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To gain further understanding of the luminescence properties of multiquantum wells and the factors affecting them
on a microscopic level, cathodoluminescence combined with scanning transmission electron microscopy and spectroscopy
was used to measure the luminescence of Ing 15Gag gsN five-period multiquantum wells. The lattice—composition—energy
relationship was established with the help of energy-dispersive x-ray spectroscopy, and the bandgaps of Ing 15GaggsN
and GaN in multiple quantum wells were extracted by electron energy loss spectroscopy to understand the features of
cathodoluminescence spectra. The luminescence differences between different periods of multiquantum wells and the
effects of defects such as composition fluctuation and dislocations on the luminescence of multiple quantum wells were
revealed. Our study establishing the direct relationship between the atomic structure of In,Ga;_,N multiquantum wells and
photoelectric properties provides useful information for nitride applications.

Keywords: nitride multiquantum wells, defect, cathodoluminescence, scanning transmission electron mi-

Croscopy
PACS: 85.60.Jb, 62.40.4+1i, 61.72.—y

1. Introduction

II-nitrides (i.e., group VA-III nitrides including InN,
GaN and AIN) are widely used in optoelectronic devices
because of their large bandgaps, high thermal conductiv-
ities, high electron mobilities, and high breakdown field
strengths.!'"*! Among them, the light-emitting diodes (LEDs)
prepared using multiple quantum wells (MQWs) are environ-
mentally friendly, have a higher energy efficiency than tradi-
tional lighting,>°! and are widely used in lighting devices.”]
InGaN-based blue LEDs utilize GaN quantum barriers (QBs)
between quantum wells (QWs) to limit the carriers, vastly in-
creasing the light efficiency.!®! However, their performance
is still limited by problems such as the quantum efficiency
decrease.l”" !l One of the primary factors contributing to
the decrease in luminescence efficiency is the presence of a
piezoelectric polarization field, which was proposed to be in-
duced by stress during epitaxial and doping process on MQWs
luminescence.!'>!3! Nevertheless, further investigation is re-
quired to explore the correlation between microstructure and
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luminescent properties at the nanoscale for MQWs. Therefore,
in order to gain further insights into the luminescence mecha-
nism of MQWs, it becomes imperative to investigate how dif-
ferences in stress, elemental components and defects among
different period QWs influence the luminescent behavior un-
der higher spatial resolution.

In recent years, more in-depth research on the lumines-
cence mechanisms of MQW:s has brought luminescence stud-
ies to the nanometer scale,[!*!81 all of which have been en-
abled by the development of scanning transmission electron
microscopy (STEM)-cathodoluminescence (CL). CL is the ul-
traviolet, visible, and near-infrared light emitted by materials
under the excitation caused by the incidence of high-energy
electron beams. The luminescence mechanisms can be divided
into incoherent and coherent emissions. The material system
that we studied is a direct-bandgap semiconductor in which
incoherent emission predominates. In terms of the yield of
incoherent emissions, the smaller the voltage, the larger the
volume of interactions between the electrons and the mate-
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rial, and the better the yield. Therefore, an 80 kV voltage was
adopted to ensure not only a high output but also a high spa-
tial resolution. On the one hand, compared with other spectral
characterization techniques, such as laser-excited photolumi-

nescence (PL),[19:20

I CL has several advantages. For example,
the source in CL is super-continuous and has a large energy
range; hence, CL is suitable for multiple transitions, includ-
ing broad bandgap transitions and core-level transitions.[>!]
On the other hand, compared to SEM-CL,[*>?3] STEM-CL
provides higher spatial resolution and can be combined with
high-angle annular dark field (HAADF) image and electron
energy loss spectrum (EELS), which can study the optical
properties of materials, such as local bandgap changes and
defects with nanometer resolution. Therefore, STEM-CL is
a powerful method for studying the optoelectrical properties
of nanostructures with quantum-size effects in semiconductor
optoelectronic devices such as LEDs. Furthermore, there have
been several STEM-CL studies that investigated the lumines-
cence of MQWs, encompassing variations in doping condition
and thickness among MQW:s that lead to distinct luminescent
properties.!'*?* However, the effects of discrepancies among
different period QWs and defects on the optoelectronic perfor-
mance of MQWs are still largely unknown.

In this study, we performed STEM-CL to characterize the
luminescence of five-period In,Ga;_,N/GaN MQWs. Three
CL Iuminescence peaks, including yellow band luminescence
(YL), GaN, and MQWs, were observed in the CL spectra;
however, the wavelength and intensity of the luminescence
could be affected by many universal defects at the nanoscale.
Firstly, the piezoelectric polarization fields caused by the
strain in different periods of the quantum well led to a change
in the luminescence wavelength. The differences in electron
and hole mobility can also influence the luminescence inten-
sity. Secondly, in regions with low indium content, the lumi-
nescence intensity of CL weakens or even annihilates due to
the hindered recombination of electron-hole pairs. Thirdly,
the reduced indium content leads to a blue shift in the lumi-
nescence spectrum. Finally, owing to the release of strain at
the dislocation, the nonradiative recombination rate increases,
resulting in a decrease in the luminescence intensity. Our
study clarifies the microscopic mechanism for failure analy-
sis of MQW-based devices, creating new tunable factors for
the design of new optoelectronic devices.

2. Results and discussion

The five-period In,Ga;_,N/GaN MQWs are grown by the
metal-organic chemical vapor deposition (MOCVD) method
on graphene (Gr)/SiO,/Si(100) substrates, whose structure is
shown in Figs. 1(a) and Sla-b. Our low-temperature STEM-
CL system is shown in Fig. 1(b), in which the temperature
can be lowered down to 102 K. The two parabolic mirrors and

low-temperature environment significantly improve the signal-
to-noise ratio (SNR), enabling better CL collection efficiency.
However, obtaining high-quality In,Ga;_,N MQWs emission
spectra is very challenging at room temperature as the SNR
of CL data is poor. On the other hand, although the tem-
perature can be achieved around 102 K, it fails to stabilize
at other temperatures for now, making it arduous to compare
the cathodoluminescence of MQWSs under different thermal
conditions. Furthermore, the transmission electrons enable
energy-dispersive x-ray spectroscopy (EDS) and EELS mea-
surements in the same area, as shown in Fig. 1(c). The atomic
content of In and Ga in the wells is found to be 0.15 and 0.85
by EDS, respectively. According to Vegard’s law,?>! the band
gap of Ing 15Gag gsN is estimated to be 2.75 eV, and the LED
emission wavelength is approximately 450 nm. The EELS
mapping to characterize bandgaps of In,Ga;_ N MQWs re-
gion is shown in Fig. 1(c), and the typical EELS spectra inte-
grated from the QW and QB are shown in Fig. 1(d), where the
bandgaps are extracted by a linear fitting method. The bandgap
at InGaN QW is ~ 2.8 eV (~ 443 nm) and the bandgap at
GaN QB is ~ 3.1 eV (~ 400 nm). The STEM-CL spectrum
of In,Ga;_,N MQWs is shown in Fig. 1(e), which exhibits
three distinct peaks. The band diagrams of these peaks are
shown in Fig. 2(a). Combined with the EELS characterization,
the first peak at ~ 400 nm originates from the near-band-edge
(NBE) emission of the GaN QBs. The bandgap of the GaN
QBs differs from that of bulk GaN (Eggan = 3.4 €V). This
discrepancy arises due to two factors, i.e., the presence of a
small amount of indium in GaN QBs and the effects of quan-
tum confinement and Cerenkov loss. The peak at ~ 450 nm
is consistent with the front bandgap estimation, which is the
NBE Iuminescence peak of the Ing ;5GaggsN QWs. The last
peak at ~ 580 nm originates from the YL owing to the defect
state.[26]

To further study the luminescence of each period QW
at the microscopic level, we conduct line-scanning STEM-
CL experiments with a step length of 1 nm and a probe
size of ~ 0.2 nm (Fig. 2(b)). The CL spectral lines of each
QW are superimposed in terms of the luminescence wave-
length, as shown in Fig. 2(c). The NBE luminescence peak of
In,Ga;_,N first exhibits a blue shift, followed by a red shift
of ~ 20 nm. The traditional Crosslight APSYS simulation
fails to explain this owing to the lack of nonuniform trains
in actual MQWs. As shown in Fig. 2(d), owing to the sponta-
neous polarization of bulk GaN and piezoelectrically induced
polarization from the mixing of In element, the combination
of the built-in electric field causes energy band bending and
electron and hole wave-function separation; this results in the
reduction of recombination efficiency and a red shift of the
emission wavelength called the quantum-confined Stark effect
(QCSE).[27-2] In the structure of the MQWs, the strains in
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the periods of the MQWs are not the same. From Figs. 2(e)
and Slc-e, the strains in different periods are obtained by ge-
ometric phase analysis (GPA),13%32 which show that the ten-
sile strain decreases in the first two periods and then increases
as the QW approached p-GaN. This indicates that the piezo-

electrically induced polarization electric field also decreases
and increases, resulting in the blue/red shift of the lumines-

33341 which subsequently leads to the NBE lumi-

cence peak, |
nescence wavelength undergoing a blue shift followed by a red

shift across different periods.
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We also observe that the 4th QW exhibits the strongest
light-emitting tendency (Fig. 2(f)). Because the electron mo-
bility is fast and the hole mobility is slow.**! The electrons and
holes recombine mostly in the QW near the p-type GaN, where
the luminescence is stronger. However, due to the difference
in growth temperature between the final QW and the electron
barrier layer, a minor precipitation of indium element occurs
as indicated by the EDS measurement (Fig. 1(c)), thereby im-
pacting the growth quality and resulting in the decline of CL
luminescence intensity within the last QW.

It is worth noting that there is usually a non-uniform com-
position in the MQWs. A typical QW with partially missing
In is shown in Figs. 3(a) and 3(b), and the atomic fraction
change of the In content is shown in Fig. 3(c). We perform
a STEM-CL characterization in this region (Fig. 3(d)) and dis-
cover that the NBE emission peak of the QW decreases with
the composition of In (Fig. 3(e)). Moreover, the CL lumines-
cence intensity weakens or even disappears in the In-deficient
region (Fig. 3(f)). This can be explained from the perspective
of recombination. According to the different methods of en-
ergy release, recombination can be divided into radiation and
non-radiation recombination. Direct radiation recombination,
which is the primary form of radiation recombination, refers
to the process of direct recombination between conduction-
band electrons and valence-band holes. It can also be car-
ried out through the recombination center to release energy
in other ways, which is called non-radiative recombination.
Because the CL can only collect signals of radiation recombi-
nation, the reduction of In content makes it difficult to achieve

the electron—hole pair recombination, thus enhancing the non-
radiative recombination, which weakens the intensity of the
CL luminescence.

Additionally, various defects in GaN can affect the lu-
minescence of the MQWs. A HAADF image of a threading
dislocation (TD) in the MQWs is shown in Fig. 4(a), which is
judged to be a mixed-type dislocation. Previous studies have
found it hard to explain the structure—activity relationship be-
tween the dislocation and luminescence of MQWs owing to
the limitation of spatial resolution. 3631

As shown in Fig. 4(b), we study the luminescence of the
mixed dislocation region in the MQWs. The NBE lumines-
cence peak of In,Ga;_,N QW around the dislocation has a
blue shift of ~ 15 nm (Fig. 4(c)). As Fig. 4(b) shows, the
strain is released at the dislocation, and the strain-induced po-
larization electric field is depressed, which leads to a blue shift
of the luminescence peak near the dislocation. On the other
hand, Fig. 4(e) shows that the luminescence intensity at the
mixed dislocations is significantly weakened, which can be at-
tributed to recombination. As shown in Fig. 4(f), the mixed-
type dislocation in n-type GaN is an electron trap with a neg-
ative charge, which has a scattering effect on the carriers. The
energy generated by the electron and hole recombination is
likely to be captured by another electron, resulting in Auger
recombination and the formation of a nonradiative recombi-
nation center.[**#?] The nonradiative recombination rate thus
increases near the dislocation, leading to a decrease in minor-
ity carriers and luminescence intensity.
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Fig. 3. Effect of In composition fluctuation on CL emission. (a), (b) HAADF image and EDS mapping of local In composition fluctuation in
MQWs. (c) Atomic fraction of In element in QW1. (d) STEM-CL mapping across In composition fluctuation region in QW1. (e), (f) Line
profile of wavelength and intensity of NBE emission across In composition fluctuation region in QW1.
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3. Conclusions

Using STEM-CL characterizations at 102 K, we
studied the Iuminescence behavior of five periods of
Ing.15Gag gsN/GaN MQWs and the influence of defects (in-
cluding component undulations and dislocations) on lumines-
cence. We found that the strain and defects of the material
would affect the recombination process and piezoelectrically-
induced polarization electric field, leading to changes in
the wavelength and intensity of the MQWs luminescence.
Thus, the direct relationship between the atomic structure of
In,Ga;_,N MQWs and photoelectric properties was estab-
lished. These microscopic variations significantly impact the
overall performance of the device, necessitating their consid-
eration during both MQW:s fabrication and device design.

Appendix A: Methods

Al. MOCVD process of the GaN and blue LED on
Gr/Si0,/Si(100) substrate

Trimethylgallium (TMGa), trimethylaluminum (TMAL),
and NHj3; were used as Ga, Al, and N precursors for grow-
ing AIN and GaN films. The III-nitride films were grown on
the Gr/Si0O,/Si(100) substrate using the Veeco K300 MOCVD
chamber. First, the high temperature (HT)-AIN was grown
at 1200 °C for 6 min with the NH3; flow of 1000 sccm and
TMAL flow of 50 sccm. Then the 1st-GaN layer was grown at
1050 °C for 40 min. After that 5 periods of In,Ga;_,N/GaN
MQWs layer were grown at 735 °C/834 °C with 3 nm InGaN
well layers and 12 nm GaN barriers. The active layers were
capped with a p-GaN layer deposited at 950 °C with the bis-
cyclopentadienyl magnesium (Cp2Mg) flow of 120 sccm, fol-
lowed by an annealing process at 720 °C for 10 min under Ny

ambient.

A2. Electron microscopy characterizations and analysis

The cross-sectional TEM specimen was made by the
ThermoFisher Helios G4 UX focused ion beam system. The
HAADF and EDS mapping were performed using FEI Titan
Cubed Themis G2 300 spherical aberration corrected STEM,
operated at 300 kV. The convergence semi angle was 30 mrad
and the collection semi angle of HAADF was 39-200 mrad.
The camera length in HAADF mode was set as 145 mm.
The STEM-CL spectra were taken on JEOL Grand ARM 300
equipped with a Vulcan CL detector, operated at 80 kV.
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