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The optical efficiency of deep-ultraviolet nitride-based heterostructures emitting at
wavelengths around 215 nm remains severely limited by thermally activated nonradiative
recombination processes. In this article, we investigate the optical properties of high-
quality Gag,AlpgN multiple quantum wells grown by molecular beam epitaxy on AIN
templates fabricated either by metal-organic chemical vapor deposition or by molecular
beam epitaxy. The temperature-dependent photoluminescence measurements performed in
the 10-300 K range reveal that the thermal quenching of the photoluminescence emission
is governed by three distinct activation processes common to all the sample series. The first
nonradiative recombination channel, characterized by an activation energy in the 4-8 meV
range, is extrinsic in origin and is associated with impurities as well as with the density
of structural defects within the crystal. The second process, with an activation energy
of 70 meV, is intrinsic in nature and is related to the thermal dissociation of the free
exciton. A third thermally activated process, also intrinsic, exhibits an activation energy
of approximately 130 meV and is assigned to the thermal escape of electrons and/or holes
from the active region of the multiple quantum wells, leading to a further reduction in
optical efficiency at elevated temperatures.

DOLI: 10.1103/3yzl-jn7v

I. INTRODUCTION

The field of light emitting devices operating in the deep ultraviolet (DUV) range, particularly
the light-emitting diodes (LEDs) relying on spontaneous emission at wavelengths between 200
and 280 nm, is currently experiencing a rapid global development. The objective is to design
and manufacture high-performance components capable of fulfilling key roles, such as replacing
mercury vapor lamps in order to comply with the Kyoto Protocol [1], while also addressing a wide
range of environmental, biological, and medical applications [2-10]. Although intense emission at
215 nm has recently been demonstrated via photoexcitation of fluorescence using twisted boron
nitride layers [11], and this is a very noticeable result [12], wurtzite-structured nitrides of the
(In, Al, Ga)N family remain, at present, the only viable candidates for the industrial production

*Contact author: bernard.gil@umontpellier.fr
Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0

International license. Further distribution of this work must maintain attribution to the author(s) and the
published article’s title, journal citation, and DOI.

3070-2240/2026/1/000210(12) 000210-1 Published by the American Physical Society


https://orcid.org/0000-0001-6252-9426
https://orcid.org/0000-0002-2356-2589
https://orcid.org/0000-0002-1588-887X
https://ror.org/02ftce284
https://ror.org/02feahw73
https://ror.org/051escj72
https://ror.org/019tgvf94
https://ror.org/02feahw73
https://ror.org/03y8mpv07
https://ror.org/02be22443
https://ror.org/055khg266
https://crossmark.crossref.org/dialog/?doi=10.1103/3yzl-jn7v&domain=pdf&date_stamp=2026-11-09
https://doi.org/10.1103/3yzl-jn7v
https://creativecommons.org/licenses/by/4.0/

ALEXANDRA IBANEZ et al.

of such advanced devices down to approximately 210 nm [13]. This area of research has progressed
swiftly through the use of Ga;_,Al,N-AIN heterostructures, building upon decades of prior studies
on the Ga_,In,N-Ga;_,Al,N system, which has amply demonstrated its potential for the fabrication
of diodes operating across the short-wavelength visible spectrum from red to ultraviolet B [14].
However, these rapid advances are hindered by a sharp decline in the external quantum efficiency
of ultraviolet C devices when the emission wavelength falls below 260 nm [15].

Several physical phenomena inherent to the Ga;_,Al,N alloy used to form quantum wells (QWs)
embedded within AIN barriers limit the performance of these devices at shorter wavelengths:

(1) The lack of shallow impurity for realizing p-doped Ga;_,Al,N. Despite investigations
regarding Zn, Be, and Ca, only Mg has been found to be the ad hoc p-type dopant after thermal
posttreatment for its passivation from hydrogen. The binding energy of Mg in Ga;_,AlN, and
its activation rate are critical factors that influence the efficiency of p-type doping. The activation
energy of Mg decreases from about 500 meV in AIN [16] to approximately 160-200 meV in
GaN [17]. For Mg in GaN, the activation rate, that is to say, the fraction of dopants that are
actually activated and contribute to conduction, is about less than or on the order of 10% in doped
samples, due to defect compensation and hole trapping [17]. This means that a large portion of
the incorporated Mg remains inactive. The activation rate of Mg in AIN is thus even lower than it
is for GaN, making efficient electrical injection through Al-rich heterostructures very difficult. Of
course, incorporation of Mg is limited physically and also for the propensity to form compensating
structural defects beyond a critical density of Mg atoms, a very general trend in wide-bandgap
semiconductors [18].

(2) For Ga;_,Al;N grown in the (0001) plane with lattice matching to AIN, a change in valence
band symmetry at around x &~ 0.7 compared to x &~ 0.1 in the bulk [19], which prevents efficient
light extraction at high aluminum content due to a crossover from transverse electric (TE) to
optically forbidden transverse magnetic (TM) emission [20-23].

(3) The presence of intrinsic electric fields in heterostructures grown along the (001) direction,
which is the preferred orientation of wurtzite crystals when growing them on low-cost (0001)
sapphire substrates [24-29]. It is required to manage it and to reduce it as much as possible, in
particular, by using thin-layer QWs, tuning the barrier width [30], and many other approaches,
including technological processing recipes that are out of our scope here. These phenomena are
now decently understood. Alternatively, potentially promising approaches to achieving higher
internal quantum efficiency (IQE) and arm twisting the consequences of the switch from TE to
TM light emission earlier alluded to may be the use of sapphire substrates with M-, A-, or R-plane
orientations, enabling growth along nonpolar or semipolar directions [31].

(4) The lattice mismatch between the sapphire substrate and the various nitride layers of the
active part of the device that generate a lot of structural defects acting as nonradiative carrier
recombination channels. Homoepitaxial growth on bulk AIN substrates, the material to be used for
the barriers enclosing the thin QWs, could be an option in case of devices operating at the shortest
possible wavelengths. This is of course an expensive option but, for conditions when reducing the
emission wavelength is so challenging, it could become an ultimate solution having in mind the fact
that bulk AIN can be a priori prepared in terms of epi-appropriate surfaces with any reticular plane
orientation.

II. EXPERIMENTAL METHODS

A lot of studies on DUV light-emitting heterostructures remain limited to devices grown under
standard (001) conditions and to the exploration of solutions for enhancing their performances. It
is noticeable that studying the evolution of their performances from the low-temperature regime
relevant to solid-state physics predictions to the operational temperatures of practical optoelectronic
devices has remained almost confidential. The present work addresses such an investigation through
this broad temperature range. We report here on a comparative study of the relative performances of
GagAlp sN-AIN multiple quantum well (MQW) heterostructures, consisting of four wells with
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TABLE I. Description of the structural and optical parameters of the samples (SNG, STD, and HTA):
full-width-at-half-maximum values of the AIN pseudosubstrates rocking curve (002) and (101) peaks (columns
2 and 3) estimated dislocation densities from XRD measurements (column 4) values of the parameters A; (with
A=
three nonradlatlve channels (columns 8-10).

Rocking Rocking
curve (002) curve (101) Dislocation

Sample (deg) (deg) density (cm™2) A; A, Az T, (KmeV) T, (KmeV) T; (K meV)
SNG 0.017 0.100 8.1x10% 1710° 1.2 x 10°  80-7 800-70  1500-130
STD 0.307 0.667 3.9x10'°  30010° 9x 10° 60-5 800-70  1500-130
HTA 0.070 0.139 1.7x10° 450 10° 5x 10° 45-4 800-70  1500-130

nominal thicknesses of 2 nm separated by 4-nm-thick AIN barriers. These MQWs have been
designed for emitting light at ~215 nm, and they were deposited at around 850 °C and at a growth
rate of 75 nm/h by molecular beam epitaxy (MBE) on three different AIN pseudosubstrates, as
described below, deposited on (001)-oriented sapphire:

(1) An AIN pseudosubstrate supplied commercially by Sino-gan [32] and grown by metal-
organic chemical vapor deposition (MOCVD). The AIN thickness used is 2.1 um (as specified by
Sino-gan). We controlled this specification experimentally by optical interference measurement.
This sample is denoted as “SNG” hereafter.

(2) An AIN pseudosubstrate grown at Centre de Recherche sur I’'Hétéro-Epitaxie et ses Applica-
tions (CRHEA) by MBE using the conditions described in Ref. [33]. The thickness of the sample
studied here is 0.2 um and we denote it as “STD” hereafter.

(3) An AIN pseudosubstrate grown at CRHEA by MBE, which experienced a complementary
postgrowth high-temperature annealing treatment in a furnace in N, atmosphere at 1700 °C, follow-
ing the conditions described in Ref. [34], in order to improve its crystalline quality. We denote it as
“HTA” hereafter.

X-ray diffraction (XRD) experiments permit the evaluation of the densities of dislocations
(mixed+edge) at the surface of the pseudosubstrates from the full width at half maximum (FWHM)
of the rocking curves for the symmetrical (002) and asymmetrical (101) diffraction peaks [35]. This
is reported in Table I, columns 2—4. The table indicates a reduction of the dislocation densities
when MBE-grown pseudosubstrates undergo a postgrowth high-temperature annealing treatment.
It is also important to note that the in-plane lattice constant for the HTA MBE-grown template is
decreased by the high-temperature annealing process. The as-grown AIN MBE layer (labeled as
STD) is compressively stressed, with a value of around 0.07%, while the HTA AIN MBE layer is
compressively stressed, with a value of around 0.31%.

Our photoluminescence (PL) setup for PL spectroscopy in the DUV has been previously de-
scribed [22,23,33]. The samples were excited using the fourth harmonic of a Ti:sapphire laser
(A = 196 nm) with an average power of 50 uW focused onto a spot of approximately 50 um in
diameter. With 80 MHz repetition rate, this corresponds to approximately 6 x 10° photons per pulse,
i.e., a carrier sheet density on the order of 3 x 10! cm~2 per pulse (or approximately 10'® cm—3 in
the MQW active region assuming complete absorption). Considering the limited absorption in the
active region, the actual carrier density is expected to be even lower, ensuring that the measurements
were performed in the low-injection regime.

A power-dependent PL study would have been of interest. However, reducing the excitation
power even by one order of magnitude leads to a drastic degradation of the signal-to-noise ratio.
Under these conditions, the PL signal becomes too weak to be reliably detected over the full
temperature range up to 300 K, making such measurements impractical with the present samples.
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FIG. 1. The triptych representation scaling from panels (a) to (c) represents the evolution of the PL features
in a linear y scale. The PL intensities are all plotted as a function of the PL intensity of SNG measured at 10 K,
taken as a reference value. The triptych representation scaling from panels (d) to (f) represents the evolution of
the PL features in a logarithmic y scale to allow the visualization of the fluorescence at room temperature and
to indicate that the data analysis is still possible at 300 K.

III. EXPERIMENTAL RESULTS

In this study, we find that the variation of the IQE is ruled by three different nonradiative
recombination channels, with activation energies of ~4—7, ~70, and ~130 meV, respectively. The
low-temperature activation energy is of extrinsic origin, correlated to the density of dislocations
(DD) in the different pseudo-substrates. The DDs were deduced from the x-ray diffraction analysis
of the full width at half maximum of the (002) and (101) diffraction peaks (Table I) [35]. The
other two activation energies are of intrinsic nature and of paramount interest: They, respectively,
correspond to the thermal dissociation of the exciton (whose binding energy at 77 meV was
computed using a variational calculation of the electron-hole long-range Coulomb interaction) and
to the thermal escape of the I'; hole out of the confining Gag,AlysN QW layers (obtained from a
k- p effective mass calculation).

In Figs. 1(a)-1(c) are linearly plotted the evolutions of the PL intensities between temperatures
T =10 K and T =300 K. The PL intensity recorded for sample SNG at 10 K is stronger than
what we previously measured at this wavelength for other MQW samples with similar designs [36].
Note the weaker emission for the MBE-grown samples as indicated along the y axes of the plots,
which prevent to propose consolidated values of the PL intensities at temperatures above 200 K
in the chosen range of photoexcitation densities. The undulations observed in case of the SNG
MOCVD-grown sample are interference fringes in the thick AIN pseudosubstrate. They are not so
readily observed for samples grown on thinner MBE-grown pseudosubstrates, interference fringes
being about one order of magnitude larger in the latter than in the former. The PL features peak at
~215 nm for all samples at 10 K. They all exhibit low-energy PL wings as evidence of unresolved
contributions of alloy disorder and broad phonon replicas [23]. Fitting the high-energy wings by a
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FIG. 2. Photoluminescence spectra measured at 10 K for the Gag,AlysN-AIN MQW heterostructures
grown on different AIN pseudosubstrates. (a) Linear scale. (b) Logarithmic scale. The spectra of the SNG
and STD samples are normalized to the near-band-edge emission at 5.5 eV, whereas the HTA spectrum and the
cathodoluminescence spectra reported by Chichibu et al. [38] for samples R1 (unintentionally doped AIN) and
RS (heavily Si-doped AIN) are normalized within the 3—4 eV spectral region (dashed lines).

Gaussian, we deduce FWHM values of 118, 134, and 188 meV for the zero-phonon lines for the
SNG, STD, and HTA samples, respectively, which indicates moderate different crystalline qualities
through the series of samples. Note that, at a nominal composition of 80% Al, a fluctuation of 1% in
the Al composition shifts the bandgap energy of the strained-layer alloy by an amount of ~£25 meV
around the average value of 5.6 eV, which indicates that the distribution of energies, i.e., associated
with the PL peak FWHMEs, is in the acceptable experimental limit. In addition, fluctuations of
the thickness of the quantum wells can be expected, which is an experimental uncertainty. The
intensities of emission bands at 5.6 eV are in ratio of 1, 0.3, and 0.16 at 10 K for the SNG, STD, and
HTA samples, respectively. In Figs. 1(d)-1(f) are plotted the same PL spectra on a logarithmic scale.

It is worth noting that the pseudosubstrates exhibit two broad PL bands extending from approx-
imately 3 to 5 eV at 10 K, as shown in Figs. 2(a) and 2(b). These emissions are by more than one
decade weaker than the emissions at 5.6 eV and we remind that the intensities of emission bands at
5.6 eV are in ratio of 1, 0.3, and 0.16 at 10 K for the SNG, STD, and HTA samples, respectively.
In the SNG and STD samples, the emissions centered around 3.2 and 4.5 eV display comparable
intensities. In contrast, the HTA sample exhibits a pronounced enhancement of the 3.2-eV-related
band whose intensity exceeds that of the 4.5 eV emission by approximately a factor of 40. This
may be attributed to diffusion in the AIN of oxygen and complexes involving vacancies [37-39]
during the annealing. The strong predominance of the 3.2 eV emission in the HTA sample may
suggest that the high-temperature annealing treatment promotes a thermally activated redistribution
of vacancy-related defects, possibly involving nitrogen-vacancy complexes and oxygen-related
aluminum-vacancy centers formed during annealing at 1500 °C in the thin MBE-grown AIN pseu-
dosubstrate. To progress toward the identification of the defect-related luminescence features, we
compare the PL of our samples with the cathodoluminescence spectra reported by Chichibu et al.
[38] for samples they labeled as R1 and R5. We have made a digitization of the former followed by
a further normalization to the PL intensity of the HTA sample within the 3—4 eV spectral region.
Under this representation, the spectral shape of the HTA sample closely resembles the defect-related
luminescence bands reported by Chichibu et al. [38] in Si-doped AIN layers. In particular, the
broad emissions observed in the 3.2-3.5 eV range have been attributed to V4;(Oy), complexes,
whereas the weaker PL band in the 4.5 eV has been associated with Sip;—Cy nearest-neighbor
defect complex [39].

In Figs. 3(a)-3(c) are represented logarithmically, using colored dots, the evolutions of the PL
intensities as a function of the temperature. This representation is required to precisely and readily
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FIG. 3. Plots of the integrated PL intensity for the three samples: SNG (blue), STD (red), and HTA (green).
The symbols represent the experimental data, while the solid lines correspond to the fits. The T; values denote
the activation temperatures, with the corresponding activation energies given in parentheses: (a) as a function
of temperature and (b) as a function of the inverse temperature.

evidence the intensity variations related to the different nonradiative recombination channels that
rule the PL intensity with temperature. The intensity of the SNG sample was arbitrarily set to unity
at 10 K and taken as a reference value. Consequently, the intensities of the PL peaks for the two
other samples were plotted relative to it.

IV. DATA INTERPRETATION

The variation of the internal quantum efficiency is proportional to

Vrad(T)
Vrad(T) + Vnr(T) '
where y;q(T) is the radiative recombination rate and y,,(T') represents the nonradiative recombi-
nation rate. It is found that y,,(7T") is ruled by three different temperature-activated nonradiative

channels, which need to be considered for fitting the data. The nonradiative recombination rate is
written as

IQE(T) x 1

i=3
-1
yu(T)= D TieT, 6)
i=1

where I'; is the prefactor associated with the ith thermally activated nonradiative recombination
channel. Keeping in mind that localization effects substantially rule the FWHM of PL lines for
heterostructures in this range of composition [23], we treat y;,q(7) as a constant from 10 to
300 K [40-42]. We know from the recent works of Dr. Aurélien David, who published a review
article in June on InGaN-based LEDs [41] and more recently in July [42], that the localization of
charge carriers is only partial. Facing the difficulties for a robust modeling of y;,4(7) and its
probable spectral dependence, we have therefore chosen to be cautious in our analysis, and for
limiting the number of fitting parameters, we took the simplest approximation that does not impact
significantly the physics of the temperature dependence of the light emission in these samples.
Fitting the PL intensity indicates that the different non-radiative recombination channels are ruled
by activation energies kg7; of ~4—7, ~70, and ~130 meV, respectively, through the series of
samples, where kg is the Boltzmann constant. The activation energies of ~70 and ~130 meV are
common to all samples and the ratios of nonradiative to radiative recombination, A; = %, increase
with decreasing AIN crystalline quality. We emphasize that the same values for T, and 75 appear
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FIG. 4. Plot of the three nonradiative recombination regimes for the SNG (blue), STD (red), and HTA
(green) samples (see text for details).

naturally without any constraint. The full set of numbers determined from the fitting procedure is
available in Table I, in columns 8-10. It is worth noting that the rate of nonradiative recombination
is the lowest for sample SNG and the highest for sample HTA. This result is in line with the intensity
of the broad bands that act as efficient traps for photocreated electron and hole pairs. The enhanced
crystalline coherence for sample HTA compared to sample STD has an impact on the PL properties:
At high temperature, the PL of sample HTA is the most robust, with parameter As for HTA being
smaller than that for STD. Globally, the nonradiative recombination rate decreases with improved
“overall quality” of the pseudosubstrate.

In Fig. 4, we plot the different nonradiative recombination channels deduced from the fitting of
the PL intensities as a function of 7. The color code associated with the three samples in Figs. 3(a)-
3(c) has been kept for clarity. The low-temperature recombination channels are represented using
full lines, the 800 K activated decays are plotted using dashed lines, and plots with dots correspond
to the high-temperature (1500 K) efficient nonradiative recombination channels. It is clearly seen
in the figure that the low-temperature effect is clearly related to the density of dislocations in
the pseudosubstrates and also pleads in favor of an impact of its thickness (i.e., around 2 um for
SNG sample compared to several hundreds of nanometers for STD and HTA samples). We have
compared the efficiency of the PL emission for SNG with the PL emission of a previous series
of MQW samples grown by MBE on the MOCVD-grown thinner pseudosubstrate (see Ref. [36]).
Although the MQW samples have slightly different designs, they are fully comparable in terms
of the FWHM of their PL peak emission. At this stage, it was found that sample SNG is more
robust with temperature. Indeed, its superior temperature robustness enables to evidence the third
nonradiative recombination channel, which was not possible in previous studies [36]. Therefore,
and from bona fide, the MBE growth protocol of the MQW active region is found to play a minimal
role in the PL efficiencys; this is rather the quality of the AIN template that plays a critical role. This
paves the way for further detailed study of the effect of thickness and annealing of AIN templates
grown by MBE for comparing with the MOCVD-grown commercial substrate.

In the following, some physical mechanisms related to the origin of the two nonradiative recom-
bination channels efficient in the high-temperature range are discussed. In Fig. 5(a) are reported
the evolutions of the potential depths for the electrons (green), spin-orbit split-off holes (blue),
and heavy holes (red) for Ga;_,Al,N QWs lattice matched to AIN. The light-hole to heavy-hole
splitting is about 7-8 meV through the whole series of compositions (about twice the value of the A,
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FIG. 5. (a) Values of the potential depths we used to calculate the confined levels for Ga,_,Al,N-AIN
strained-layer quantum wells lattice matched to AIN. (b), (c) Band lineups for the conduction band (green), for
the I'; Bloch state corresponding to the spin-orbit split-off hole (blue), and for the I'y heavy-hole Bloch state
(red). The positions of the confined levels are indicated using the same color code.

spin-orbit coupling parameters); therefore, we restricted the figure to the position of the spin-orbit
split-off and heavy-hole valence bands for the sake of its clarity. Then, we calculate the confined
electron, spin-orbit split-off, and heavy-hole confined states. In Figs. 5(b) and 5(c), we represented
the potential lineups for the conduction, spin-orbit split-off, and heavy-hole valence bands (green,
blue, and red lines, respectively) together with the positions of the confined levels. The electric field
in the QWs is estimated as S MV/cm at x = 0 and, thus, gives a 169 meV drop through the QW
layer. The depth of the conduction band potential is 345 meV and the confinement energy is 191
meV at 154 meV from the top of the conduction band lineups. The value obtained by such a simple
calculation is indicative that, in these samples, electron tunneling out of the quantum well layer as
qualitatively indicated by the dashed arrow into AIN may be a priori good candidate for the third
nonradiative recombination channel with a 130 meV activation energy.

Switching now to the split-off valence band, the potential depth is 135 meV and the confinement
energy is 152 meV. As shown in Fig. 5(c), from the position of the level in blue relative to the
band lineup, the right-hand part of the envelope function of the I'; spin-orbit split-off hole (almost
fully p.-like) substantially tunnels in the AIN barrier layers. We believe that such calculation is
also indicative that, in these samples, thermal-induced tunneling of the spin-orbit split-off hole
out of the quantum well layer as qualitatively indicated by the dashed black arrow into AIN may
also be a priori good candidate for the third nonradiative recombination channel with a 130 meV
activation energy. The hole mass is very anisotropic in nitrides and its value for the spin-orbit
split-off hole used for the k- p calculations is comparable to the effective mass of the electron mass.
The knowledge of many parameters of the effective mass calculation, including the distribution of
the gap mismatch between the strained-layer quantum well and AIN into conduction and valence
bands (the band offset ratio), is moderate, so we are left to conclude that both the electron and the
spin-orbit split-off hole contribute jointly to the third nonradiative recombination channel, although
their respective contributions cannot be distinguished. Regarding the heavy hole, the I'g Bloch state
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(fully p,- and p,-like) is split from I'7 spin-orbit split-off hole by 90 meV. The potential depth of the

"% Bloch state is 258 meV and the confinement energy is 97 meV. The level is deeply confined and
its corresponding envelope function indicates that it is robustly confined in the quantum well.

The next question is to propose a physical mechanism that enables us to interpret the 70 meV
activation energy.

To do so, we have made a variational computation of the exciton binding energy following
the approach of Refs. [43-45]. As indicated in Fig. 6 (full line), we computed a value of the
electron-hole long-range Coulomb interaction at 77 meV for 2 nm thin Gag,AlygN quantum well
confining layers embedded into AIN barrier layers. The trend for an unrealistic situation in the
absence of internal electric fields is also represented using a dashed line in Fig. 6. It has been added
to illustrate the reduction of the long-range electron-hole Coulomb interaction for well widths larger
than 5 nm in Gag,AlygN-AIN due to the quantum confined Stark effect (QCSE).

V. CONCLUSION

In conclusion, the performance of short-wavelength emitting Gag,AlysN QWs (i.e., at 215 nm),
as measured at low photoexcitation density, is thermally limited at high temperatures by the thermal
dissociation of the confined exciton (activation energy of 70 meV) and by the thermal escape of both
the electron and spin-orbit split-off hole from the active region (activation energy of 130 meV). The
dissociation of the exciton pair reduces the intensity, but one must not forget that some of the carriers
thus released are fully available to recombine with oppositely charged carriers already present in
the crystal [the AIN template is, as is well known, heavily n-type doped, so the population of the
minority carriers the split-off holes is an important quantity to have in mind]. This complementary
recombination can also be radiative in nature and thus it can produce photoluminescence whose
intensity is governed by the population of dissociated excitons (here the population of split-off
holes). Consequently, the story does not end with the dissociation of the exciton through the
disappearance of all the electrons and holes associated with these Coulombic excitations. The series
of samples we grew for the purpose of the study presented here is not adapted for allowing to study
this phenomenon: We studied the effect of annealing and dislocation densities in the AIN beneath
the growth template. However, this paves the way to complementary investigations. An important

000210-9



ALEXANDRA IBANEZ et al.

parameter to control, in the case of heteroepitaxy on sapphire substrates, is the thickness of the
predeposited AIN growth template layer, in order to initiate the growth process on surfaces with the
lowest possible dislocation density, thereby limiting all defect-related nonradiative recombination
mechanisms. The thermal ionization of excitons at high temperatures is intrinsic in nature, activated
by an energy similar to the exciton binding energy. With rising temperature, the increased mobility
of excitons promotes their diffusion toward dislocations and their dissociation into electron and hole
pairs. This results in their thermal escape out from the active region. This enhances nonradiative
recombination and limits the temperature dependence of the PL. An alternative potential option to
partially mitigate these phenomena could be the growth of MQWs under nonpolar or semipolar
orientations on sapphire. The ultimate solution could be the growth on high-quality AIN substrates.
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