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Origin of energy dispersion in Al,Ga;_,N/GaN nanowire quantum discs with low Al content
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Individual GaN nanowires containing Al,Ga,;_,N/GaN quantum discs (QDiscs) with Al content x=16%
have been investigated by microphotoluminescence, transmission electron microscopy, and theoretical model-
ing. Single quantum discs show narrow emission lines with a linewidth as low as 3 meV at energies above the
GaN band gap while the emission of nanowires containing multiple quantum discs shows multiple peaks with
total spectral broadening that depends on the Al content in the barrier. As assessed by simulations of the
quantum confinement based on a three-dimensional effective-mass model, the main factors influencing the
spectral dispersion are: (i) strain relaxation in the QDiscs, strongly affected by the presence of a lateral AlIGaN
shell with a progressively changing thickness formed during the barrier growth; (ii) monolayer fluctuations in

the QDisc thickness.
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I. INTRODUCTION

Quantum discs (QDiscs) embedded in nanowires (NWs)
have recently gathered considerable attention due to the
properties distinguishing them from two-dimensional quan-
tum well layers and Stranski-Krastanov quantum dots. These
structures can be grown without dislocations and offer a
more efficient strain management for the development of
light emitters and single photon sources.'-?

The growth of GaN nanowires containing Al(Ga)N/GaN
QDiscs has been successfully demonstrated using catalyst-
free molecular-beam epitaxy (MBE).>* The ensembles of
Al(Ga)N/GaN QDiscs have been shown to produce broad
photoluminescence at energies higher than the GaN band
gap. The important broadening of their emission was theo-
retically explained by the size dispersion from wire to wire
and also by the strain relaxation along the nanowire axis, the
internal field in the QDiscs and the band bending at the nano-
wire surfaces.>>° Theoretical analyses predict a variation in
the band gap and a reduction in the internal piezoelectric
field due to the relaxation of strain at the lateral surface.’
Narrow photoluminescence lines originating from AIN/GaN
single-QDisc structures have been demonstrated by micro-
photoluminescence (u-PL).! However, no such analysis has
been performed for low Al content AlIGaN/GaN QDiscs. The
latter system exhibits a much lower internal electric field
than pure AIN/GaN heterostructures resulting in better lumi-
nescence efficiency. Moreover, a QDisc system with low Al
content is better suited for luminescence devices under elec-
trical injection. Therefore it is of particular interest for opto-
electronic applications such as nanoscale light emitters.
Single nanowire emission in AIGaN/GaN systems has only
been probed by microcathodoluminescence.® However, nar-
row emission related to single QDisc could not be observed
due to peak broadening produced by strong electron-beam
excitation.
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In the present work we have investigated the relation be-
tween structural and optical properties of Al Ga;_N/GaN
single or multiple QDiscs (MQDiscs) with low Al content
(x=0.16) embedded in single GaN nanowires. u-PL experi-
ments reveal several narrow emission lines (with linewidth
as low as 3 meV) above the GaN band-gap energy for MQ-
Disc samples with x=0.16 while a large emission peak is
found for the sample with x=0.05. The analysis shows that
the QDisc emission lines are spread over an energy interval
which increases with the Al content in the barriers. Transmis-
sion electron microscopy (TEM) was performed on all
samples and in selected cases directly correlated with u-PL
measurements on the same nanowire. The results of the
structural TEM analysis were used as input parameters for
the simulation of the confined electronic states in the frame-
work of a three-dimensional (3D) effective-mass model. The
calculations take into account the QDisc thickness fluctua-
tion, the variation in the strain state along the nanowire axis,
the presence of an external AlGaN shell with progressively
changing thickness and the effect of band bending induced
by the pinning of the Fermi level on the nanowire top and
lateral surfaces. The combination of these effects, as well as
the consideration of excitonic effects, well accounts for the
observed emission energy and spectral dispersion of the nar-
row emission lines.

II. EXPERIMENTAL DETAILS

We analyzed two nanowire samples containing nine
Al,Ga;_,N/GaN MQDiscs and a reference sample contain-
ing a single quantum disc. All samples were grown by
catalyst-free plasma-assisted MBE on Si(111) substrates at a
substrate temperature of 780 °C. Nitrogen-rich conditions
were employed in order to achieve self-assembled nanowire
growth. The nanowire axis corresponds to the c-polar axis of
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the GaN lattice. Details on the growth technique can be
found in Ref. 8.

The nominally undoped nanowires consist of a GaN
base part, approximately 350-400 nm long, followed by
an Al,Ga;_,N/GaN heterostructure and overgrown with a
20-nm-thick Al,Ga;_,N cap. The shape of the nanowire, as
deduced from scanning electron microscopy, is that of a hex-
agonal prism. TEM analysis reveals a disc and barrier thick-
ness in the MQDisc heterostructures of 7op=1.5-1.75 nm
(fop=1-1.25 nm) and #,=5.5 nm (f,=6 nm) in sample 1
(sample 2). The Al fraction in the barriers is x=5%
(x=16%) for sample 1 (sample 2). The Al fraction was de-
termined by comparing the PL emission energy of a refer-
ence nanowire single heterostructures with thick AlGaN cap
to values reported for AlGaN layers with known Al content.”
The single QDisc reference sample has the same parameters
as sample 2 except for the number of QDiscs. For all samples
the nanowire height and diameter fluctuate from wire to wire
between 400-450 nm and 25-60 nm, respectively.

After macro-PL characterization of the ensembles, nano-
wires were detached from the substrate by ultrasound bath in
ethanol and dispersed on a Formvar-on-Carbon TEM mem-
brane. The density of the nanowires was controlled by dis-
persion in the range of 1X10°-5X10% cm™, a suitable
value for both u-PL and transmission electron microscopy
characterization.

Macro-PL and u-PL characterization was carried out at
T=4.2 K by exciting the sample with cw 244 nm light from
a frequency-doubled Ar** ion laser. The laser radiation was
focused onto the substrate surface with a spot of diameter
~3 um by means of a 20X UV microscope objective with
0.4 numerical aperture. The excitation power was kept in the
range 50 uW-10 mW. The luminescence was collected
with the same objective, dispersed with a 460 mm focal
length spectrometer and detected with a charge coupled de-
vice. The spectral resolution of the system for a 600
grooves/mm grating is 500 ueV.

For the correlation of the TEM image and of the u-PL
spectrum from the same nanowire, nanowires were first ana-
lyzed by w-PL. The position of isolated nanowire-related
emissions, evidenced by a luminescence spot, was recorded
by means of a visualization system. Then the MQDisc struc-
tures have been analyzed in high-resolution TEM (HR-TEM)
in order to extract the structural parameters with an accuracy
down to the atomic monolayer (ML). The uniformity of Al
content in the barriers was verified by energy-dispersive
x-ray analysis (EDX) throughout the whole quantum struc-
ture.

III. OPTICAL AND STRUCTURAL ANALYSIS

Figures 1(a) and 1(b) present the macro-PL spectra of
nanowire ensembles of both MQDisc samples compared to
selected u-PL spectra of single wires. The samples show two
main luminescence features: the one at 3.4-3.47 eV is the
near-band edge (NBE) emission of the GaN base of the
nanowires, the one at higher energy is attributed to the
AlGaN/GaN MQDisc emission. For most nanowires the in-
tensity of the GaN NBE features is lower than the intensity
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FIG. 1. (Color online) (a) The PL spectrum of the ensemble of
the nanowires (dashed black line) and of isolated nanowire emis-
sions (solid lines in color) from sample 1. (b) The PL spectrum of
the ensemble of the nanowires (dashed black line) and of a set of
single nanowires or nanowire bundles (continuous lines, in color)
from sample 2. The green line (first from the bottom) corresponds
to the spectrum of a nanowire with the same heterostructure param-
eters of sample 2 but containing a single QDisc. All spectra are
normalized to the MQDisc maxima and vertically shifted for clarity.

of the signal from the MQDisc system. The MQDisc emis-
sion of the nanowire ensemble is peaked at Eyop=3.52 eV
with a full width at half maximum (FWHM) of 20 meV for
sample 1. For sample 2, it is shifted to higher energy
(Engp=3.63 eV) with an increased broadening of 45 meV.

For sample 1, the u-PL spectra of single wires do not
differ significantly from the spectrum of the ensemble. The
MQDisc emission from single wires has a peak energy in the
range Eygp=3.518-3.534 eV with a FWHM of 12-16
meV. The linewidth is only slightly lower than the inhomo-
geneous broadening recorded for the ensemble showing that
the spectral dispersion of the MQDisc emission from wire to
wire is quite low. The MQDisc emission from a single nano-
wire is a superposition of the emission peaks of the nine
individual QDiscs, which cannot be separately resolved.
However, in some cases (for example, the spectrum of
sample 1-A depicted in Fig. 1(a), narrow separate lines can
be observed on the high-energy part of the spectrum.

In contrast to sample 1, the u-PL spectra of single nano-
wires from sample 2 strongly differ from the ensemble emis-
sion. While the MQDisc PL of the ensemble exhibits a broad
single peak at £,,=3.62-3.63 eV with a FWHM of 45 meV,
single nanowires show multiple narrow peaks with energies
varying in the interval Eygp=3.59-3.73 eV and a small
spectral width of FWHM=3 meV. The narrow peaks in the
spectra of sample 2 are attributed to the emission of indi-
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FIG. 2. (Color online) (a) uPL spectra taken at increasing power
level from a single nanowire from sample 2 (NW 2-D) at T=4 K.
(b) Dependence of the intensity of selected peaks on the power
level. The quantity Py=50 uW is the laser power transmitted by
the microscope objective.

vidual QDiscs. This interpretation is confirmed by the u-PL
analysis of the reference sample containing a single QDisc
(SQDisc), shown in Fig. 1(b). The high-energy emission con-
sists of a single narrow peak in the same energy range as the
peaks in sample 2. It should be noted that the linewidth of
the SQDisc emission (FWHM=7 meV) is comparable to
that of the individual peaks in the nanowires from sample 2.
As deduced from polarization-resolved measurements per-
formed on both samples, the symmetry of the MQDisc emis-
sion follows the polarization selection rules of the X,
exciton.!?

Interestingly, for many single wires the number of PL
peaks exceeds the number of QDiscs. For example, the spec-
trum of the nanowire 2-B containing nine QDiscs (Fig. 1)
exhibits 12 narrow lines. Similarly, the spectrum of the
single QDisc nanowire exhibits one main peak at E
=3.609 eV and a second peak at £=3.622 eV.

Figure 2(a) reports power-dependent photoluminescence
measurements in the spectral interval corresponding to
QDisc emission for one single nanowire from sample 2.
They reveal that the PL peak energy does not change and the
peak intensity grows linearly when the excitation power is
increased over two decades [Fig. 2(b)]. This linear depen-
dence is a strong indication of the excitonic nature of the
radiative transition.!! No saturation is found within the inves-
tigated power interval.
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FIG. 3. (Color online) Temperature dependence of the PL
energy of the ensembles of samples 1 (black squares) and 2
(red circles). The dotted lines correspond to the fit with the empiri-
cal Varshni model with parameters Ep(7)=Ep (0)—6.7
X 107472/ (T+874).

Figure 3 reports the temperature dependence of the PL
peaks of the MQDisc emission of the ensembles of samples
1 and 2. For temperatures well above 150 K the blueshift of
the PL energy with decreasing temperature can be well fitted
by the semiempirical Varshni model Ep (T)=Ep (0)-6.7
X 107*7%/(T+874). The fitting parameters used are the same
reported in previous studies on Al,Ga;_,N/GaN quantum
well structures with structural parameters very close to those
of the QDiscs of this study.!> For further temperature de-
crease a redshift of the PL emission is observed for both

samples. This redshift has also been observed in AlIGaN/GaN
quantum well systems and can be assigned to exciton local-

ization at local potential minima induced by alloy disorder at
12

the well/barrier interface.

FIG. 4. (Color online) (a) HR-TEM image of the multi-QDisc
region of one nanowire from sample 2. (b) Zoom of the region
evidenced by the dashed rectangle in part (a); the black arrow
shows the single monolayer fluctuation at one of the QDisc inter-
faces while the red dashed arrow evidences the AlGaN shell. TEM
images of the nanowires correlated with the reported PL spectra
from sample 2: (¢) nanowire 2-A; (d) nanowire 2-B.
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Figures 4(a) and 4(b) show high magnification TEM im-
ages of the MQDisc region in nanowire 2-A. The interfaces
of the QDiscs are generally atomically flat. Isolated single
monolayer steps are visible at the interfaces, as indicated by
the arrow in Fig. 4(b). These steps are due to the incomplete
formation of atomic monolayers during the growth of
QDiscs and barriers. The extracted QDisc thickness is typi-
cally 6 or 7 ML for sample 1, 4, or 5 ML for sample 2, and
5 ML for the reference sample. QDiscs with local thickness
of 5 ML (6 ML) have also been found in sample 1 (sample
2). Previous works performed on AlGaN/GaN nanowire het-
erostructures point out that lateral growth can lead to the
formation of an AlGaN shell surrounding the MQDisc
system.* The presence of such a shell is indicated both by
HR-TEM [as visible in Fig. 4(b)] and EDX analyses which
showed the presence of Al in the GaN base part of the nano-
wire. According to the HR-TEM images, the thickness of the
shell increases in the nanowire 2-A from 0.3-0.5 nm in cor-
respondence of the topmost QDisc to about 2 nm at the in-
terface between the AlGaN barrier and the GaN base. The
TEM images of nanowires labeled 2-A and 2-B are reported
in Figs. 4(c) and 4(d), respectively. They show that nanowire
2-A (2-B) has a diameter (i.e., the diameter of the cylinder
circumscribing the nanowire) d, =51 nm (d,=30 nm). De-
spite this difference the MQDisc emissions in wires 2-A and
2-B are distributed on similar energy intervals [Fig. 1(b)],
which may indicate a weak influence of the nanowire diam-
eter on the emission properties. The structural parameters
measured by TEM have been used for the subsequent simu-
lation of the electronic properties of these structures.!'?

IV. MODELING AND DISCUSSION

In order to elucidate the effect of quantum confinement
and strain distribution on the variation in the MQDisc emis-
sion energies in samples 1 and 2, we have carried out nu-
merical simulations based on a three-dimensional effective-
mass model for self-consistent solution of the Schrodinger-
Poisson equation in the QDiscs implemented in the software
NEXTNANO?.'* The results are summarized in Fig. 5. The
structural input parameters were extracted from TEM
analysis'® and a rectangular numerical mesh with a density
of two mesh points per nanometer in each direction was
used. A detailed list of the material parameters used in the
simulation is reported in Table I.

For calculation of the strain distribution the integral elas-
tic energy was minimized applying zero-stress boundary
conditions at the NW surface'’ (achieved by defining a sur-
rounding air cluster within NEXTNANO?®) and assuming
fully coherent interfaces in accordance with theoretical
considerations.'®

As a main difference to previous reports>’ the strain is
calculated throughout the whole MQDisc system and the
presence of an AlGaN shell with identical composition as the
barrier material and gradually decreasing lateral thickness
from 1.0 nm for QDisc #1 (bottom) to 0.3 nm for QDisc #9
(top) is taken into account.

Figure 5(a) shows the calculated distribution of the &,
component of the strain tensor inside the QDiscs along the
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FIG. 5. (Color online) Simulation results for the structure of
nanowire 2-B. (a) Distribution of the &,, strain tensor component in
the QDiscs for the plane indicated by the solid white line in part (c)
along the nanowire axis; (b) profile of CB and VB in the QDisc
structure calculated along the nanowire axis and close to the bound-
ary to the lateral AlGaN shell; (c) and (d) ground-state wave-
function profiles in QDisc #5. (c) Left: electron along the [0001]
direction on the nanowire axis, right: contour plot of |W|? in the
(0001) plane; (d) left: hole along the [1210] axis in the plane of the
QDisc, right: contour plot of [W|? in the (0001) plane; and (e) tran-
sition energy between ground states vs QDisc index calculated for
sample 1, top=1.5 nm (black squares) and for sample 2, fqp
=1.25 nm (red circles). Open symbols represent calculations per-
formed for single monolayer fluctuations in QDisc #5. The gray
region in the lower energy part of the plot corresponds to the dis-
persion of the main PL peak in sample 1 nanowires while the light
(dark) gray region in the higher energy part of the plot corresponds
to the dispersion of the PL peaks from nanowire 2-A (2-B).
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TABLE I. Numerical parameters used in the simulation.

Parameter Value as a function of xy,
a (nm) 0.3112x+(1-x)0.3189
¢ (nm) 0.4982x+(1-x)0.5185

0.32x+(1-x)0.206
0.30x+(1-x)0.202

m™ perpendicular
m™ parallel

Ch 396x+(1-x)390
Cpy 137x+(1-x)145
Cis 108x+(1-x)106
Cyy 373x+(1-x)398
Cuy 116x+(1-x)105
e33 (C/m?) 1.79x+(1-x)1.27
e, (C/m?) —0.50x—(1-x)0.35
e15 (C/m?) -0.48x—(1-x)0.30
Spontaneous

polarization (C/m?) —0.0340x—(1-x)0.0900-0.021x(1—x)
a; (eV) -34-(1-x)4.9
a, (V) ~11.8—(1-x)11.3
D, (eV) —17.1-(1-x)3.7
D, (eV) 7.9+(1-x)4.5
D5 (eV) 8.8+(1-x)8.2
Dy (eV) -3.9-(1-x)4.1
Ds (eV) -3.4—(1-x)4.0
D¢ (eV) -3.4—(1-x)5.1
AEcg GaN/Alyo5Gag osN 130 meV
AEcg GaN/ Al 16Gag gaN 402 meV
AEcg GaN/AIN 1.9248 eV

Doping Ep=20 meV, n=10"7 cm™

axis of nanowire 2-B [in the plane indicated by the solid
white line in Fig. 5(c), rhs]. The presence of the lateral shell
reduces the radial strain variation inside each QDisc. How-
ever, the variation in the shell thickness along the wire en-
hances the strain gradient in the axial direction related to the
elastic strain relaxation inside the QDiscs with increasing
distance from the GaN base. This effect can be verified by
performing the same calculation assuming a shell of constant
thickness: in this case the strain state is almost homogeneous
in the axial direction and hardly changes with QDisc index
(not shown).!”

For calculation of the resulting valence-band (VB) and
conduction-band (CB) profiles, displayed for the QDisc re-
gion in Fig. 5(b), spontaneous polarization, strain-induced
piezoelectric polarization, and the effect of deformation po-
tentials have been taken into account.!® The position of the
Fermi level defines the “zero” potential. A homogeneous re-
sidual doping concentration of Ny=10'7 cm™ is assumed.
The Fermi-level pinning on the top and lateral surfaces was
assumed to give rise to a surface band bending of 1.5
eV.3>1920 The consequences of this boundary condition and
of the radial strain relaxation are visible in the plot of Fig.
5(b). The upward lateral surface band bending of both bands
is most pronounced in QDisc #1 and decreases along the
wire. Moreover, the resulting geometrical extension of the
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space-charge region prevents carriers from accumulating in
the QDiscs and at the lower GaN/AlGaN heterointerface.
This is in agreement with the results presented in Ref. 19,
stating that nominally undoped GaN nanowires with a diam-
eter below 80 nm can be considered as fully depleted due to
the lateral extension of the space-charge region.

The polarization-induced internal electric field in the
QDiscs is on the order of ~1000 kV/cm in the center and
~800 kV/cm at the edges of QDiscs in sample 2. In Ref. 21
internal electric fields of 710 kV/cm have been extracted
indirectly for GaN quantum wells with an Al concentration
of 17% in the barriers by modeling the evolution of the tran-
sition energy with quantum well thickness. The deviation
from the present results can be due to the assumption of a
perfect pseudomorphic growth in the simulation which ne-
glects possible relaxation mechanisms, such as the formation
of interfacial defects. In addition it should be noted that a
direct comparison between the numerically obtained electric
field strength in QDiscs and those obtained experimentally
via comparison of PL transition energies in 2D quantum well
structures with different height might be not justified due to
the laterally inhomogeneous band profile in the QDiscs
which might affect the geometry of the excitonic wave func-
tion.

In order to obtain an estimate for the PL transition ener-
gies, and in particular for their variation along the wire axis,
the confined one-particle electron and hole states were cal-
culated for QDisc numbers 2, 5, 7, and 9. Applying Dirichlet
boundary conditions the Schrodinger equation was solved
numerically for a “quantum region” (defined within
NEXTNANO?) ranging from 4 nm below to 5 nm above the
respective QDisc. The resulting lateral band profile induces a
spatial separation of confined one-particle electron and hole
states, preferentially localized in the center and at the border
of the QDisc, respectively [shown for QDisc #5 in Figs. 5(c)
and 5(d)]. However, the resulting in-plane electric field in-
side the QDiscs was found to be smaller than 30 kV/cm, i.e.,
it is not sufficient to overcome the electron-hole Coulomb
interaction that is responsible for exciton formation.?”> This
result suggests that for a QDisc height smaller than the ex-
citon Bohr radius [3-3.4 nm for GaN (Refs. 23 and 24)], the
QDisc luminescence should be described in terms of recom-
bination of excitons rather than separated electron-hole pairs.
This is in agreement with the observation that the emission
energy does not vary with increasing excitation-power den-
sity while the PL intensity increases linearly. Therefore, the
transition energies calculated using the one-particle wave
functions provide an upper estimate and should be corrected
to account for the exciton binding energy.”> The exciton
binding energy in the present MQDisc system can be ap-
proximated by a value of 50 meV according to reports on
AlGaN/GaN quantum well systems.'??1»-27 An additional
correction arises from the exciton localization at potential
fluctuations caused, e.g., by alloy disorder at the QDisc in-
terfaces or by point defects. An estimate for this correction
can be extracted from the deviation of the low-temperature
PL emission energies with respect to the empirical Varshni
model (Fig. 3), which reveals a localization energy of 10-12
meV for both samples, similar to respective values reported
for AlIGaN/GaN quantum well systems.!>?’
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It is worth to notice that the one-particle states are well
localized in the QDiscs in the case of sample 2 while in
sample 1 there is a non-negligible leakage of the electron
states into the Alj(5GagosN barrier, possibly giving rise to
the formation of diagonal excitonic transitions®® involving
two neighboring QDiscs and yielding an additional broaden-
ing of the PL peak which can be estimated as ~5 meV.

Figure 5(e) reports the calculated transition energies be-
tween the ground state of electron and hole in selected
QDiscs of sample 1 (x5=5%, tgp=1.5 nm) and sample 2
(xa1=16%, top=1.25 nm) corrected by an exciton binding
energy of 50 meV (Ref. 21) and a localization energy of
10 meV. The obtained variation along the wire axis is smaller
for sample 1 (AEZ,=5 meV) than for sample 2 (AEg,
=30 meV) in agreement with experiment. If a homogeneous
shell thickness of 0.3 nm is assumed for the latter case
AESY,, is reduced to 10 meV, emphasizing the importance of
the inhomogeneous thickness of the surrounding shell as a
main dispersion mechanism. It should be noted that the im-
pact of the AlGaN shell on the energy dispersion is probably
even underestimated in the present model. In fact, due to the
different kinetics of Ga and Al atoms on the nonpolar side-
walls during growth,*?° the Al concentration in the shell
might be higher than in the barrier material, resulting in a
higher dispersion of the emission energies.

The second main dispersion mechanism is given by
monolayer fluctuations of the QDisc height. The open sym-
bols in Fig. 5(e) visualize variations in the respective transi-
tion energies due to monolayer fluctuations in the QDisc
height for QDisc #5. For small Al concentrations (sample 1)
these fluctuations induce a variation in transition energy of
AEY;=%6 meV, which significantly increases to AE)f,
=+28 meV for an Al concentration of 16% (sample 2).

The dotted lines in Fig. 5(e) represent the width of the
experimentally determined energetic distribution of the lumi-
nescence indicating reasonable agreement between the mea-
sured and calculated luminescence energies when consider-
ing shell effects and ML fluctuations. Further phenomena
could play a role in the dispersion of the PL energies. Among
those are variations in the exciton binding and localization
energies, as well as the possibility for the exciton to bind at
charged point defects. Nevertheless, these effects are not ex-
pected to be strongly dependent on the Al content in the
barriers and their contribution should not be higher than the
average value of the localization energy. A further minor
dispersion factor could be related to the NW diameter, as
NWs with larger diameter have a higher difference in the
respective strain states on the axis and at the lateral edge,
possibly enhancing the difference of the related transition
energies. However, the comparison of the PL energy disper-
sion and the NW diameter measured on a larger number of
NWs (~20) by scanning electron microscopy did not show a
direct correlation of these two quantities.

The results strongly suggest that both the axial gradient of
the shell thickness and the presence of monolayer fluctua-
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tions in the QDisc height are the main contributions to the
variation in transition energies between different QDiscs
within one nanowire and also result in the broadening of the
ensemble luminescence. It is important that both contribu-
tions are enhanced when the Al concentration in the barriers
is increased. This is directly evidenced by the comparison of
sample 1 and sample 2 in this work. For sample 1 with an Al
concentration of 5% in the barriers, the variation in the tran-
sition energies in different QDiscs is comparable to the line-
width of individual QDisc emissions leading to an overlap of
emission lines. Therefore, only one luminescence peak due
to superposition of the contribution of different QDiscs is
obtained in single wire PL measurements. Increasing the Al
content in the barriers to 16% results in a stronger confine-
ment making energy levels much more sensitive to geometri-
cal stress, electric field, and any other variable changes. This
translates into a larger difference of transition energies, so
the emission of single QDiscs within one wire can be re-
solved.

Finally, it should also be noted that the number of QDiscs
in the NW and the number of experimentally observed
emission peaks do not necessarily have to coincide as local-
ization of excitons at local potential minima can occur at
different in-plane positions with different monolayer thick-
ness, strain state, or localization energy. This also accounts
for occurrence of more than one emission line in the case of
SQDisc-NWs.

V. CONCLUSIONS

In conclusion, we performed a systematic combined char-
acterization of the optical and structural properties of
AlGaN/GaN QDiscs in GaN nanowires. Emission lines with
FWHM as low as 3 meV corresponding to individual QDiscs
were observed for moderate Al contents (x=16%) in the het-
erostructure barriers. The transition energies of the individual
QDiscs incorporated within the same nanowire present a sig-
nificant variation along the wire. By comparison to numeri-
cal simulations we have identified monolayer fluctuations
and an axial gradient of the lateral shell thickness as domi-
nating mechanisms for the observed dispersion of the PL
energy of the MQDiscs. For both mechanism, the resulting
variation in transmission energies along the wire increases
with increasing Al concentration in the barriers.
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