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ABSTRACT: Solid-state light sources irradiating in the ultraviolet

(UV) spectral region are key components in today’s technologies for 10K

several applications. Ultrathin GaN layers in AlGaN barriers

represent a promising active medium for UV-emitting photonic :’/‘y/\

devices, but a full understanding of their complex excitonic features ' 1 B
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deserves further investigation. In this work, GaN layers, grown in
AlGaN barriers with different heights by metal organic chemical
vapor deposition, were studied with the aim to correlate excitonic bt
effects with structural features. It is shown that the UV emission ——
from such structures involves free and bound excitons, as well as free GaN
carriers, while the free exciton binding energy is directly and AN
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experimentally derived.

1. INTRODUCTION

The interest in developing novel solid-state light sources
covering the ultraviolet spectral region is founded on critical
technological applications,' such as UV curing; environmental
sensing; air, water, and food disinfection; or solar-blind
communication.” UV light-emitting diodes (LEDs), as an
alternative solution to replace unsustainable Hg gas-filled
lamps,” can even be exploited to inactive pathogens like human
coronaviruses.

AlGaN-based semiconductor heterostructures are among the
most promising candidates to cover such an optoelectronic
window of interest because of their large and direct band gap.
However, as depicted in recent reviews, > there are still several
obstacles to be tackled for this technology, hindering the
achievement of high external quantum efficiency in AlGaN-
based UV LEDs. Generally speaking, structural and, con-
sequently, optical properties of nitride Quantum Wells (QWs)
strongly depend on the strain within the epitaxial multilayer as
a result of the mismatch in the (basal) unit cell parameters
between different nitrides.” As an alternative, in the last few
years, attention has been focused on gallium nitride layers with
extremely reduced dimensionality, that is, ultrathin or quasi-2D
GaN QWs, that can exhibit high quantum confinement,
enhanced carrier localization, and a blue shift of their bulk
optical emission when inserted in AIGaN matrix. These active
regions have recently been demonstrated to be beneficial for
efficient UV emission in LEDs”® and laser devices.” Interesting
features of excitonic properties have been theoretically
anticipated and experimentally observed in these systems,
such as high exciton binding energy,m‘11 high radiative
recombination rate,”'® and large energy splitting between
dark and bright excitons.'”'* Additionally, exciton localization
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has also been widely reported in the literature, typically related
to interface roughness,”' "'* suggesting that a detailed study on
the relationship between structural properties and excitonic
effects deserves further investigation.

In most cases, ultrathin GaN layers are included within AIN
barriers, a design that can push the emission to the very deep
UV limits. However, low-strain conditions, associated with
limited Al mole fraction in the barrier, can limit the influence
of misfit dislocations in the heterostructure and can, in
principle, allow for clearer observation of excitonic effects and
properties, such as binding energy, localization, and temper-
ature behavior. For this reason, in the present article, we study
the structural and optical properties of thin layers of gallium
nitride embedded between AlGaN barriers with an Al
concentration lower than 50%.

The heterostructures were grown using metal organic
chemical vapor deposition (MOCVD)”® and characterized
using high-resolution X-ray diffraction (HR-XRD) and photo-
luminescence (PL) spectroscopy as a function of excitation
power and sample temperature. Results evidenced the critical
role played by the Al content modulation in the barrier with
respect to both the structural properties, referred to as strain
field and threading dislocation density, and the excitonic
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emission from the thin GaN QW, in relationship to its
efficiency and the exciton localization behavior and energy.

2. METHODS

2.1. Growth of GaN/AlGaN Short-Period Layers. All
epitaxial films used in this study were directly grown on (00.1)
c-plane Al,O; substrates in a horizontal low-pressure MOCVD
system (AIXTRON AIX 200-RF), with NH;, trimethylgallium
(TMGa), and trimethylaluminum (TMAI) as nitrogen,
gallium, and aluminum precursors, respectively. H, was used
as a carrier gas. A 100 nm thick AIN nucleation layer was
directly grown on the ALOj substrate at 1150 °C,"* followed
by 1 pum of high-quality GaN buffer layer with a threading
dislocation density of around 3 X 10° cm™. Then, 20
repetitions of AlIGaN/GaN multistacks were grown at the same
temperature. The single stack nominally consists of a thin
gallium nitride layer (<1 nm) embedded between AlGaN
barriers with different Al compositions. In particular, the Al
content was designed to be 15% (sample A), 25% (B), and
40% (C), as we aimed to analyze the early stage of detrimental
effects related to AIGaN/GaN multistacking.l A schematic of
the sample structure is shown in Figure la. The conduction
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Figure 1. (a) Schematics of the realized samples. (b) Energy diagram
profile calculated through nextnano software for conduction and
valence bands, electrons’ and holes’ main eigenvalues, and occupation
probability functions (electron and hole wavefunction).

and valence band profiles, along with electron and hole
eigenstates, have been calculated in the first approximation
using nextnano software'® and are shown in Figure 1b for the
highest Al content sample. While the model does not take into
account the strain within the GaN QW, it provides a simplified
picture of band profiling expected in this kind of sample.
2.2. Characterization. The structural properties of the
GaN/AlIGaN QWs were examined with HR-XRD, using a
Malvern PANalytical PW 3050/65 X'Pert Pro MRD
diffractometer (U.K.) with Cu Ka radiation. To obtain
information about structural features of prepared hetero-
structures, w—26 patterns and rocking curves (RCS) were
recorded in double-axis configuration, in parallel beam mode,
using a parabolic mirror and a four-bounce Ge (220)
monochromator; the detector was kept at an open detector

configuration. @—26 scan simulations were assessed with the
X'Pert Epitaxy software package. Thicknesses of the AlGaN/
GaN multistacks were taken from XRR fittings, while the Al
content in the AlGaN barriers was obtained from the HR-XRD
reciprocal space map (RSM) analyses (see below), thus
working in an iterative fashion. To minimize effects due to
wafer curvature, the beam height was restricted for symmetric
RC, whereas for skew-symmetric @-scans, the beam width was
restricted, as suggested by Moram and Vickers.'” Micro-
structural features were investigated by collecting RSM around
symmetrical (00.2) and asymmetrical (11.4) reflections.
Furthermore, the crystallographic tilt between the GaN buffer
layer and the multistack [00.1] axes from the surface normal
direction was assessed by recording w—¢ maps of GaN (00.2)
and the GaN/AlGaN pair (00.2) reflections in the azimuthal
scanning range of ¢ = 0—360°, with a step size of 2.5 °@. X-ray
reflectivity (XRR) analysis was also performed to obtain
information about the thickness of the layers. Data were
recorded in paralle]l beam geometry, with an incidence angle
from O to 8° 26. Collected data were modeled with the X'Pert
Reflectivity software suite. The model for the fit consisted of
20 repetitions of AlGaN/GaN multistacks over GaN buffer and
AIN nucleation layers, as described in Section 2.1. In the XRR
fitting, thickness and interface roughness of the AlGaN/GaN
multistacks were left as free parameters. The composition of
the AlGaN barrier was constrained to that obtained using HR-
XRD analyses. The thickness of the GaN buffer and the AIN
nucleation layer was constrained to their nominal values.

PL measurements were assessed to investigate the radiative
recombination processes and to elucidate the occurrence of
extreme quantum confinement in QWs. Spectra were recorded
at different temperatures, from 10 K to room temperature,
placing the samples on a cold finger of a closed cycle helium
cryostat. The excitation beam was delivered by a He-Ag laser
(Photon Systems Inc.), operating at 224.3 nm (5.5 eV), a
repetition rate of 15 Hz, and a pulse duration of 100 us. The
beam was focused on the sample surface to a spot size of about
10 pm. The PL signal was dispersed through a 0.32 m Triax
monochromator (Horiba Ltd) and recorded by a cooled Si-
CCD camera (Andor Ltd). The laser excitation power varied
among 3 orders of magnitude, from 0.5 to S0 mW (measured
on the sample). The photogenerated carrier density at the
maximum excitation intensity (I, = SO mW) was estimated to
be about 1y ~ 2 X 10" cm™ (~10'* cm™?), assuming a bulk
AlGaN (x = 0.25) absorption coefficient at 224 nm of about
2.3 X 10° em™."

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Analyses. 3.1.1. HR-
XRD Analysis. HR-XRD w—20 patterns, together with the
simulations of collected data, are displayed in Figure 2a. The
GaN (00.2) reflection belonging to the buffer layer (positioned
here at zero arcsec) and that belonging to the AIN nucleation
layer (at around 2800 arcsec) are clearly visible. Clear
Pendellosung fringes can also be detected at the lower-angle
side of the AIN reflection. Furthermore, the interference of
scattered X-rays forming the multistack resulted in the satellite
peaks Sy and S_;, as shown in Figure 2a. The absence of
additional positive-order satellite peaks is due to the overlap
with the signal from the buffer and nucleation layers in both
measurements and simulations, as shown in Figure SI.

The increase of Al content in the barrier leads to an angular
shift of the S, satellite peak and an increase of the related full
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Figure 2. (a) Collected and simulated (orange line) HR-XRD (00.2)
@—20 scans of prepared specimens. Nominal thicknesses of the layers
were used for assessing the simulations. (b) @—¢ maps of GaN (00.2)
(top) and GaN/AlIGaN layer (00.2) (bottom) reflections, sample C.

width at half-maximum (FWHM, from 113 arcsec in A to 233
arcsec in B), suggesting a critical role of this parameter with
respect to reduction in the defect density.

The crystallographic tilt of the GaN buffer layer and the
multistack [00.1] from the surface normal direction was also
estimated by recording w—¢ maps of GaN (00.2) and S,
(00.2) reflections (Figure 2b). Tilt angles, as found from the
procedure described in detail in the Supporting Section, are
very small for all of the samples, in the order of 0.01°, as listed
in Table S1, suggesting overall vertical coherence in the grown
multistacks.

Afterward, RSMs along with different reflections were
collected. The Al content in the AlGaN barriers was calculated
from the RSM (00.2) (Figure 3a) using Vegard’s law and the
method proposed by Angerer et al,'” and the results are listed
in Table 1. The comparison of the RSM maps from the
symmetrical reflection (00.2) confirms a coherent growth of
the multistack in the three cases (Figures 3a and S2). On the
other hand, assuming the multilayer to consist of randomly
misoriented mosaic blocks, their lateral correlation length,
along with the spread of the mosaic blocks, was estimated from
asymmetric RSM (Figures 3b, and S2). Data obtained via the
X’Pert Epitaxy software suite are listed in Table 1 and give an
insight into the mosaicity of the heterostructures. In particular,
they highlight that lowering the Al content in the barrier layers,
even though in such a limited range, leads to a significant
increase in the lateral correlation Iength (Lc), together with a
decrease in the mosaic spread (Mg).

Symmetrical and asymmetrical reflection RSMs (Figures
3a,b and S3a,b), along with the model by Kaganer,20 were used
to extract the structural parameters of the GaN QW and the
AlGaN barrier, in-plane and out-of-plane strain (g, and €,

respectively) and lattice mismatch (f), that are listed in Table
1. The followed procedure is reported in Supporting materials
Section S1.

Further analysis was performed by collecting the RC of
AlGaN (12.3) asymmetric reflection (Figure S4). Its incidence
angle w is around 0.7°; therefore, the contribution from the
substrate is minimized, and a better resolution is obtained
directly for the GaN/AlGaN multilayer signal.”" Still employ-
ing the fitting model described in ref 20, as shown in Figure $4,
we have accurately estimated the dislocation density within the
GaN/AlIGaN stack; cf Table 1, 8th column. From the data, it is
clear that the variations in Al content, albeit within the limited
investigated range, have a dramatic impact on the strain field
affecting the confined layer. For low Al content in the AIGaN
layer (samples A and B), the in- and out-of-plane strain
components and misfit parameters lead to a significantly lower
value of total dislocation density, which reduces itself by a
factor of 6, as compared with sample C.

3.1.2. XRR Analysis. Specular XRR is insensitive to the
deformation in the unit cell parameters. Thus, Kiessig fringes
are solely caused by the interference of the waves that are
reflected at the surface of the layers.”> This implies that the
period of the oscillation (i.e., the Kiessig fringes) is ruled by
the thicknesses associated with the GaN QW and the AlGaN
barrier. XRR patterns of the three heterostructures are
displayed in Figure 4. The thickness of the GaN QW and
that of the AlGaN barrier layers, as extracted from the fitting,
are reported in Table 2, in line with nominal values.

3.2. Optical Characterization. Representative PL spectra
recorded at 10 K for each sample are reported in Figure Sa.
The red arrows indicate the Al,Ga,_ N energy gap as predicted
for bulk layers by Vurgaftman et al.”* The values of the Al
content were those obtained by XRD analyses. As expected,
the emission signal of samples A and B with lower confinement
is almost resonant to the corresponding barrier energy value.
On the other hand, sample C shows a broad PL spectrum, at
high energy, ~300 meV below the energy barrier, due to the
deeper confinement, in good correlation with band profile
schematic calculations (see Figures 1 and SS).

Common features are highlighted from the PL spectra. An
intense band, occurring at ~3.80 eV (sample A), ~3.92 eV
(sample B), and ~4.11 eV (sample C), dominates the emission
at high energy, while phonon replicas are clearly observed at
the low-energy side of the spectra (dotted lines in Figure Sb)
attributed to bulk GaN longitudinal optical (LO) phonon,
given the interspacing of 92 meV.>

A detailed multipeak Gaussian analysis of PL spectra reveals
a quite rich structure for all of the samples (see Figure Sb, top
panel, for sample B and Figure S6a,c for samples A and C). In
particular, the highest energy band consists of four
components (x;, transitions, continuous lines in Figure 5Sb).
Given their energy position, they can be related to the AlIGaN
barrier and/or to the GaN QW emission, where, in turn,
different exciton complexes (free excitons, localized excitons,
bound excitons, etc.) and free-carrier recombination are
typically observed.”®”” Therefore, further investigation is
needed for a clear attribution. In Table S2 are reported the
energy values of x; transitions for all of the samples.

PL experiments at low temperatures have been performed as
a function of excitation intensity, from 0.5 to 50 mW. The
spectra related to sample B are shown in Figure Sb. Gaussian
analysis reveals that the first two transitions in the high-energy
region (x; and «x,) only appear for excitation intensity >0.1 I,
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Figure 3. (a) RSM along the (00.2) reflection, A. (b) RSM along the (11.4) reflection, A. The vertical dashed line represents the position at which
the strained GaN/AlGaN epilayers are supposed to be.

Table 1. Al Content (x) in the AlGaN Layer from Vegard and Angerer et al."’

sample  «, Vegard (relaxed)  «x, Angerer (strained) L. (nm) M, (arcsec) &, GaN(AlGaN) (%) &, GaN(AlGaN) (%) Ifl (%) pg X 10° cm™

C 0.37 0.35 26 410 —0.20 (0.69) 0.10 (—0.40) 1.01 74
B 0.24 022 62 158 —0.11 (0.46) 0.02 (—0.31) 0.46 39
A 0.16 0.15 84 47 —0.09 (0.28) 0.04 (—0.17) 0.42 13

Bulk GaN and AIN unit cell parameters were taken from Wallis et al.>* Dislocation density in the AlGaN barrier and structural parameters of GaN/
AlGaN layers as obtained from HR-XRD RSM analysis.

(black and red vertical dashed lines in the figure). On the other temperature experimental data for the main bands using the
hand, at very low excitation intensity (0.01 I,), only the band Varshni empirical formula, extrapolated to 10 K.*” Finally, the
corresponding to the x; Gaussian component remains visible. dashed lines represent the AlGaN barrier energy gap (as
Similar behavior is observed in all of the samples (Figure S6a,c obtained from Vurgaftman et al)** for the different Al
for samples A and C). concentrations.

Emission experiments have been also performed as a In all of the samples, the most intense peak x; shows an S-
function of temperature in the range of 10—300 K. To shaped temperature trend, typically associated with exciton
interpret the origin of the weak emission bands observed in the localization effects in similar material systems.”**’" Addition-
high-energy shoulder of PL emission (x; and x,), spectra were ally, at high temperatures, it follows Varshni’s law related to the
recorded with the maximum available excitation intensity (I, = free exciton recombination at the value expected for these
50 mW). A representative set of PL spectra at different structures. We highlight that, for each sample, the emission
temperatures is reported in Figure 6a, again for sample B (x = energy of the x; band well matches the values provided by the
0.23). Spectra for the other samples are shown in Figure S7. As first-principles calculations based on density functional theory,
a general trend, in all of the investigated samples, QW complex as reported by Wang et al.’® for similar heterostructures
emission features (e.g, for sample B, the one at about 3.9 eV, (Figure S8), namely, for thin GaN QWs of few monolayers
Figure 6a) are quenched by about 4 orders of magnitude as the (one to two monolayers) and AlGaN barrier (with varying Al
temperature is increased, and only the main band x5 is content). The former analysis leads to attributing this emission
observed up to room temperature. feature to the excitonic emission, which is also expected to

In Figure 6b, the Gaussian energy peaks for each have a large oscillator strength.” The exciton localization
investigated sample are reported as a function of temperature. energy values, estimated as the difference between the exciton
The continuous lines represent a fit carried out on the high- PL resonance at low temperatures, in which the exciton

14730 https://doi.org/10.1021/acs.jpcc.2c04118
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Table 2. Thickness of the GaN QW and AlGaN Barrier as
Extracted from the Fitting of XRR Patterns

thickness (nm)

Layer A B
GaN QW 0.6 + 0.2 0.5 + 0.1 0.6 + 0.1
AlGaN barrier 6.6 + 1.4 6.7 + 0.1 59 +0.1

localization is effective, and the value extrapolated at 10 K by
Varshni’s law related to the free exciton emission (exper-
imentally observed at a higher temperature), are of the same
order of magnitude as those observed in similar struc-
tures.”' "

The exciton localization is expected as a consequence of
well-width fluctuations and/or related to the well/barrier
interface quality, rather than barrier composition fluctua-
tions."' Moreover, in the investigated samples, the localization
energy clearly increases with Al content in the barrier (31 meV,
37 meV, and 59 meV for A, B, and C, respectively). This result
is likely related to a combination of two distinct effects, both
related to increased Al content in the barrier, which in turn
induces different potential fluctuation relative amplitudes: (i)
different interface compositional fluctuations and disorder and
(ii) an increased exciton quantum confinement. The trend of
the FWHM values of x; as a function of the temperature is

shown in Figure 6d. The broadening increases with the Al
content in the barrier, in line with the increased strain observed
by XRD analysis. Additionally, the effect of exciton localization
is clear for samples B and C. In correspondence with the
switching temperature at which the localized exciton becomes
free (about 150 and 200 K for samples B and C, respectively,
see Figure Sb), the broadening suddenly decreases, as expected
for exciton delocalization processes.9 For sample A, where
confinement is weak, the effect is less pronounced.

In Figure 6, the internal quantum efficiency (IQE), defined
as the integrated Gaussian area of the main transitions (x3)
normalized to its value at 10 K, is reported as a function of
temperature for each sample. In particular, the IQE values at
300 K (see Table 3) show that sample A is the most efficient.
Indeed, the Al content, modulating the dislocation and defect
density, as previously discussed, significantly reduces the
emission efficiency in sample C.

Finally, the dotted lines in Figure 6c¢ represent Arrhenius fit
using two activation energies (see Section S2, Optical
Properties). Both E,; and E,, do not match the exciton
localization energies. Therefore, as they cannot be related to
exciton delocalization and consequent dissociation mechanism,
they should arise from nonradiative recombination processes.
In detail, E,| is consistent with the values reported in the
literature for similar structures® associated to point defects,
which are very effective in IQE quenching mechanisms.”® On
the other hand, the process associated with E,, activation
energy is not clear, which is significantly smaller than those
reported in ref 8, 11.

In all of the samples, the x, band shows a behavior similar to
the x; band (see Figure 6b). In particular, in the less confined
samples, A and B, it appears very close in energy to x3, thus
suggesting the same attribution. It can therefore be correlated
with excitonic emission, with localization energy almost similar
to that of the x; band. In sample C, in which the larger barrier
induces greater confinement, the energy separation between x;
and x, is more prominent (almost 35 meV at 10 K). The
temperature trend of the x, band, which disappears at almost
100 K, maintaining an almost constant value rather than an S-
shape and/or a Varshni-like trend, does not allow for easy
identification/attribution. However, its existence is a further
indication of the increased complexity of energy level
structuring in sample C, due to the increased Al content in
terms of increased confinement and/or worsening structural
quality.

The attribution of the transitions at high energy, namely, x,
and x,, deserves further discussion. In all of the samples, the x,
PL band is observed only at low temperature and at high
excitation intensity, and its integrated area is 2 orders of
magnitude lower than that of x;. Additionally, the temperature
trend of the x, Gaussian peak is well described by the Varshni
empirical formula, extrapolated to 10 K, as previously
discussed. In particular, it fits the trend of the free exciton
recombination, previously identified by the x; band (Figure
6b). Therefore, we can conclude that the x, band originates
from the small amount of the free exciton population in
thermal equilibrium with that of the localized exciton at low
temperatures. In fact, for the lowest excitation intensities (at 10
K), the x, band is not visible (see Figures Sb and SSa) due to
the dominance of the localized exciton contribution (ux,
emission band).

The x; Gaussian components, observed only at low
temperature, follow, in the shallower samples A and B, the
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Figure 6. (a) Selected PL spectra recorded as a function of
temperature in the range of 10—300 K for sample B. The red arrow
indicates the AL, Ga,_,N energy gap predicted by Vurgaftman et al.**
(b) Gaussian PL peak energy (x, symbols) as a function of
temperature for each sample. Continuous lines represent Varshni
empirical formula fits. AlGaN barrier energy, as predicted by
Vurgaftman et al,”* is also reported by dashed curves. (c) IQE
defined as the integrated Gaussian area of the main peak divided by its
value at 10 K as a function of temperature. The dotted lines represent
Arrhenius fit using two activation energies. (d) FWHM for the main
Gaussian band (x;) as a function of temperature. Dashed lines
represent the Bose—Einstein model fit of the high-temperature
experimental data.*®

AlGaN barrier energy trend predicted by Vurgaftman et al.”*
(dashed curves in the figure). On the other hand, in sample C,
with the highest barrier energy, the x; band (black circles) is
located well below the predicted Al 40Gag N barrier (dashed
line) and about 60 meV above the x, band (Figure 6b upper
panel, red triangles). Additionally, as long as the x, band is

14732

Table 3. Exciton Localization Energies as Reported in
Figure 6b, Activation Energies E,; and E,, as obtained by
Arrhenius Plot Analysis and Reported in Figure 6¢, and
Efficiency Parameter IQE at 300 K

exciton
localization
sample energy meV E,; meV E, meV IQE (300 K) x 107
A 31 7.6 + 0.8 38+3 8
B 37 52 +£08 27 £ 1 S
C 59 10.7 £ 0.3 42 +2 1

visible (up to 150 K), it follows a Varshni behavior (dotted line
through the data). This finding strongly suggests that the
observed «x; transition can be related to free-carrier
recombination originating from the e—h confined states inside
the QWs. In this context, it deserves to be stressed that at the
maximum excitation intensity (I, = 50 mW) used in this
experiment, the corresponding photogenerated carrier excita-
tion density is ny ~2 X 10’cm™ (~10"2 cm™2), very close to
the Mott critical density for exciton dissociation predicted for
these structures.'® Additionally, the observed energy separation
between this band and that related to free exciton x, (60 meV)
is consistent with the binding energy values of the free exciton
predicted/observed in ultrathin GaN/(AlLGa) N-based hetero-
structures.' " We highlight that such a large exciton binding
energy confirms the possibility to obtain in these structures a
stable excitonic emission up to room temperature (binding
energy value larger than kT value at RT).

The high exciton binding energy value is a fundamental
characteristic of these systems, and it is typically obtained by
comparing the predicted theoretical value for the electronic
gap with the experimental optical gap after having established
that the emission spectrum is related to free exciton and
nonlocalized exciton, rather than free-carrier emission.> ™’
Conversely, in our experiments, the excitation regime induces a
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more complex situation, in which the coexistence of several
emitter contributions (excitation at highest intensity) can be
observed in the emission spectrum. It was therefore possible to
experimentally identify them (free and/or localized exciton,
free carriers) by their unique characteristics, and, at least for
the most confined sample, the fundamental optical emission
properties have been directly measured, namely, the optical
gap (from free exciton emission contribution) and the exciton

binding energy.

4. CONCLUSIONS

In conclusion, we have thoroughly analyzed heterostructures
with GaN QWs within the AlGaN barrier as potential emitters
in the deep UV spectral range. The structural properties are
found to be closely related to compositional variation, even
though coherent growth is observed in the investigated low-
strain regime. A full investigation was performed on the
excitonic effects arising in such systems. Emission quantum
efficiency decreases as the Al content increases, as an effect of
the increased strain and reduced crystalline quality of the
multilayer, inducing nonradiative recombination processes
related to capturing centers. The Al content in the barrier
induces different interface compositional fluctuations and
disorder, accompanied by different exciton quantum confine-
ments, thus leading to variation in the exciton localization
energy. In addition, we have observed and clearly identified
free carriers and free exciton emission contribution in the PL
signal. We highlight that, at room temperature, the PL signal is
only related to the contribution of free exciton radiative
recombination. The direct evaluation of exciton binding energy
through spectroscopy experiments provides a large exciton
binding energy (exceeding the kT at room temperature), thus
ensuring exciton stability up to room temperature.
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