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Abstract— The recombination rates are measured and ana-
lyzed for red-emitting InGaN light-emitting diodes (LEDs)
to better understand the factors that limit their efficiency.
InGaN/AlGaN/GaN multiple quantum well (MQWs) are grown
with x≥0.28 in the InxGa1−xN quantum well. The AlyGa1−yN
interlayers (ILs) with high Al-content (y>0.8) are employed
because they result in smoother surfaces with smaller V-pits and
higher photoluminescence efficiency. The IL-MQWs are formed
on GaN and InzGa1−zN/GaN superlattice (SL) underlayers (ULs)
with z = 0.015, 0.025, and 0.065. Differences in B coefficients
(radiative recombination) within this set result from changes in
wavefunction overlap caused by differences in layer thickness
and composition in the IL-MQW. IL-MQWs grown on SL-ULs
have A coefficients (Shockley-Reed-Hall recombination) that are
lower than expected, indicating that the SL-ULs help reduce
defect formation. Compared to shorter wavelength InGaN-based
LEDs, the B coefficients are ∼100 times lower due to lower
wavefunction overlap. A and C coefficients are higher because
of a higher number of defects.

Index Terms— Light-emitting diodes (LEDs), InGaN multiple
quantum well, recombination rates, interlayers, differential car-
rier lifetime, red LED, ABC coefficients, metal-organic chemical
vapor deposition (MOCVD).

I. INTRODUCTION

I II-NITRIDE light-emitting diodes (LEDs) most notable
application has been in solid-state lighting [1], [2].

Recently, research has focused on using them for efficient and
large color gamut emissive displays, especially for augmented
and virtual reality applications [3], [4]. In emissive displays,
the LEDs are individual pixels, requiring smaller-sized micro-
LEDs that emit efficiently at blue, green, and red wavelengths.
InGaN-based LEDs are becoming the emitter of choice for
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next-generation emissive displays as they can cover the entire
visible spectrum by tuning the In-content in the InGaN quan-
tum wells (QWs) [5].

State-of-the-art violet and blue light-emitting LEDs
and laser diodes use InGaN-based multiple quantum
wells (MQWs) as the active region [5]. These MQWs emit
at green to red wavelengths by increasing the In-content in
the QWs (x≥0.20) [6]. However, realizing high efficiencies at
longer wavelengths has proven difficult, and this problem is
called the “green gap” [1], [5]. Several reasons are typically
given for the green gap, including lattice mismatch and defect
formation [7], [8], phase separation [9], [10], carrier localiza-
tion due to fluctuations in InGaN composition [11], [12], [13],
low growth temperatures [14], [15], and low electron-hole
wavefunction overlap due to spontaneous and piezoelectric
polarization [16], [17], [18].

It has been shown that using thin AlGaN interlayers (ILs)
grown on top of InGaN QWs results in a drastic improvement
in the external quantum efficiency at green-red wavelengths
[19], [20], [21]. Using AlGaN ILs is not intuitive, and there
are several possible reasons for the observed improvement.
Scanning transmission electron microscope (STEM) images
show that AlGaN ILs “cap” the InGaN QWs, producing
smoother and more abrupt heterointerfaces than InGaN/GaN
heterointerfaces [19], [22]. This suggests that the AlGaN IL
reduces the out-diffusion of indium from the QWs, which is
confirmed with higher indium concentration QWs with AlGaN
ILs [22], [23]. Additionally, ILs enable higher temperature
growth of the GaN barriers, and this higher temperature growth
anneals the QW and the ILs. This annealing improves the
material quality and reduces impurity incorporation [22]. This
is contrary to standard InGaN/GaN MQWs, where higher
growth temperatures of the barriers are avoided. All these
effects increase the radiative recombination rate and, thus, the
external quantum efficiency. Finally, introducing an AlGaN IL
increases the piezoelectric polarization-induced electric field
on the QW, which in principle, could lower overlap. However,
this is offset by the higher energy barrier from the IL and
the more abrupt heterointerface; the combination provides a
slightly higher electron and hole wavefunction overlap [24].
This overlap improvement is shown in Figure 1(a). Standard
InGaN/GaN QWs exhibit interface grading [25], and the
AlGaN IL creates an abrupt heterointerface on top of the
InGaN QW. The IL shifts the electron wavefunction into
the QW, causing an increase in the overlap with the hole
wavefunction.
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Fig. 1. Band diagram of a standard QW (blue lines) and IL-QW (black lines).
The standard QW has a less abrupt heterointerface on the top, and the addition
of the AlGaN interlayer shifts the electron wavefunction into the quan-
tum well (arrow). Cross-sectional schematic of (b) InGaN/AlyGa1−yN/GaN
IL-MQWs grown on GaN with different Al-content (y). Cross-sectional
schematic of (c) InGaN/AlGaN/GaN IL-MQWs grown either a GaN layer
or InzGa1−zN/GaN superlattice underlayer (SL-UL) and capped with p-type
GaN. The In-content (z) in the SL-UL is 0.015, 0.025, and 0.065.

Another well-known method to improve the light-emitting
efficiency of InGaN QWs is to use an In-containing underlayer
(UL) [15], [26], [27], [28]. A few reasons have been shown
for how the UL improves the QWs. The first is that In
atoms in the UL can stop surface defects from propagating
into the active region, thus lowering defect recombination.
The higher the In-content (without sacrificing surface quality)
is, the more significant the improvement will be [29], [30].
Another reason is that carefully designed ULs can control the
formation of V-pits in the QW active region. Reports have
suggested that carrier localization effects due to V-pits can
suppress non-radiative recombination [31]. Other reports have
indicated that carrier injection through V-pits can improve the
efficiency of long-wavelength emitters [32], [33]. Finally, the
UL could provide partial strain relaxation for the InGaN QW,
reducing its likelihood of forming defects [34], [35]. There has
yet to be an investigation of the recombination rates in red-
emitting InGaN light emitters with IL-MQW active layers.

This article shows MOCVD growth and optical charac-
terization of red-emitting LEDs with InxGa1−xN/AlyGa1−yN/
GaN IL-MQWs grown on GaN and ULs. The ILs and ULs are
used to achieve red-emission and allow for the measurement of
recombination rates to better understand the factors that limit
efficiency. First, IL-MQWs are grown with varying Al content
in the AlyGa1−yN IL and grown on GaN without an UL. The
IL with y=0.82 has the highest photoluminescence (PL) effi-
ciency and shows a smoother surface morphology with regular,
well-formed V-pits compared to other structures. Next, similar
IL-MQWs are grown on a GaN layer and InzGa1−zN/GaN

superlattice (SL) ULs at different growth temperatures to vary
the In-content (z). Recombination rate measurements show
that changes in the recombination rates can be explained
by differences in wavefunction overlap in the quantum wells
caused by layer thickness and concentration differences. There
is a direct correlation between higher overlap with higher
radiative recombination rates (or higher B coefficient). The
growth of IL-MQWs on the SL-UL affects the Shockley-Reed-
Hall (SRH) or defect recombination rates and suggests that the
number of defects is lower when growing red-emitting QWs on
SL-ULs. Finally, the red-emitting IL-MQWs are compared to
shorter wavelength QWs. They have much lower B coefficients
(∼100 times lower) and higher A and C coefficients due to
lower wavefunction overlap and a higher number of defects.

II. EXPERIMENTAL METHODS

Two sets of structures with red-emitting IL-MQWs are
grown in this study. The first set is to determine a suitable
Al-content for the AlGaN IL. The second is a complete LED
structure with IL-MQWs grown on different SL-ULs and
placed within a p-n junction to measure recombination rates.
All the structures are grown by metalorganic chemical vapor
deposition (MOCVD) in a Veeco P-75 reactor. Several meth-
ods are used to characterize their properties. Layer thicknesses
and compositions are determined by X-ray diffraction (XRD)
by fitting omega-2theta curves along the (0002) reflection of
GaN and by white light reflectance on either test samples or
the final structures. Hall measurements are used to determine
electron and hole concentrations. Atomic force microscopy
(AFM) is used to measure surface morphology.

The first set of growths consists of five periods
of InGaN/AlGaN/GaN IL-MQWs grown with different
Al-content in the AlGaN IL. A schematic cross-section is
shown in Fig. 1(b). The growth begins with a 600 nm thick
unintentionally (uid) doped GaN layer on a commercially
available n-type GaN template grown on c-plane patterned
sapphire. This is followed by IL-MQWs grown at a pressure
of 200 Torr. The InGaN QWs and AlGaN ILs are grown
at a fixed temperature of 670 ◦C, as determined by in-situ
pyrometry. The GaN barrier is grown next at an increased
temperature of 880 ◦C. Then the temperature is reduced to
grow the next InGaN QW, and this barrier-QW-IL sequence
is repeated five times. All the growth parameters are kept
constant in the IL-MQW except for the AlGaN IL. The Al
content of the AlyGa1−yN IL is varied by changing the gas
phase ratio of the Al and Ga sources. The Al/(Al+Ga) molar
gas phase ratios are 0.50, 0.70, and 0.90, and the resulting
measured Al-contents are y = 0.43, 0.65, and 0.82. The
lower measured values are likely caused by the non-ideal,
low-temperature growth of AlGaN. The IL growth conditions
are not necessarily ideal, and it has been shown that low-
temperature, high-Al content AlGaN growth results in rough
surface morphology [21]. However, they are necessary to
preserve the high In-content QW, and the subsequent high-
temperature annealing before and during the barrier growth
improves the smoothness and most likely the quality of the IL
[22]. For the InxGa1−xN QWs, the In/(In+Ga) molar gas phase
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TABLE I
THICKNESSES, COMPOSITION, SPECTRAL FULL WIDTH AT HALF MAXI-

MUM (FWHM), AND WAVEFUNCTION OVERLAP (I)

ratio is ∼0.50, and the measured In composition is x = 0.28.
The InGaN QWs, AlGaN ILs, and GaN barriers are ∼ 3.4 nm,
∼ 1.3 nm, and ∼ 9.3 nm thick, respectively.

The second set has IL-MQWs that are grown on GaN and
different SL-ULs to measure recombination rates to assess
their efficiencies. Four LED samples are grown, as shown
in Fig 1(c). Three samples have SL-ULs with differing
In-content, and a fourth with an uid-GaN layer. The SL-UL
consists of 20 periods of n-type 1.8 nm thick InGaN and 2 nm
thick GaN layers grown at 850 ◦C, 830 ◦C, and 780 ◦C,
resulting in an In-content of z = 0.015, 0.025, and 0.065,
respectively. They are grown at a V-III ratio of 51,000, and
this high V-III ratio is chosen to produce smooth surfaces. The
lower the growth temperature, the higher the In-content and
V-pit size [7], [34], [36]. P-type GaN layers are grown on top
of the IL-MQWs to form a p-n junction and to avoid modu-
lation doping in the quantum wells [37]. The high In-content
QWs need to be protected from high temperatures during the
growth of the p-type layers. So, the p-type GaN is grown at
830 ◦C with TEGa due to its lower cracking temperature to
achieve smoother surface morphology. (It is noted that the PL
efficiency does not change with the addition of this p-GaN
layer.) This 150 nm thick layer is grown with a high V-III
ratio of 28,000 with a growth rate of 2.2 nm/min. The hole
concentration and mobility are 1017 cm−3 and 6 cm2V−1s−1,
respectively. Although not as conductive as p-type GaN grown
with TMGa, it has smoother surface morphology at low
temperatures. There are subtle differences in the thickness and
alloy content of the IL-MQW layers listed in Table I. These
are all due to run-to-run growth variations in the MOCVD
reactor for this set and are determined by fitting the XRD
data. The InGaN QW thicknesses and In-content vary from
3.1 nm to 3.7 nm and 0.28 to 0.296, respectively. The GaN
barrier thickness varies from 9 nm to 10.4 nm. The AlGaN
IL thickness and Al-content range from 1.2 nm to 1.25 nm
and 0.82 to 0.9, respectively. These variations will result in
differences in the wavefunction overlap of carriers in the
QWs. To determine the wavefunction overlap, Schrodinger-
Poisson modeling is performed. All structures are assumed to
be pseudomorphic to GaN.

The wavefunction overlap (I =
∫
ψ∗

eψhdx) is shown in the
last column of Table I. The I is calculated using the nextnano3

Schrödinger-Poisson solver [38] with the standard variables
and a conduction band to bandgap offset of 1Ec ∼0.71Eg
for GaN/InGaN, and a bandgap bowing parameter of 1.4eV
for InGaN. All the structures are pseudomorphic to GaN.
The AlGaN interlayer leads to higher piezoelectric fields in
the InGaN quantum well, but the higher barrier and sharper

heterointerfaces lead to increased overlap, as shown in
Figure 1. Knowing the wavefunction overlap is critical
to understanding the recombination rates and performance,
as shown below.

The second set is measured in various ways. The radiative
efficiency (ηrad), differential carrier lifetime (τDCL), and optical
absorption are measured to determine the radiative rates. The
ηrad is the fraction of carriers that produce photons and is
found by photoluminescence (PL) measured at both 8 K
and room temperature with a 405 nm laser diode under
continuous wave conditions and at power densities varying
from ∼ 5.5 W/cm2 to ∼ 18 kW/cm2 [24], [39]. It is assumed
that at 8 K and low input powers, the defects are frozen,
and the ηrad is 100% which has been found effective in
InGaN/GaN MQWs [40]. Light spectra are measured using a
high-resolution spectrometer. Optical absorption of the sample
at 405 nm is measured by performing white light reflectance
and transmission with an integrating sphere.

The differential carrier lifetimes are obtained by an all-
optical measurement using methods similar to previous reports
[24], [41]. The IL-MQW samples are excited with a 405 nm
laser diode that is driven by combining (with a bias tee) a
constant bias (constant carrier density) and small-signal sinu-
soidal bias frequencies between 0.05 and 500 MHz provided
by a vector network analyzer (VNA).

The radiative (RR) and non-radiative (RN R) recombination
rates versus N are obtained by transforming the measured data
and described previously [42], and in the following way. The
generation rate, G, is defined by

G = P
/(

hυ
/

q
)
, (1)

where P is the absorbed power density of the pump laser. The
carrier density, N , is found integrating τDCL with respect to
G, expressed as

N =

∫ G

0
τDC LdG. (2)

Finally, the radiative and nonradiative rates are found using
d R R

d N
= ηradτ

−1
DC L + G

dηrad

d N
, (3a)

d RN R

d N
= (1 − ηrad) τ

−1
DC L − G

dηrad

d N
. (3b)

Integrating Equations (3a) and (3b) versus N give the radia-
tive and non-radiative rates versus the carrier density. From
these rates, the SRH recombination coefficient A, radiative
recombination coefficient, B and Auger defect recombination
coefficient, C are determined [26] by

A =
RN R

N
, B =

RR

N 2 , C =
(RN R − AN )

N 3 (4)

The A coefficient is valid and taken at low carrier densities
(N < 1017 cm−3) where SRH recombination dominates the
non-radiative rate, and the equation for C is valid only at
high carrier densities (N > 5 × 1018 cm−3) where Auger
recombination dominates the non-radiative rate. The simple
ABC model allows for estimation of the radiative efficiency,
ηrad, using

ηrad = B N
/
(A + B N + C N 2) (5)
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Fig. 2. 2 × 2 µm2 AFM images of IL-MQWs with an IL Al-content of
(a) y = 0.43, (b) y = 0.65, and (c) y = 0.82. The surface morphology
progressively improves with higher Al content in the IL. (d) PL spectra of the
three samples. The y = 0.82 IL has the highest photoluminescence intensity.

which is the fraction of carriers injected into the quantum wells
that produce light.

III. RESULTS AND DISCUSSION

The effect of Al-content, y, of the AlyGa1−yN IL in the
IL-MQW is studied first. Figs. 2(a)–(c) show the AFM images
of the IL-MQW surfaces with y = 0.43, 0.65, and 0.82.
A clear improvement in surface morphology is observed with
increasing y. The whole surface of the y = 0.43 IL sample
is covered with intersecting pits that originate from threading
dislocations in the GaN template. For y = 0.65, the pits still
intersect, but the pit-free surface area is considerably larger.
The y = 0.82 sample surface has much smaller, well-formed
pits and a smoother morphology [21]. Fig. 2(d) shows the
PL spectra of the samples taken at room temperature with a
405 nm laser diode at a power density of ∼600 W/cm2. The
PL intensity increases with increasing IL Al-content and is
highest for y = 0.82.

The improved morphology and light enhancement with high
Al-content ILs is consistent with other studies [21]. These
improvements are likely caused by better strain compensation
provided by the higher Al composition and tensile strained
IL [23], [24], as required with higher In-content and com-
pressively strained QWs. Emitters in the green and yellow
require lower Al-content interlayers [20, 22-24]. It is plausible
that the higher In-content QW requires a higher Al-content
IL to compensate for the strain effectively. IL-MQWs with
y > 0.8 are used in the second set of LED structures based
on this higher performance.

The results of measuring the second set of LEDs are shown
in Fig. 3. First, Fig. 3(a) shows the ηrad versus pump power
density. The IL-MQW grown on uid-GaN has a peak efficiency
of 1.05% at ∼4 kW/cm2. The IL-MQWs grown on the SL-ULs
have different efficiencies. The peak ηrad are ∼1.4%, 1.22%,
and 0.94% for the IL-MQWs with SL-ULs grown at 850 ◦C
(z = 0.015) 850 ◦C (z=0.025), and 780 ◦C (z = 0.065),

Fig. 3. Plots of (a) ηrad and (b) wavelength versus power density
for IL-MQWs grown on GaN and InzGa1−zN/GaN superlattice underlayer
with In-content of z=0.015, 0.025, and 0.065. The IL-MQW with z=0.015
has the highest peak efficiency. The inset shows the wavelength shift
from 20 to 4000 W/cm2 versus QW thickness. The wavelength blueshifts
with increased power, and the blueshift decreases with thinner QWs.

respectively. This suggests that the SL-ULs play a role in the
overall performance. The highest efficiency is for IL-MQW
grown on the z = 0.015 SL-UL. The low radiative efficiencies
of the MQWs are typical for red-emitting III-nitride LEDs
[43], [44], [45], [46].

Figure 3(b) shows the wavelength shift versus power den-
sity. The samples emit at 658-648 nm (red) under low pump
powers. Beyond ∼100 W/cm2, enough carriers are created
to observe a blueshift in the peak wavelength due to carrier
screening and phase-space filling [47]. The wavelength shifts
are different, and the blueshift from 20 to 4000 W/cm2 versus
the QW thickness is shown in the inset of Fig. 3(c). The thinner
wells have a smaller blueshift due to quantum-confined Stark
effect. The InGaN quantum wells at these high In content
usually exhibit inhomogeneous compositions or worse In seg-
regation. Lit images with a 405 nm laser of the MQWs show
some spotty dark and green areas, indicating inhomogeneity.
Another metric is the full width at half maximum (FWHM) of
the spectra shown in Table I. The wider the FWHM, the more
inhomogeneity. The highest FWHM is for the MQW without
the underlayer. The FWHM is lower with an underlayer,
ranging from 57 − 65 nm. The underlayer appears to improve
inhomogeneity.

The measured radiative efficiency, absorption, and differen-
tial carrier lifetime are transformed into the radiative and non-
radiative rates [24]. Fig. 4(a) shows the RN R/N versus N .
The total non-radiative recombination is caused by both SRH
and Auger recombination. SRH recombination is dominant in
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Fig. 4. Plots of the (a) nonradiative recombination rate (RNR) divided
by steady-state carrier density (N) to give the A coefficients found at
N=1016/cm2, (b) radiative recombination rate (RR) divided by N2 to give
the B coefficients found at N=3 × 1018 /cm3, and (c) (RNR-AN)/N3versus
N to give the C coefficients found at N=1019 /cm3.

RN R at low carrier densities and A=RN R/N at low carrier
densities, yielding the A coefficient. The IL-MQW grown on
the uid-GaN UL has the lowest A coefficient of ∼ 3.5×107s−1

at ∼N = 5 × 1016 cm−3. The IL-MQWs with SL-UL have
higher A coefficients, at 5.9 × 107 s−1, 5.1 × 107 s−1, and
9.5 × 107 s−1 for z=0.015, 0.025, and 0.065, respectively.
Possible causes (discussed further below) for these different
values are the role of the SL-UL, changes in the number of
defects, and wavefunction overlap in the QWs due to changes
in polarization fields from layer and compositional differences.

Figure 4(b) shows the RR/N 2 versus N . The radiative
recombination rate is the light-producing electron and hole
recombination, and the RR/N 2 yields the value of the B
coefficient (assuming RR=BN2). The B coefficient varies with
N due to multiple effects such as Coulomb interaction between
electrons and holes, carrier screening, and phase-space filling
[18], [37]. For comparisons to other reports, we take the
B coefficient at N =3 × 1018 cm−3. The IL-MQW grown
on uid-GaN UL has a B =5.9 × 10−14 cm3s−1, and the
addition of the SL-ULs increases the B coefficient. The B

coefficient for InGaN/GaN SL-ULs with z=0.015, 0.025, and
0.065 are 1.6 × 10−13 cm3s−1, 1.2 × 10−13 cm3s−1, and
2.8 × 10−13 cm3s−1, respectively. One might expect the B
coefficients for different samples in this study to have different
values because of structural differences in the active region
layers. It should be noted that these B coefficients are much
lower than those measured at shorter wavelengths [24], [39],
[42], [48], [49].

Figure 4(c) shows the (RN R-AN)/N3 versus N, where
the C coefficient is determined at high carrier densities.
(RN R-AN) is the Auger recombination rate portion of the
total non-radiative recombination rate, which dominates at
the high carrier densities (N ≥ 5 × 1018 cm−3). Therefore,
the C coefficient is (RN R-AN)/N3, and its value is determined
at N ∼ 1019 cm−3. The C is 5.9 × 10−31 cm6s−1 for
the IL-MQW grown on GaN. The C coefficient for the
IL-MQWs on InGaN/GaN SL-ULs with z=0.015, 0.025, and
0.065 are 9.8 × 10−31 cm6s−1, 7.8 × 10−31 cm6s−1, and
9.5 × 10−31 cm6s−1, respectively. Overall, the IL-MQWs on
SL-ULs have thinner QWs, higher A, B, and C coefficients,
and higher radiative efficiency.

Comparing the A, B, and C coefficients to the overlap and
each other provides insight into how structural differences
between samples affect their values and ηrad . Fig. 5(a) shows
a plot of the A coefficient versus the calculated overlap. As the
overlaps increase from the decrease in QW thickness, the A
coefficients increase too. The data fit a dependence of A∝I1.3.
A dependence of A with respect to I was shown previously,
and the exponent measured here is slightly higher (1.3 versus
1.2) [37]. The relationship between A and the overlap is
attributed to the electron and hole wavefunction overlapping
with a localized defect in the quantum well, and the defect
has carrier cross-sectional terms that depend on I [41]. The A
coefficient is also proportional to the number of QW defects
which is important to note for the analysis below.

Fig. 5(b) shows a plot of the B coefficient versus the
calculated overlap. The B coefficient increases with increased
overlap caused by the thinner QW and fits a dependence of
B ∝ I 2.1. This dependence is close to the expected I 2 for the
B coefficient (radiative recombination rate) [50]. The close I 2

relationship suggests that B varies as the layer thicknesses and
composition of the QWs change the overlap. Other influences,
such as a changing lattice constant caused by the SL-UL
(as suggested by others [34]), are not used in the modeling
and, therefore, are most likely not occurring (or a minor
contributor) in these structures. Sources of error or differences
with other reports include the simulation parameters used to
calculate the overlap.

Both the A and B coefficients are functions of the overlap.
To remove differences in the simulated overlap, one can
compare A to B. This does not suggest a causal relationship
between them, only that they both depend on the overlap.
Fitting the data indicates that A ∝ B0.64. A dependence of
A ∝ B0.9 has been observed in InGaN-based QWs where the
In-content or thickness changes [37], and is a consequence
of changes in the polarization fields and the wavefunction
overlap. The dependence here of A versus B is different and
lower, implying that the SRH recombination is increasing at
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Fig. 5. Plots of (a) the A and (b) B coefficients versus the overlap. The
overlap is simulated assuming the IL-MQW is pseudomorphic to GaN. The
A and B show a dependence of A ∝I1.3and B∝I2.1. Plot of (c) A versus
C coefficient of the IL-MQW samples. The relationship of A∝C1.1 suggests
that the trap-assisted process dominates the Auger recombination.

a lower rate. The IL-MQWs have not only thickness and
alloy content changes but also the addition of the SL-UL
with various In-content. One explanation is that the SL-UL
also suppresses trap (defect) formation. This is consistent with
other reports of lower defect formation when using an UL at
shorter wavelengths [26], [27], [30]. Therefore, the SL-ULs
used in this study also help to reduce defect formation in
the red-emitting IL-MQWs. The defect formation could be
reduced even more by optimizing the GaN barrier growth
temperature [51]. Finally, the SL-UL could also improve
inhomogeneity as suggested by the spectral FWHM.

Figure 5(c) is a plot of C versus A coefficients showing
a power dependence of C ∝ A1.1. This is similar to the
dependence observed in Ref. [36] when comparing A to C
coefficients dominated by trap-assisted Auger recombination.
Reports have suggested that the Auger recombination has two
components: an intrinsic interband Auger recombination and
an extrinsic defect-assisted Auger recombination [48]. The C

Fig. 6. Plot of (a) A, (b) B, and (c) C coefficients versus emitting wavelength
for the red-emitting IL-MQWs (red) and from others (purple [42], blue [48],
green [49], black [48], yellow [24], and orange [39]). The dashed lines are a
guide for the eye to identify the spread (vertical direction) in the data caused
by different MQW structures. The coefficients are affected by overlap changes
due to In-content and thickness, the number of defects, and inhomogeneity.

coefficient plotted in Fig. 5(c) is a sum of all Auger processes,
indicating that defects dominate Auger recombination in these
structures. Reducing the number of defects at these high-In-
content QWs should improve both the A and C coefficients
and the overall efficiency. The SL-UL helps to a small degree,
so it may take more drastic structural changes, such as InGaN
substrates [44], to see more significant improvements.

It is insightful to compare these red-emitting IL-MQWs
at nearly the same In-content (x=0.27-0.29) to InGaN
QWs emitting at shorter wavelengths with various In-content
(x∼0.1-0.29). This gives a better understanding of the chal-
lenges InGaN emitters face as the In varies. Fig. 6 shows the A,
B, and C coefficients versus emitting wavelength for the red-
emitting IL-MQWs (red circle) and data from other reports
[24], [39], [42], [48], [49]. Due to the lack of information
on layer structure or growth conditions in these references,
an accurate direct comparison is difficult. However, dotted
lines are provided, bounding the maximum and minimums,
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to suggest trends in the data. The wide vertical variation
observed in the data (at approximately the same In-content) is
caused by overlap changes due to structural differences like
QW thickness and the number of defects. Indeed, all the coef-
ficients for the red-emitting IL-MQWs (red circles in Figure 6)
increase as the QW thickness decreases and overlap increases
(moving up in Figure 6 and up to the right in Figure 5).
Variations moving horizontally at different wavelengths are
primarily caused by changes in In-content, which affects the
overlap and the number of defects. These determining factors,
in both the vertical and horizontal directions, are further
discussed for each coefficient.

Figure 6(a) shows the A coefficient decreasing as the wave-
length increases from ∼400 nm to ∼500 nm by mainly raising
the QW In-content, which leads to a reduction in the overlap.
At wavelengths greater than 500 nm, the values have a wider
vertical spread and increase. These two regions (< 500 nm
and > 500 nm) are affected by the two dominant factors
determining the A coefficient: the number of defects and the
wavefunction overlap due to In-content. The steady decline in
the A coefficient at < 500 nm results from decreasing overlap
caused by higher-In-content QWs and higher polarization
fields. This trend does not continue at >500 nm and results
in higher A coefficients caused by a higher number of defects
or some not yet identified mechanism [48].

The vertical variation in A coefficients is caused by overlap
due to thickness changes and the number of defects. This
variation is also more significant at longer wavelengths and can
lead to higher A coefficients caused by an increasing number
of defects. This trend suggesting some researchers are better
at controlling defect formation than others due to structural or
growth conditions.

Figure 6(b) shows the B coefficient drops with increasing
wavelength as the In-content increases. The B coefficient
is proportional to the transition energy, momentum matrix,
and wavefunction overlap [50]. Increasing the In-content to
produce blue to red wavelengths causes all three parameters
to decrease. Still, the ∼100 times decrease of the B coef-
ficient is so large that it cannot be solely attributed to the
decreasing wavefunction overlap from increased In-content
and polarization fields. In addition, the wavefunction overlap
is also affected by the inhomogeneity of the composition in the
InGaN QW and carrier location [52], providing an additional
knob at lowering overlap. As with the A coefficient, the spread
in (vertical) values is caused by structural changes such as QW
thickness. There is no upturn in B at longer wavelengths like
A because it is not affected by defects.

Figure 6(c) shows the C coefficient decreasing as the wave-
length increases from ∼400 nm to ∼500 nm. At wavelengths
500 nm, the values have a wider spread and increase. This
trend is similar to the A coefficient and is not surprising
because they are both affected by the overlap and the number
of defects. At shorter wavelengths, Auger recombination is
dominated by the intrinsic interband process, and the reduction
in overlap leads to lower C coefficients. At > 500 nm, trap-
assisted Auger recombination dominates [48]. The increase in
defects (traps), as indicated in the A coefficient (Fig. 6(a)),
leads to higher C coefficients resulting in the same overall

trend. Therefore, controlling traps will lead to lower A and C
coefficients and higher efficiencies in the red.

This work shows several pathways that should improve ηrad
(Equation 5) and overall efficiency. InGaN red emitters suffer
from B coefficients that are at least 2 orders of magnitude
lower than the blue. Active region and device structures that
can increase wavefunction overlap will drastically improve
B and ηrad. While increasing overlap will also increase A
and C , their increase will be lower than B because their
dependence on overlap is at a lower rate (see Figure 5). Any
structures that improve overlap should not increase the number
of defects that would increase A and C beyond their overlap
dependence. Future work should include exploring new IL
materials like AlInN and AlInGaN for their greater strain
engineering capabilities and higher overlap, and new barrier
annealing conditions and growth steps for higher-quality ILs.

IV. CONCLUSION

To conclude, red-emitting InGaN/AlGaN/GaN IL-MQWs
and LEDs are grown to assess their recombination rates. High
Al composition (y ≥ 0.80) ILs result in better morphology
and higher PL efficiency, and the SL-UL aids in reducing
defect formation. Still, the efficiencies compared to shorter
wavelengths are relatively low due to low radiative recom-
bination rates (B coefficients) and high nonradiative rates
(A and C coefficients). Increases in efficiency can be achieved
with higher wavefunction overlap, decreasing the number of
defects, and improving compositional homogeneity. Future
work should include exploring new IL materials like AlInN
and AlInGaN for their greater strain engineering capabilities
and higher overlap, and new barrier annealing conditions and
growth steps for higher-quality ILs.
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