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Optical Characterization of InGaN Quantum Structures at
the Nanoscale

Wai Yuen Fu and Hoi Wai Choi*

This review paper presents an overview of the optical characterization
techniques for Indium Gallium Nitride (InGaN) quantum well (QW)
structures at a nanoscale. The two major techniques are reviewed—Electron
Microscopy-Cathodoluminescence (EM-CL) and Scanning Near-field Optical
Microscopy (SNOM). It elucidates the critical role these methodologies play
in revealing the complex properties of InGaN QWs, including their structural
characteristics, optical properties, carrier dynamics, and the effects of defects
and doping. The review highlights key findings from a variety of studies,
demonstrating how EM-CL and SNOM have contributed to the understanding
of these micro-/nano- structures and their potential applications in
high-efficiency optoelectronic devices.

1. Introduction

III-Nitride-based devices, including light-emitting diodes
(LEDs), laser diodes (LDs), and high-electron-mobility transis-
tors (HEMTs), have permeated our daily lives, largely owing
to the pioneering work of Nobel laureates S. Nakamura,[1,2]

I. Akasaki[3,4] and H. Amano.[5,6] Their seminal contributions
have led to the creation of high-quality InGaN heterostructures
and have facilitated the effective incorporation and activation
of p-dopants. The remarkable optical and electronic properties
of III-Nitrides devices have spurred their wide adoption across
various technologies, including light sources, displays, and
chargers, with the global market anticipated to reach USD 28.3
billion by 2028.[7]

Emission characterization from III-Nitride materials and de-
vices primarily hinges upon a diverse range of optical charac-
terization techniques, which have formed the bedrock of re-
search and development over numerous decades. Conventional
microscopy techniques such as optical microscopy or atomic
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force microscopy are typically utilized to
characterize sample geometry or morphol-
ogy. While the understanding of geometry
or morphology is paramount, the character-
ization of InGaN-based optoelectronic de-
vices focuses predominantly on the emis-
sion from active regions, typically quantum
wells or quantum dots, which are generally
in the nanoscale. This necessitates the use
of optical characterization techniques capa-
ble of exciting and/or extracting nanoscale
light emissions from the active region.
These emissions can be catergorized

into photoluminescence (PL), electrolumi-
nescence (EL), and cathodoluminescence
(CL), corresponding to excitation by optical
pumping, current injection, and electron

beam, respectively. To facilitate nano-scale characterization, ei-
ther the excitation or the collection techniquemust offer nanome-
ter resolution, leading to the advent of various characterization
techniques. Confocal microscopy/spectroscopy, though readily
applicable for EL and PL much like conventional microscopy, re-
mains limited by the diffraction limit (𝜆∕2NA) of the received
emission, despite the implementation of a confocal pinhole.
Given that the emission from InGaN quantum structures typi-
cally spans the visible spectrum, the usual resolution limit is gen-
erally above 200 nm for a Numerical Aperture (NA) of 1, thereby
not truly qualifying as nanoscale.
In a bid to circumvent the diffraction limit, the scanning near-

field microscopy/spectroscopy technique was introduced. This
technique, grounded in scanning probe microscopy, employs a
tip that is either an aluminum (Al)-coated single-mode fiber or
a subsequently apertured SiO2 pyramid for light coupling in the
near-field, thus allowing for a resolution beyond the diffraction
limit, typically around 100 nm. For excitation with an electron
beam, this is typically conducted within a scanning electron mi-
croscope or a transmission electron microscope. The mapping
resolution relies solely on the interaction volume of the elec-
tron beam with the sample, as the collection of emitted light is
performed in the far field. Nonetheless, electron microscopes,
particularly tranmission electron microscope (TEM), typically
achieve sub-10 nm resolution without the limitation of the op-
tical source diffraction limit, rendering the achievable resolution
generally higher.
In this review, we provide an overview of these two primary

optical characterization techniques, Scanning Near-Field Optical
Microscopy (SNOM) and electron microscope-CL, that have sig-
nificantly contributed to the research and development of InGaN
quantum structures. These techniques are not only useful for
characterizing nanostructures, but they can also reveal nanoscale
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Figure 1. Schematic diagram of a SNOM/SNOS setup. Reproduced with
permission.[16] Copyright 2016, American Chemical Society.

fluctuations from the emission of a micron-scale device, which
could provide insights into the performance or mechanisms of
the device.

2. SNOM

SNOM constitutes a powerful technique for nanoscale optical
characterization, facilitating the exploration of light emission at
scales far surpassing traditional diffraction limits. Initially pro-
posed by E. H. Synge in 1928,[8] the fundamental concept of
SNOM was first demonstrated by E. A. Ash and G. Nicholls in
1972,[9] albeit not at the nanoscale. The contemporary version of
this technique, which has significantly influenced the field, was
developed by D. W. Pohl in 1982.[10–12]

The essence of the SNOM technique lies in the utilization of a
probe possessing an aperture of diameter smaller than its wave-
length. This configuration allows for efficient coupling and fo-
cusing of light between the probe and the specimen. The aper-
ture of the SNOM probe tip is typically coated with a metal such
as Al, confining the light within the sub-wavelength domain of
the tip aperture. In order to enhance the coupling efficiency and
suppress radiation mode loss, a single-mode fiber is commonly
employed.[13]

As the sample is scanned at a minimal distance beneath the
aperture, the optical resolution of the transmitted or reflected
light becomes limited by the diameter of the aperture, thus facil-
itating sub-wavelength resolution. This is achieved by harness-
ing the evanescent field, or near-field light, a non-propagating
field that exists only within distances less than a single wave-
length of light from the specimen surface and exponentially de-
cays beyond that. By capturing this near-field light before diffrac-
tion takes place, SNOM can be used for spectroscopic analy-
sis at nanoscopic optical spatial resolutions, constrained only
by the size of the SNOM probe aperture. This spectroscopic
technique is sometimes called scanning near-field optical spec-
troscopy (SNOS).[14] In practice, while a lateral resolution of 6 nm
has been demonstrated,[15] the resolution of commercial SNOM
is generally limited to about 100 nm. A schematic diagram of a
typical SNOM/SNOS setup is demonstrated in Figure 1.
Depending on the experimental setup, there are four typical

modes of SNOM operation: illumination (I) mode, collection (C)
mode, illumination-collection (I-C) mode, and multi-probe (M)
mode. In the illumination mode, a laser serves as the excitation
source which is coupled, typically through a fiber, and focused

through an aperture smaller than its own wavelength to excite
the sample with high resolution. The excited photoluminescence
(PL) signal is then collected from the far-field. The collection
mode involves exciting a PL signal from the far-field, either from
the side or the back of the specimen. This mode also allows direct
current injection into the quantum structure for near-field EL sig-
nal collection by the SNOM probe. The illumination-collection
mode, offering the highest spatial resolution, utilizes the same
fiber probe for both the excitation and collection of the PL signal.
However, as the excitation and collection positions are identical
in this mode, a fourth multi-probe mode is introduced, typically
used for studying carrier diffusion or photon propagation, partic-
ularly in the case of nitride optoelectronic devices. In this mode,
a fixed aperture probe is positioned at a predetermined excitation
location in the near-field, while the SNOM probe scans and col-
lects the PL signal. With the evolution of SNOM technology, aper-
tureless SNOM variants have emerged, leveraging tip or plasmon
enhancement to further improve system resolution or through-
put. Nevertheless, this paper will concentrate on aperture SNOM,
given its widespread application in the study of InGaN quantum
structures over the past decades.

2.1. Quantum Wells

To unravel the intricate nanoscale properties of InGaN QWs,
SNOM has emerged as a frequently employed technique. SNOM
offers unique insights into defects, inhomogeneities, and com-
plex carrier interactions that govern emission and efficiency by
facilitating optical characterization at a spatial resolution below
the diffraction limit.
SNOM’s primary use in the III-Nitride field is to illuminate

the impacts of defects on efficiency and emission properties.
Thanks to its capacity to extend optical characterization into the
nanoscale resolution realm, there have been numerous reports
of spatial inhomogeneity in emission.[17–21] These irregularities
are typically attributed to dislocations and fluctuations in In-
dium composition. As for the former, early work by A. Vertikov
et al.[22] suggested that strong carrier localisation in InGaN al-
loys might mitigate the adverse effects of dislocation on PL ef-
ficiency. G. Marutsuki et al.[23] conducted a SNOM-EL mapping
with a configuration illustrated in Figure 2 and found a corre-
lation between regions of longer peak wavelength and stronger
intensities, implying that injected carriers redistribute towards
local potential minima. P.A. Crowell et al.[24] also found no cor-
relation between dislocation-associated v-pits and PL fluctua-
tions, albeit found no evidence for the recombination of strongly
localized carriers. A. Kaneta et al. demonstrated that disloca-
tions do not necessarily serve as major non-radiative recombina-
tion centers across samples with varying Indium compositions,
as shown in UV-emitting[25] and blue-emitting[26] samples. K.
Okamoto et al. also demonstrated identification radiation and
non-radiation centers on an LED sample using SNOM-PL and
SNOM-TRPL.[27]

Furthermore, H. Jeong et al. also highlighted differences in the
distribution of luminescent centers on InGaNmultiple quantum
well (MQW) samples grown on sapphire and Gallium Nitride
(GaN) substrates with respective dislocation densities.[30] Given
subsequent reports of limited internal quantum efficiency (IQE)
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Figure 2. a) Near-field PLmap showing emission features from semipolar QW aligning along the a-direction. Reproduced with permission.[28] Copyright
2013, AIP Publishing. b) Overlap from a near-field PL map of an InGaN/GaN MQWs under collection mode (contour) and multi-probe mode (colored).
Reproduced under the terms of the CC BY license.[29] Copyright 2022, Nature Publishing Group. c, i) Schematics and ii) photos of SNOM-EL experiment,
with iii) the SNOM-EL map on the right. Reproduced with permission.[23] Copyright 2002, John Wiley & Sons.

improvement upon further dislocation density reduction,[31] R.
Yapparov et al. undertook a comprehensive analysis of polar
InGaN/GaN films using multi-mode SNOM. They examined
PL intensity, peak wavelength, and decay lifetime, and cross-
referenced their findings with results from High-angle annular
dark-field imaging (HAADF)–scanning TEM (STEM). Their re-
search revealed that dislocation densities play a minimal role in
InGaN sample IQEs, as only the immediate vicinity of v-pits,
which account for a small percentage of the total QW area, is
affected.[32]

SNOM’s capability to conduct spectroscopic analyses at
nanoscale spatial resolution has enabled researchers to uncover
spatial inhomogeneities in InGaN QW emission. These irregu-
larities primarily originate from inherent Indium composition
fluctuations. An early study by A. Vertikov et al. associated PL
fluctuations with Indium composition variations, particularly in
relation to the size distribution of Indium clusters.[33] Subse-
quent research by J. Kim[34] and B. Han et al.[18] supported this
correlation, noting that spatial variation in PL emission wave-
length increases with a higher Indium composition, likely due
to an increase in Indium composition fluctuation. In addition to

Indium composition fluctuations, growth morphology also con-
tributes to inhomogeneity in semipolar/nonpolar InGaN QWs.
V. Liuolia et al. identified that localisation areas on an InGaN
QW grown on an m-plane GaN substrate align with the [0001]
direction due to partial strain relaxation at monolayer steps.[35]

A. Kaneta et al. observed a local distribution of spectral red-shift
correlated to the surface morphology of a 202̄1 SQW on an m-
plane GaN substrate.[36] Furthermore, S. Marcinkevicius et al.,[28]

during their examination of a semipolar 202̄1̄ InGaN/GaN QW
sample, observed a similar trend with the sub-micron emission
features aligning along the a-direction, as illustrated in Figure 2.
To further probe carrier dynamics within InGaN QWs, re-

searchers have employed multi-probe SNOM. As demonstrated
by A. Kaneta et al.,[37] a dual-probe mode facilitates near-field
excitation at one spot while another probe collects light in the
near-field to form a map. The signal received primarily origi-
nates from carrier diffusion and photon generation from the ex-
cited spot, contrasting with the I-C mode. A. Sakurai et al. used
multi-probe SNOM to study an InGaN/GaN MQW sample,[29]

as demonstrated in Figure 2. They discovered a discontinuous
change in the maps, likely related to carrier dynamics within the
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Figure 3. a) Near-field EL maps of an InGaN/GaN LD at different current density, normalized to the threshold current. Reproduced with permission.[38]

Copyright 1999, AIP Publishing. b) Time-resolved near-field EL maps of an InGaN/GaN laser diode at different time. Reproducedwith permission.[40]

Copyright 2006, SPIE.

sample, as discerned from the sliced intensity map of different
emission energy ranges.

2.2. Lasers

Despite the technical challenges associated with experiments, the
analysis of InGaN quantumwell-based lasers through SNOMhas
been an area of sustained interest over several decades. In 1999,
D. K. Young et al.[38] leveraged SNOM to investigate EL from both
three and ten QW InGaN-based LDs. Their work offered a spa-
tial resolution of less than 100 nm, enabling them to unveil phe-
nomena such as absorption and re-emission of the lasing mode
and correlations between modal emission, waveguide structure,
and lateral device size. Notably, they observed that EL emission
from the quantum well becomes confined to single-mode reso-
nance as the current injection exceeds the lasing threshold, as
shown in Figure 3. Similarly in 2016, S. Friede et al. analyzed
the architectures of 420 nm emitting InGaN/GaN diode lasers by
photoluminescence and photocurrent spectroscopy using a near-
field scanning optical microscope.[39] They were able to individu-
ally inspect the components of the “optical active cavity”, such as
quantum wells, waveguides, and cladding layers. Their study re-
vealed defect levels in the p-part of the waveguide and suggested
that the homogeneity of the n-waveguide section directly affects
the quantum wells grown on top of this layer.
J. C. Johnson et al.[40] reported an observation of ultraviolet-

blue laser action in single monocrystalline GaN nanowires. They
demonstrated that radiation patterns were correlated with ax-
ial Fabry–Perot modes, and a spectral red-shift was strongly de-
pendent on pump power, supporting the hypothesis that the
electron–hole plasmamechanismwas principally responsible for
the gain at room temperature. In 2005, U. T. Schwarz et al.[41]

employed time-resolved SNOM to explore the evolution of the
near-field and far-field of InGaN laser diode waveguide modes,
offering insights into phenomena such as lateral mode compe-

tition, filamentation, and beam steering. A year later, they fur-
ther extended their work to meticulously measure the mode dy-
namics of InGaN LDs emitting at 405 nm.[42] Their research con-
tributed a wealth of observations, including mode competition,
near-field phase dynamics, and substrate modes, significantly
enriching the understanding of InGaN quantum well-based
lasers.

2.3. Photonic Crystal

Despite a multitude of previous reports extolling the virtues of
photonic crystals for enhancing LED light extraction, the consen-
sus in the field now leans towards surface roughening as a more
cost-effective solution with superior performance. Nevertheless,
photonic crystal can still find use in the manipulation of optical
modes and the formation of resonant cavities in the field of III-
nitride.
J. Shakya et al.[43] used SNOM as part of their experimental

setup to study III-nitride blue and ultraviolet (UV) photonic crys-
tal LEDs. Their optical measurements led to observations of a 60◦

periodic variation with the angle between the propagation direc-
tion of emission light and the photonic crystal lattice. The study
also highlighted a strong dependency of the optical enhancement
factor on the photonic crystal lattice constant and hole size. Simi-
larly, V. Liuolia et al.[44] employed both SNOM and time-resolved
PL to investigate light extraction from InGaN photonic crystal
LEDs. Their study reported complex near-field intensity patterns
that did not correspond directly to the physical structure of the
photonic crystal, suggesting that the photonic crystal not only im-
proved the light extraction but also rendered the LED emission
more homogeneous.
Z. Y. Fang et al.[45] fabricated two-dimensional micro-cylinder

patterns of dodecagonal photonic quasi-crystal and tetragonal
photonic crystal on the top surface of a GaN LED. SNOM
was used to record and analyse the spatially resolved surface
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Figure 4. a) Near-field PL maps of a resonant mode inside a GaN-based photonic crystal cavity. Reproduced with permission.[46] 2015, AIP Publishing.
b) Time-resolved near-field EL maps of an InGaN/GaN LD at different time. Reproduced with permission.[44] Copyright 2012, John Wiley & Sons.

emission. The study concluded that the light emission could
be significantly enhanced due to surface plasmon resonance,
with the enhancement factor for the dodecagonal photonic
quasi-crystal being notably higher than that of the tetragonal
photonic crystal and the non-patterned LED.
F. La China et al.[46] later used SNOM for deep sub-wavelength

imaging of the vectorial components of the electric local density
of states for the confined modes of a modified GaN L3 photonic
crystal nanocavity. The mode mapping obtained with SNOM, as
shown in Figure 4 offered insights into the behaviors of photonic
crystal nanocavities, with the experimental maps aligning well
with numerical predictions.
Despite a multitude of previous reports extolling the virtues of

photonic crystals for enhancing LED light extraction, the consen-
sus in the field now leans towards surface roughening as a more
cost-effective solution with superior performance. Nevertheless,
photonic crystal can still find use in the manipulation of optical

modes and the formation of resonant cavities in the field of III-
nitride.

2.4. Microdisk

Characterization of InGaN quantum well-based microdisks us-
ing SNOM can be traced back to late 1990s, with the earliest re-
search spearheaded by D. Lun et al.[47] This seminal work intro-
duced In0.22Ga0.78N/ In0.06Ga0.94N MQW microdisks, fabricated
by photolithography and ion beam etching. SNOM was also em-
ployed in unveiling a pronounced emission preference along
the radial direction of the microdisk, thereby indicating some
evanescent emission being re-directed in the vertical direction by
the micro-coupler.
In the same year, Y. Zhang et al.[48] reported on the fabrica-

tion of InGaN MQW microdisks with varying pivot diameters.

Adv. Quantum Technol. 2024, 2300335 2300335 (5 of 13) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 5. a) Near-field PL maps of microdisks with corresponding spectra taken from different positions. Reproduced with permission.[16] Copyright
2016, American Chemical Society. b) SEM image and corresponding near-field PL maps of a microdisk pivoted on Si substrate. Reproduced with
permission.[48] Copyright 2016, IOP Publishing.

The authors noted significant differences in far-field and near-
field fluorescence images. Particularly, the near-field mapping of
the InGaNmicrodisks, as shown in Figure 5, exhibited a spectral
blue-shift and an increase in emission near the microdisk’s cir-
cumference. This was attributed to strain relaxation, resulting in
a decrease in the quantum-confined Stark effect (QCSE).
C. Feng et al. in 2016[16] presented a monolithic phosphor-

free broadband-emission light-emitting diode. This device com-
bined high-density microstructured and nanostructured InGaN–
GaN quantum wells, exploiting strain-relaxation induced by siz-
ing in highly strained quantum wells. SNOM was employed to
differentiate the PL spectra from individual nanotips and larger-
dimensioned regions, as demonstrated in Figure 5. Similar blue-
shift near the circumference of micropillar was observed. W. Y.
Fu et al.[49] continued with a detailed study on the emission dis-
tribution on microdisk using SNOM and observed a noticeable
red spectral shift at the edge of a low In-content microdisk. This
shift was ascribed to a change in strain relaxation mechanism, as
inferred frommolecular dynamics simulations and TEM studies.
On the other hand, Y. Liu et al.[50] underlined the importance of

understanding the measurement properties of the SNOM probe.
This study highlighted the impact of probe tip diameter on the
measurement of whispering gallery modes (WGMs), demon-
strating that both nanometric and half-resonance-wavelength
tips could yield high-contrast measurements, albeit with differ-
ent interaction mechanisms

3. Electron Microscope - Cathodoluminescence
(CL)

Cathodoluminescence (CL), a phenomenon often witnessed
within the confines of a scanning electron microscope (SEM)
or transmission electron microscope (TEM), encompasses
the emission of light—spanning the visible to near-infrared
spectrum—from a material exposed to high-energy electron
bombardment.[51] This analytical technique, particularly effica-
cious in the characterisation and analysis of semiconductors, has
firmly established itself as a formidable tool in the realm of ma-
terial science.
The measurement process starts with the generation of pri-

mary electrons from the electron gun. They are subsequently
accelerated towards the specimen and focused onto the sample
surface through electromagnetic lenses. Following their excita-
tion, the CL light emitted from the specimen is typically col-
lected in the far-field, most commonly by a parabolic mirror. This
light is then coupled to a spectrometer via an optical fiber for
further analysis. A schematic diagram of the setup is shown in
Figure 6.[52]

When a specimen is subjected to electron beam irradiation,
the interaction of primary electrons with the specimen trig-
gers inelastic scattering processes, which subsequently gen-
erate an excess of electrons and holes. These excess car-
riers then recombine, emitting photons in the process—a

Adv. Quantum Technol. 2024, 2300335 2300335 (6 of 13) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 6. Schematic diagram of a conventional SEM-CL setup. The green
and blue light denote the electron beam and CL light path, respectively.

spectacle duly captured for the purposes of imaging and
spectroscopy.
Electron beams employed in an SEM or TEM can typically

achieve a spot size less than 10 nm, unfettered by the diffrac-
tion limitations that constrain their optical beam counterparts.
Nonetheless, it is important to note that the ultimate spatial res-
olution is not dictated by the beam size alone. Rather, it is de-
termined by the interaction volume and the diffusion of excess
charge carriers. The interaction volume can mainly be controlled
by the acceleration voltage, while the diffusion of carriers can be
influenced substantially by factors such as defect density, doping
level, and charge carrier concentration.

3.1. Quantum Wells

The utilisation of cathodoluminescence (CL) within scanning
electron microscope (SEM) and transmission electron mi-
croscopy (TEM) has significantly bolstered our understanding of
InGaN quantum wells. SEM-CL and TEM-CL have progressively
revealed the intricate dynamics of photons and charge carriers
within these structures, which has proven beneficial for their op-
timisation in optoelectronic applications.
Understanding the impact of defects on the optical properties

of InGaN quantum wells was a significant early focus of CL stud-
ies. T. Sugahara et al.[53] recognized the role of dislocations in lu-
minescence in InGaN grown on sapphire substrates, leading to
an understanding of their contribution as non-radiative recom-
bination centers. The role of dislocations, both screw- and edge-
type, were further investigated in the works of D. Cherns et al.[54]

and S. J. Henley et al.,[55] highlighting the role of these defects in
nonradiative recombination and quantum well emission degra-
dation. Pozina et al.[56] later showcased how CL spatial mapping

could elucidate the role of threading dislocations as nonradiative
recombination centers at high injection conditions.
X. H. Wu et al.[57] also reported on the threading dislocation-

related “V-defect”, common to nearly all InGaN MQW het-
erostructures, finding its correlation with localised excitonic re-
combination centers. Thereafter, the study of defects and their
impact on optical properties remained a critical area of inquiry.
The work of D. I. Florescu et al.[58] on V-defects and inclusions in
InGaN/GaN MQWs provided significant insights into the role of
localised strain-energy variations in the occurrence of inclusions.
Similarly, Y. E. Gmili et al.[59] conducted a comparative study
of optical, morphological, microstructural, and microcomposi-
tional properties of typical InGaN samples, revealing the local-
ized nature of luminescence peaks regarding V-defects. G. Kusch
et al.[60] later extended the CL techniques to investigate the car-
rier dynamics at trench defects in InGaN quantum wells. T. Zhu
et al.,[61] on the other hand, studied step bunch on m-plane In-
GaN/GaN MQW with SEM-CL, and found that the semi-polar
QWat the step bunch exhibit a lower emission energywith longer
decay time constant.
With advancing insights into the role of threading dislocations,

it has been revealed that enhancements in IQE become limited
as threading dislocation density diminishes.[31] This is due to
the increasing impact of point defects acting as non-radiative re-
combination centers within thematerial.[62] Consequently, T.F.K.
Weatherley et al.[63] employed the CL technique to image and
characterise non-radiative point defects in QWs. The sample un-
der study was grown on a c-plane free-standing GaN substrate,
chosen to minimise interference from dislocations. By juxtapos-
ing with secondary-electron (SE) imagery, dark spots in the CL
images, which correspond to dislocations, have been accurately
identified, thus isolating those corresponding to non-radiative
point defects. This intriguingmethod for characterising point de-
fects is particularly effective in samples with low threading dislo-
cation density. However, it is important to note that a direct com-
parison with SE images alone may lead to an overestimation of
point defect density, as edge-type dislocations might not be fully
accounted for in this analysis.
The correlation between structural features and optical proper-

ties was also a recurring theme in this period. In the late 1990s, S.
Chichibu et al.[64] identified strong exciton localisation in InGaN
SQWs. Existence of quantum disk was observed in InN-rich area
due to compositional undulation of InGaN/GaN SQW. X. Zhang
et al.[65] revealed local band gap variations due to local In com-
position fluctuations and segregation during the growth process.
Similarly, S. F. Chichibu et al.[66] and K. Uchida et al.[67] demon-
strated how variations in well thickness, InN molar fraction, and
doping could influence the emissionmechanisms of strained In-
GaN quantum wells.
In more recent years, the field has seen further advancements

in the use of CL to study InGaN quantum wells. P. R. Edwards
et al.[68] introduced a novel approach combining wavelength-
dispersive X-ray (WDX)microanalysis with CL spectral mapping,
as shown in Figure 7. S. Sonderegger et al.[69] used atomic force
microscopy (AFM) and picosecond time-resolved CL (TRCL)
measurements to study InGaN/GaN quantum wells. They ob-
served a contrast inversion between monochromatic CL maps
corresponding to the high and low energy sides of the QW lu-
minescence peak, suggesting that spectral diffusion from high

Adv. Quantum Technol. 2024, 2300335 2300335 (7 of 13) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 7. a) WDX and CL maps acquired simultaneously at the same position. Reproduced with permission.[68] Copyright 2003, John Wiley & Sons. b)
CL maps of different emission energies collected at the same position near a step bunch on a m-plane MQW sample. Reproduced with permission.[61]

Copyright 2016, AIP Publishing.
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energy thinner regions to low energy thicker regions could poten-
tially hinder nonradiative recombination at dislocations. J. Chris-
ten et al.[70] underscored the importance of a systematic nano-
scale correlation of structural, chemical, electronic, and optical
properties for a comprehensive understanding of semiconductor
heterostructures. Using a newly developed SE-SEM-CL system,
M. Yoshikawa et al.[71] provided further insights into the spectral
properties of InGaN QWs and the CL spectral variations in the
vicinity of the V-defects, respectively. More recent advancements
in the field have been reported by S. F. Chichibu et al.,[72] who
introduced the concept of spatio-time-resolved CL (STRCL), and
S. Finot et al.,[73] who accessed the impact of nonradiative surface
recombinations in micro-LEDs using photon-correlated CL.
The use of SEM-CL and TEM-CL in characterizing InGaN

quantum wells has significantly advanced our understanding of
these complex semiconductor systems. From the early discover-
ies of exciton localization and the role of defects, to the more
recent advancements in simultaneous WDX with hyperspectral
imaging and STRCL, these techniques have proven instrumental
in unveiling the intricate behavior of photons and charge carri-
ers within these structures. As our understanding of these sys-
tems continues to deepen, it is anticipated that further advance-
ments in CL techniques will continue to drive discoveries in the
field, particularly in light of the ongoing development and opti-
mization of optoelectronic devices such as high-performancemi-
crodisplays based on III-nitride micro-LEDs.

3.2. Nanowires

Early research highlighted the importance of correlating struc-
tural characteristics with optical properties in InGaN nanowires.
J. R. Riley et al.[74] in 2013 used atom probe tomography,
cross-sectional STEM, and CL spectroscopy to analyze the In-
GaN/GaN MQWs in nanowire array LEDs. The team found that
the position-dependent CL emission wavelength of the nonpo-
lar side-facet QWs and semipolar top QWs correlated with the
In composition. Similarly, M. Tchernycheva et al.[75] investigated
a core-shell InGaN/GaN nanowire using SEM-CL, which reveals
a decrease of CL intensity, attributing to the composition gradi-
ent in the InGaN QW, from bottom to top. W. Liu et al.[76] later
utilized time-resolved CL to study the optical properties of In-
GaN/GaN core-shell microrods, and found that the non-radiative
recombination lifetime decreased from the bottom to the top of
the microrod due to an increased In-content in the upper part
of the rod, leading to a higher density of point defects. Similarly,
L. Yan et al.[77] examined the role of the microstructure and opti-
cal properties of InGaN/GaN nanowire LED structures on Si(111)
with varying nanowire coverage. Their findings revealed that the
bandgap emission coming from the GaN root was more pro-
nounced, but attributing to higher numbers of stacking faults-
related defected as less coalescence formation when the coverage
of nanowires decreased.
Likewise, Y.-H. Ra et al.[78] in 2014 investigated the growth be-

havior of coaxial nonpolar (m-plane) and semipolar (r-plane) ori-
ented MQWs on core n-GaN nanowires. Their power-dependent
CL measurements revealed a defective interface between the m-
and r-planes. The team then further explored the impact of crys-
tal orientation on the performance of nanowire-based devices

by comparing m-plane and c-plane oriented InGaN/GaN MQW
nanowire LEDs[79] and found that the m-plane oriented MQW
nanowire LEDs exhibited superior electrical properties due to
the absence of piezoelectric polarization fields. This work un-
derscored the importance of considering crystal orientation in
the design of high-performance LEDs. Y.-H. Ra et al.[80] later re-
ported on the fabrication of highly efficient p-type GaN nanocrys-
tals using selective area epitaxial growth (SAG). The resulting p-
contacted InGaN/GaNnanowire LEDs showed a low turn-on volt-
age, reduced resistance, and enhanced electroluminescence in-
tensity, presenting a promising pathway towards high-efficiency
InGaN LEDs.
More recently, G. Kusch et al.[81] used CL hyperspectral imag-

ing to investigate spatial variations in the luminescence proper-
ties of InGaN/GaN core-shell microrods, as shown in Figure 8.
They found that the luminescence properties could bemodulated
by cavity modes. On the other hand, A. Concordel et al.[82] esti-
mated the defect concentration in nanowires through the statis-
tical analysis of CL intensities across an ensemble of nanowires.
By positing a Poisson distribution of non-radiative point defects,
they have calculated the point defect density using the distribu-
tion of integrated CL intensities from individual nanowires. The
study presupposes several conditions, including the random dis-
tribution of point defects adhering to Poisson statistics, unifor-
mity in nanowire dimensions, indium incorporation, and quan-
tum well width. Unfortunately, these assumptions do not in-
variably hold true. For instance, B. Ding et al.[83] have reported
gross well width fluctuations[84] in QWs through combined SEM-
CL and STEM investigations. While further empirical evidence
might be required to substantiate the model’s accuracy, the ap-
plicability of this methodology is primarily confined to smaller
nanowires, as the distribution of point defects begins to deviate
from Poisson’s statistics in the presence of defect clustering.
These findings have laid the groundwork for the development

of high-efficiency nanowire-based optoelectronic devices, such
as LEDs, signalling a promising future for the field of InGaN
nanowire research.

3.3. STEM-CL

One of the primary applications of STEM-CL in the study of In-
GaN nanowires is the direct correlation of structural and opti-
cal properties. This was demonstrated by S. K. Lim et al.,[85] who
used STEM-CL to study the optical properties of single III-V ni-
tride nanowire radial heterostructures. They observed enhanced
carrier recombination in nanowire quantum wells and reduced
light emission from regions containing structural defects, di-
rectly correlating these optical properties with structural charac-
teristics.
In a study by G. Schmidt et al.[86] in 2014, STEM-CL was used

to investigate the optical and structural properties of a 62 In-
GaN/GaN multiple quantum well embedded in an AlInN/GaN
based microcavity. The researchers observed a spectral redshift
between the individual quantum wells toward the surface of the
nanowire, demonstrating the ability of STEM-CL to spatially re-
solve such shifts and link them to structural properties such as
layer thickness.

Adv. Quantum Technol. 2024, 2300335 2300335 (9 of 13) © 2024 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 8. a) SEM image of nanowires and corresponding CL maps spectrally filtered at GaN band edge energies and QW emissions respectively.
Reproduced under the terms of the CC BY license.[75] Copyright 2015, The Royal Society of Chemistry. b) CL maps of the apex of a InGaN/GaN nanorod,
spectrally filtered at GaN near band edge emissions, semipolar QW emission and c-plane QW emission, respectively. Reproduced under the terms of
the CC BY license.[81] Copyright 2018, Nature Publishing Group.

STEM-CL has also provided valuable insights into carrier re-
combination and trapping processes in InGaN nanowires. J.
I. Deitz et al.[87] used STEM-CL to characterise two nanowire
heterostructure types: a polarization-graded AlGaN nanowire
light-emitting diode (LED) with a GaN quantum disk and a
polarization-graded AlGaN nanowire with three different In-
GaN quantum disks. They found that the nanowires exhib-
ited asymmetrical emission consistent with the polarization-
induced electric fields in the barrier regions of the nano-LEDs.
This work demonstrated the capability of STEM-CL to probe
dynamic behaviours such as carrier recombination and trap-
ping in these structures. Also importantly, J. T. Griffiths et al.[88]

studied the spectral properties of individual quantum wells in

an InGaN/GaN MQWs sample, and discovered a correlation of
the emission wavelength with the Si doping concentration pro-
file, as shown in Figure 9. The team[89] later investigated dam-
age on InGaN QWs induced by electron beam using a simi-
lar technique, and found a decrease in CL intensity after expo-
sure to e-beam above the damage threshold. The non-radiative
region extends over the measured minority carrier diffusion
length.
Similarly, W. Yi et al.[90] performed a systematic optical and

structural characterization of quantum wells in core–shell GaN
nanowires using CL and STEM. They found that the quan-
tum wells grown on the m-facet showed varied optical behavior
with respect to height position, with different regions exhibiting

Figure 9. a) STEM-CL mapping of an InGaN/GaN MQW, showing each QW has a different emission spectrum that has a correlation with the Si doping
profile. Reproduced under the terms of the CC BY license.[88] Copyright 2015, American Chemical Society. b) Decline in intensity of CL emission over
time from InGaN MQWs exposed to an electron probe of 200 kV. Reproduced with permission.[89] Copyright 2016, AIP Publishing.
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distinct luminescence behaviors. These variations were at-
tributed to interface quality and In diffusion, demonstrating the
utility of STEM-CL in linking optical behaviors to specific struc-
tural features.

4. Comparison of the SNOM and CL Techniques

The pursuit of advanced nanoscale characterization has spurred
the evolution of sophisticated optical techniques, each tran-
scending the constraints of traditional optics. This paper re-
views two salient methodologies–SNOM and CL–which fur-
nish unique capabilities and encounter particular challenges
within this sphere. Here we meticulously assess the relative
strengths and weaknesses of each technique, thereby illuminat-
ing their respective roles in the characterisation of cutting-edge
materials.
In the realm of resolution, both SEM-CL and, to a greater ex-

tent, STEM-CL, command a significant advantage. This superi-
ority stems from the electron beam’s intrinsic high resolution,
attributed to the narrow interaction volume with the sample. No-
tably, within the confines of quantum structures, the electrons
are further constrained, enhancing the resolution in proximity to
these formations. Consequently, CL emerges as a superior instru-
ment for defect analysis, particularly in semiconductor materials
where the presence and nature of defects are paramount in de-
termining material performance.
Conversely, SNOM leverages near-field interactions to surpass

the diffraction limit, with its resolving power being largely con-
tingent upon the dimensions of the probe tip, which is generally
larger than that of AFM due to the necessity of facilitating light
transmission. In addition, the presence of quantum structures
beneath the sample surface can further compromise SNOM’s
resolution, as signals emanating from greater depths may stray
from the near-field domain.
The versatility of SNOM is exemplified by its ability to accom-

modate various excitation sources, such as lasers and electrical
currents, enabling the collection of PL and EL signals, respec-
tively. This adaptability renders SNOM particularly suited to ex-
amining the interplay between quantum structures and the en-
tire device. Furthermore, the ability to have a fixed excitation
source, combined with the collection of the excited near-field sig-
nal via the scanning probe tip, render SNOM a valuable instru-
ment for observing resonant modes. Suchmodal analysis is chal-
lenging or even unattainable with SEM/STEM-CL, which neces-
sitates scanning the sample with a nanoscale electron beamwhile
collecting signals in the far-field.
To encapsulate, SNOM and CL each bear distinct advantages

for optical characterisation at the nanoscale. The choice between
these techniques should be predicated on the investigation’s spe-
cific demands. Although CL generally prevails in terms of reso-
lution, SNOM provides insights that more closely mirror oper-
ational conditions encountered in real-world applications. Typi-
cally, CL is the preferred method for analyzing epitaxial growth
and microstructures that emerge during the growth process,
while SNOM is frequently utilised to characterize optoelectronic
device operations. Indeed, the synergistic application of SNOM
and CL can potentially yield the most comprehensive insights,
amalgamating their collective strengths to drive forward the un-
derstanding and advancement of InGaN quantum structures.

5. Conclusion

The application of EM-CL and SNOM in characterizing InGaN-
based QW structures has significantly enriched the understand-
ing of their micro-/nano- structures. These methodologies have
been instrumental in shedding light on the intricate interplay be-
tween the structural characteristics, optical properties, and car-
rier dynamics within InGaN QWs and nanostructures. This re-
view has highlighted key advancements and findings, including
how these techniques have helped elucidate the influence of crys-
tal orientation, the role of structural defects, and the impact of
factors such as Indium composition and Si doping on the perfor-
mance of InGaNQWs.Moreover, the evolution of techniques like
SEM-CL and SNOM has enabled more detailed and nuanced in-
vestigations, paving the way for the potential use of InGaN QWs
in high-efficiency nano-optoelectronic devices.
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