
the driving current density increases (Fig. 5d-f). The EL peak wave-
lengths of the three types of LEDs as a function of driving current
density are plotted in Fig. 5i. The blue shift is attributed to the band-
filling of localized potential energy states and to the screening of in-
ternal polarization fields in the MQW by the injected carriers [28,48].
Specifically, the peak wavelengths of the LEDs at the current density of
0.1 A/cm2 were 450.4 nm, 449.1 nm and 448.8 nm for samples A, B,
and C LEDs, respectively. The peak wavelengths of the three samples
were shifted to 445.4 nm (−5 nm), 444.9 nm (−4.2 nm), and
444.7 nm (−4.1 nm) as the current density increased to 40 A/cm2,
respectively. The smallest blue-shift of peak wavelength (ΔλC) and the
highest photon energy (Eph = hc/λ, where h is the Plank's constant, c is
the light velocity, and λ is the wavelength of light) of sample C LED
indicate that the band-filling and screening of internal polarization ef-
fects were maximized by the deposition of AlN/Al2O3 stacked layers in
sample C.

Fig. 6a shows the plotted radiant flux of the three types of LEDs as a
function of current density. The optical output power of sample B and C
LEDs was improved by 22% and 52%, respectively, as compared to that

of the reference sample A LED at a current density of 40 A/cm2. The
luminous flux as a function of current density shown in Fig. 6b also
exhibits improved optical output power for sample B and C LEDs by
16% and 47%, respectively, as compared to that of sample A LED. The
improved radiant flux and luminous flux of samples B and C LEDs are
attributed to the passivation effects of Al2O3 and AlN/Al2O3 layers in
addition to the increased hole injection rate by the AlN/Al2O3 layers.
The reduced surface recombination of holes with the AlN/Al2O3 stacked
layers also contributed to the improved output power. The reduced
slopes of the radiant flux and luminous flux with increasing driving
current density are probably due to the self-heating effect [48]. With
the assumption that the initial radiative recombination coefficient in-
side the GaN LEDs is identical because of the identical epi-growth
structures, the increased number of emitted photons from samples B
and C LEDs is considered direct evidence supporting the effects of dif-
ferent top surface layers on the performance improvement of the LEDs.

Fig. 6c plotted the number of emitted photons and injected electrons
for the LEDs, in which the number of emitted photons varies according
to the sample types with the same number of injected electrons. Since
the number of injected electrons is larger than the number of emitted
photons, the increased photon emission of sample B and C LEDs is at-
tributed to more hole injection into their MQW for the EHP re-
combination. In other words, the surface deposition layers enhanced
the radiative recombination rate through surface passivation and the

Fig. 7. Mechanism of LED performance enhancement. (a) Energy band diagrams of samples A and C. hvA and hvC represent the photon energies of samples A and C, respectively. h is
Plank's constant and v is the frequency of the emitted light. hvC3> hvC2> hvC1. Band diagrams of a single QW nearby GaN:Mg of (b) sample A and (c) sample C. Ψe and Ψh denote the
electron and hole wave functions profiles in the QW. The total internal polarization fields (Ptotal) composed of spontaneous polarization (Psp) and piezo-electric polarization fields (Ppe) in
the Wurtzite GaN LED (0001) tilt the slope of the QW and the wave functions separate, leading to a reduced radiative recombination rate and photon energy (i.e., quantum-confined Stark
effect (QCSE)). The screened total polarization fields ( ′Ptot) with the increased hole concentration in the QW result in a decreased slope of QW and an increased area of overlap in the wave
functions, in addition to the band-filling effect. The above changes result in an increased radiative recombination rate and photon energy (i.e., suppression of QCSE).
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increase in hole injection.

3.5. Mechanism discussion

Fig. 7a depicts the energy band diagrams of samples A and C LEDs,
in which the red and the blue solid lines represent the band diagrams
before (sample A) and after (sample C) the deposition of AlN/Al2O3 top
surface layers. With the AlN/Al2O3 layers, the positive surface potential
was formed on the GaN at the AlN/GaN interface which induces the
downward surface band bending and increases the hole injection rate
into the MQW for radiative recombination. The increased number of
injected holes induces the band-filling effect and the screening of in-
ternal polarization fields in the MQW of the GaN LED. Since the QWs in
close proximity to the p-type GaN side benefits more from the increased
hole injection than others far away, the band-filling and screening ef-
fects are more effective adjacent to the p-type side than the n-type side,
thereby leading to enhanced photon energy in the MQW of sample C
LED as hvC3> hvC2> hvC1, where v is the frequency of the emitted
light. Sample A LED, however, shows a similar photon energy (hvA)
across the MQW. For a detailed explanation, the individual InGaN/GaN
QWs of samples A and C LEDs next to the p-type GaN/EBL, enlarged in
Fig. 7b and c, respectively, include injected charge carriers, electron
and hole wave functions (Ψe and Ψh), and total internal polarization
fields (Ptot) which consists of spontaneous polarization (Psp) and piezo-
electric polarization (Ppe) fields. In the QW of sample A LED (Fig. 7b),
the internal polarization fields make the slope of the QW tilted, which

reduces spatial distribution of electron and hole wave functions. Due to
the smaller overlapping area of wave functions, the EHP recombination
rate becomes less efficient (i.e., QCSE). In the case of sample C LED with
the increased hole injection rate into the QW (Fig. 7c), more holes in-
jected into the QW occupy more energy bands (i.e., band filling effect)
and compensate for the total internal polarization fields (i.e., screening
effect). Therefore, the reduced polarization fields ( ′Ptot) decrease the
energy slope of QW, leading to an increased overlap area and vertical
distance between the electron and hole wave functions. As a result, the
radiative recombination rate was improved and the energy of emitted
photons is increased relative to sample A LED (i.e., suppression of
QCSE). Specifically, the piezo-phototronic effect contributes to the in-
crease in the radiative recombination rate by screening the piezo-
electric field inside the QW with the increased hole concentration
[49–62]. These effects altogether contribute to the enhanced radiative
recombination rate and light emission efficiency of AlN/Al2O3-GaN
LEDs.

3.6. LED efficiency characterizations

In order to assess the effects of the top surface layer deposition on
the efficiency of LEDs, the wall-plug efficiency (WPE), external
quantum efficiency (EQE), efficacy, and their droop rates were esti-
mated for the three types LEDs. The setup for efficiency measurements
is shown in Fig. 8a. The fabricated GaN LEDs first went through wire-
bonding on sockets (all bare chips: no light extraction or thermal

Fig. 8. Efficiency properties of LEDs. (a) Efficiency measurement setup: wire-bonding of the samples on sockets (all bare chips: no light extraction fixture was used), driving current bias
with a power supply, light integration in a sphere, and efficiency analysis using a spectroradiometer. Normalized plots of (b) wall-plug efficiency (WPE), (f) external-quantum efficiency
(EQE), and (g) efficacy as a function of current density. Efficiency droop rates of (e) WPE, (f) EQE, and (g) efficacy as a function of current density.
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management fixtures were used). Then the efficiency measurements
were carried out using an integrating sphere. The normalized values of
WPE, EQE, and efficacy as a function of current density for samples A,
B, and C LEDs are shown in Fig. 8b-d (for measurement data, see Figs.
S5-S7). The droop rates of WPE, EQE, and efficacy of the three types of
LEDs as a function of current density are shown in Fig. 8e-g. From the
comparisons, the sample C LED shows the highest performance among
the three types. The peak WPE at 0.3 A/cm2 and the droop rate at 40 A/
cm2 of sample C LED were improved by 29% and 13%, respectively,
compared to the sample A LED. The peak EQE and efficacy values of
sample C LED were improved by 29% and 30%, respectively, as com-
pared to sample A LED. For the droop rates of EQE and efficacy, the
sample C LED showed 6% and 3% improved droop rates at 40 A/cm2,
respectively, as compared to sample A LED. The enhanced peak effi-
ciencies and reduced droop rates of the sample C LED are ascribed to
the improved radiative recombination rate and reduced electron
leakage in the MQW with the increased hole injection [63]. The in-
creased hole concentration in the MQW for sample C LED reduces the
asymmetry of concentrations of electrons and therefore contributes to
more recombination of EHPs.

4. Conclusions

With the top surface deposition of AlN/Al2O3 stacked layers, the
peak efficiency values of WPE, EQE, and efficacy of the GaN LEDs were
improved by 29%, 29% and 30%, respectively, and their corresponding
efficiency droop rates were decreased by 13%, 6% and 3%, separately.
The AlN/Al2O3 layers reduced the surface defect states of p-GaN layer
and enhanced hole injection rate into the MQW by increasing the sur-
face potential of GaN. In addition, the increased hole injection into the
MQW induced the band-filling effect and screened the internal polar-
ization fields, and thus increased the symmetry of electron and hole
concentrations in MQW. The improved radiative recombination rate
and reduced electron leakage in the MQW enhanced the peak efficiency
and efficiency droop rates of the GaN LEDs with top surface AlN/Al2O3

layers.
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