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The polarization anisotropy of single GaN nanowires containing Al,Ga,_,N/GaN multiquantum disc
(MQDisc) structures is characterized by polarization-resolved microphotoluminescence (uPL). Single nano-
wires exhibit at 7=4.2 K two main luminescence contributions: one is peaked at E=3.45-3.48 eV related to
near-band-edge GaN bulk excitonic transitions and is polarized parallel to the nanowire axis (ar polarization)
at moderate excitation-power density; the other, lying at higher energy, is related to excitonic transitions
confined in the MQDisc and is polarized perpendicularly to the nanowire axis (o polarization). The results are
interpreted in terms of the selection rules for excitonic transitions in wurtzite semiconductor crystals and of the
polarization anisotropy arising from the elongated nanowire shape. Finally, the analysis of photoluminescence
at T=300 K shows that the thermal population of light-hole states in the MQDisc produces a blueshift of the

PL peak when polarization is rotated from o to 7.
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I. INTRODUCTION

With the development of semiconductor nanowire growth,
the role of the geometrical shape of these nanoscale systems
and its influence on the polarization anisotropy of optical
absorption and emission spectra have been object of intense
studies. Since the work on the polarized photodetection and
photoluminescence of single InP nanowires by Wang et al.,!
the interest for polarization properties of nanowire systems
has extended to a wide variety of materials.>~*

The large dielectric index contrast between the nanowire
and the surrounding medium, along with the cylindrical ge-
ometry of the nanowire, strongly favors absorption and emis-
sion of light with the electric field E polarized along the
nanowire axis ¢y, (7 polarization) compared to the light with
electric field perpendicular to the nanowire axis (o
polarization).'> The theoretical study by Ruda and Shik® has
assessed that this is strictly valid in nanowires with a diam-
eter d much smaller than both their height & and the light
wavelength in the medium \. The photoluminescence (PL)
polarization can indeed oscillate from the direction parallel
to perpendicular to the nanowire axis when the ratio d/\
increases.” Another source of polarization anisotropy stems
from the fundamental properties of electronic states, which
depend on the symmetry of the crystal lattice®'” and, for
very thin nanowires (d<10 nm) on the nanowire
diameter.'"!> Even in bulk materials excitonic transitions are
not, in general, isotropic. The cubic symmetry of zincblende
(ZB) WI-V binary compound semiconductors such as GaAs
and InP allows for isotropic excitonic transitions but the situ-
ation radically changes in semiconductors with reduced sym-
metry such as the wurtzite (WZ) InP and GaN. The most
striking difference regards the type A and B excitonic transi-
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tions (X, and Xp), corresponding to a heavy hole (hh) (in the
case of X,) or light hole (Ih) (in the case of Xg) bound to a
conduction-band electron (hh-e¢ and lh-e, respectively). In
both ZB and WZ crystals the calculation of the dipole matrix
elements for the X, transition shows that this is forbidden in
77 polarization. However, the 14 and /h bands are degenerate
in the ZB structures, and the three axes x, y, and z are per-
fectly equivalent; therefore, the excitonic luminescence in
the bulk is unpolarized. In WZ crystals there is a nonequiva-
lent crystalline orientation z and the A and B bands are not
degenerate. Therefore, the X, emission in ideal WZ crystals
is polarized in the x-y plane. The consequences of this an-
isotropy have been assessed in several works on binary ho-
mogeneous nanowires. The work by Schlager et al.,'? in par-
ticular, assessed that PL spectra of binary GaN nanowires in
7r and o polarizations corresponds to different excitonic con-
tributions while Mishra et al.'* evidenced that the PL of bi-
nary InP ZB (WZ) nanowires is 7 polarized (o polarized).

In the case of nanowires containing heterostructures, the
primary consequence of carrier confinement is the increase in
the energy separation of hh and Ih states. Consequently, the
enhanced separation of the emission energies of the X, and
Xpg excitons allows for probing a single type of exciton emis-
sion.

A limited number of theoretical’® and experimental®'®
works have been dedicated to the polarization properties of
nanowire heterostructures, in particular, to InAs,P,_, quan-
tum dots (QD) in InP nanowires. The study by Niquet and
Mojica!® analyzed the polarization properties of the
quantum-dot emission in terms of both wave-function sym-
metry and nanowire geometry, predicting an emission
strongly o polarized at 7=4.2 K in InAs quantum dots
with thickness 74,,=4 nm. The experimental studies by
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FIG. 1. (Color online) (a) Schematic representation of the ana-
lyzed nanowire samples Al, A2, and B. GaN and AlGaN regions
are depicted in dark and light gray, respectively. (b) TEM image of
one nanowire from sample Al, showing the multiquantum-disc re-
gion. (c) High-resolution TEM image of a nanowire from sample
A2, showing the detail of atomic planes in the multiquantum-disc
region.

Van Weert et al.,’ performed on InAsg,sPy;s with f4,
=9 nm embedded in InP nanowires, did not confirm the pre-
diction. In this case, indeed, the quantum-dot PL polarization
at 7=4.2 K was found to be 77 type and imposed almost
exclusively by the nanowire geometry.

Single and multiple quantum-disc structures (MQDisc)
based on the Al,Ga,_ N/GaN material system have been ex-
tensively characterized.!'”>! However, no systematic study of
the polarization properties of nanowires containing nitride-
based quantum structures has been performed so far.

In this work we study the polarization-resolved micropho-
toluminescence (uPL) of GaN nanowires containing
Al ,Ga;_N/GaN multiquantum discs. Three samples with
different MQDisc parameters and doping concentrations
have been investigated. All samples exhibit two main lumi-
nescence features: the near-band-edge (NBE) GaN emission
and the quantum structure (MQDisc) emission, which allows
investigating the polarization properties of both GaN and
MQDisc excitonic luminescence within the same single wire.
We demonstrate that at 7=4.2 K the GaN luminescence,
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TABLE 1. Structural parameters of the analyzed nanowire
samples.

Sample A1 Sample A2 Sample B
Position of MQDisc system Top Top Middle
Number of QDiscs 9 9 20
Disc thickness (nm) 1.5-1.75 1-1.25 1.5-2.5
Barrier thickness (nm) 5 5 2-3
Al x fraction in the barriers 5% 16% 100%
Nanowire height (nm) 400-450  400-450  1200-1300
Base height (nm) 350-400  350-400 ~600
Cap height (nm) 20 20 ~600
Al x fraction in the cap 5% 16% 0%
Nanowire diameter (nm) 25-50 25-50 25-40
Intentional doping None None n type: Si

consisting of both X, and Xy contributions, is 77 polarized as
a consequence of the nanowire geometry and of the dielectric
index contrast. However, at lower excitation-power densities
the GaN luminescence is almost unpolarized because of the
reduced contribution of the Xy recombination. In contrast,
the MQDisc luminescence consists of only X, contributions
and is strongly o polarized because of the selection rules for
excitonic transitions within the investigated range of excita-
tion power. Finally, the analysis of polarization properties
was carried out at room temperature, where the thermally
activated population of the Xy levels in the MQDisc system
produces a blueshift of the MQDisc peak energy when rotat-
ing the polarization from o to 7.

II. INVESTIGATED SAMPLES AND EXPERIMENTAL
METHOD

The three nanowire samples containing quantum struc-
tures are schematically depicted in Fig. 1(a) and their param-
eters are listed in Table I. The catalyst-free GaN nanowires
were grown by plasma-assisted molecular-beam epitaxy on
Si(111) substrates at a substrate temperature of 780 °C.
Nitrogen-rich conditions were employed in order to achieve
self-assembled nanowire growth. Details on the growth tech-
nique can be found in Refs. 22 and 23.

A. Samples A1 and A2

The nanowires consist of a GaN base part (length ap-
proximately 350-400 nm), which is followed by a nine-
period Al,Ga;_,N/GaN multiquantum-disc structure covered
by a 20-nm-thick AlGaN cap with the same Al content as in
the barriers. Sample Al has a low Al content, x=5%, while
sample A2 has a higher Al content, x=16%. The barrier
thickness is f,,,=5 nm and the disc thickness is 7qp
=1-1.25 nm (tgp=1.5-1.75) nm for sample Al (sample
A2). Both the GaN base and the heterostructures are nomi-
nally undoped. Transmission electron microscopy (TEM) im-
ages of the heterostructure region of these samples are re-
ported in Figs. 1(b) and 1(c). Well-defined QDiscs with
thickness fluctuations on the order of a single monolayer (1

045411-2



PHOTOLUMINESCENCE POLARIZATION PROPERTIES OF...

ML, corresponding to 0.26 nm in unstrained GaN) can be
identified in the high-resolution TEM characterization of
these structures.

B. Sample B

The heterostructure consists of a 20-period AIN/GaN
MQDisc with structural parameters in the ranges fy,,
=2-3 nm and fop=1.5-2.5 nm. The heterostructure was
grown in the middle of a n-type doped GaN:Si nanowire,
whose height is approximately A=1.2 um.

C. Method

Single nanowires from each sample were detached by ul-
trasound bath from the Si substrates and dispersed in ethanol
on Si/Si0O, templates patterned by e-beam lithography. The
surface density of nanowires is controlled by dispersion in
the range 1—5X 10° nanowires/cm?, which is low enough
to avoid simultaneous excitation of several wires with differ-
ent orientations.

Micro-PL has been performed in the temperature range
from 4.2-300 K. The samples were cooled down in a
continuous-flow liquid He cryostat and excited by means of a
frequency-doubled cw Ar** ion laser at 244 nm. The laser
was focused on the substrate surface in a spot with a diam-
eter of ~3 um by means of a UV microscope objective with
0.4 numerical aperture. The excitation power was set in the
range 50 uW-1 mW except for the measurements of the
dependence of the polarization ratio on the power density, for
which the power was lowered down to 10 uW. The sample
was imaged through a UV-sensitive camera in order to visu-
alize the luminescence spot and to locate the nanowire. PL
spectra were measured using a HR460 spectrometer with a
600 grooves/mm grating and a charge-coupled device cam-
era. The energy resolution of the setup during these experi-
ments was in the range of 1 meV. To analyze the emission
polarization, a polarizer was placed at the entrance of the
spectrometer. The response of the system to horizontally or
vertically polarized light was calibrated using the UV light
from different unpolarized sources with energies in the range
3.3-3.8 eV filtered by the polarizer at the spectrometer en-
trance. For each single nanowire analyzed by uPL, a series
of spectra was taken at different values of the angle of the
polarizer axis, which was varied over the whole interval
0°-360° with 30° step.

The orientation of the nanowire with respect to the polar-
izer axis, as well as its isolation from other dispersed nano-
wires, has been assessed by scanning electron microscopy
measurements performed after the optical characterization.
The lithographic patterning of the substrate served as a ref-
erence frame. We thus identified the polarizer angles closest
to 77 and o polarizations for each wire. For each PL peak the
polarization ratio is defined as

o= (25 = PO + 1Y), (1)

where IP* and IP* are the integrals of the PL intensity of the
peak corresponding to the 7 and o polarizations, respec-
tively. When many excitonic contributions are significantly
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FIG. 2. (Color online) PL spectra at v (blue dotted lines) and o
polarization (red solid lines) collected from different individual
nanowires belonging to the three samples described in Table I. First
row refers to sample A1, second row refers to sample A2, and third
row to sample B. All spectra were collected at temperature 7'
=4.2 K.

overlapped, as it occurs in the NBE PL of GaN, the integrals
IP* and I extend over the whole NBE band. The same
analysis was carried out on several tenths of nanowires for
statistical purposes. Different nanowires, even belonging to
the same sample, can indeed show important differences in
the spectral shape, which may arise from diameter and height
dispersion, as well as from the effect of surface states in-
duced by external contamination.

III. LOW-TEMPERATURE PHOTOLUMINESCENCE
A. Spectral contributions

Typical micro-PL spectra of single nanowires from
samples Al, A2, and B collected in 77 and o configurations
are reported in Fig. 2. All nanowire samples exhibit two
main luminescence features: the one at 3.45-3.49 eV is at-
tributed to the GaN NBE transitions in the bulk GaN region
and the other one at higher energy is attributed to the
Al(GaN)/GaN MQDisc excitonic transitions. The MQDisc
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TABLE II. Emission energy E, average polarization ratio (P°€)
and standard deviation of the polarization ratio AP® of NBE and
MQDisc PL in the analyzed nanowire samples.

Sample A1 ~ Sample A2  Sample B
NBE Enge (eV) 3.45 3.47-3.48 3.47
(PXgE 0.77 0.48 0.39
AP{gr 0.14 0.13 0.12

MQDisc  Epgp (eV) 3.53 3.55-3.72  3.55-3.65
<Ple\/IQD> -0.48 -0.7 -0.55
APT\/IQD 0.22 0.14 0.14

was chosen in order to exhibit fundamental transitions above
the GaN bandgap (E,=3.49 eV at 4.2 K). The typical energy
values of the NBE and MQDisc luminescence are reported in
Table II for the three samples. The luminescence peaks with
energy lower than 3.42 eV, which are mostly found in sample
B and are referred to as the subgap interval, can be related
either to excitons bound to surface-defect states or to donor-
acceptor pairs.>* The contribution of donor-acceptor pairs is
increased in intentionally doped samples such as sample B.?

1. GaN NBE luminescence

The NBE region corresponds to the luminescence of GaN
originated by free excitons, or by excitons bound to donor
states, to acceptor states and to point-defect states.?4—20
Micro-PL spectra from sample Al nanowires are shown in
Fig. 2A1. The GaN NBE emission is for most nanowires
peaked at Eyge=3.45 eV with a FWHM of 25 meV. It is
ascribed to an exciton bound to a defect state, most likely
located at the nanowire surface.?*?>?7 This contribution often
masks the free and donor-bound excitons transitions ex-
pected at E=3.47-3.49 eV. These emission lines are how-
ever visible in the spectra of Fig. 2A1 although dominated by
the defect-related peak.

Sample A2 nanowires [Fig. 2A2] exhibits a GaN NBE
emission which is peaked at Engg=3.47-3.48 eV, ascribed
to donor-bound exciton recombination, while the appearance
of the peak at 3.45 eV is rare, in less than 10% of the ana-
lyzed single nanowires. This discrepancy with respect to the
similar structures from sample Al (differing by the hetero-
structure parameters) could be explained by slight growth
parameter fluctuations, leading to a lower defect concentra-
tion in sample A2 nanowires.

In sample B [Fig. 2B] the NBE luminescence, depending
on the investigated nanowire, appears either as a rather
broadened peak at E\gg=3.46-3.48 eV or as a structured
peak in which donor-bound and free exciton contributions
can be separated. The origin of the broadening is likely re-
lated to the intentional n-type doping and to the higher de-
gree of strain induced by the lattice mismatch between AIN
and GaN.

2. MQDisc luminescence

In sample Al [Fig. 2A2] the MQDisc emission from
single wires has a peak energy in the range Eyqp
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=3.518-3.534 eV, with a full width at half maximum
(FWHM) of 12-16 meV. This peak is composed of the single
emissions of each QDisc, which are not separately resolv-
able.

The MQDisc emission for sample A2 nanowires [Fig.
2A2] is represented by multiple narrow lines (FWHM in the
range 10-2 meV) corresponding to the emission of single
QDiscs with energies distributed in the range Eyqgp
=3.55-3.72 eV.

The MQDisc emission from sample B is peaked in the
energy range Eyjop=3.55-3.6 eV. The emission FWHM is
on the order of 35 meV 80% of the investigated nanowires
[left-hand side spectrum of Fig. 2B]. Other nanowires show a
multiple peak [right-hand side spectrum of Fig. 2B].

Effective-mass simulations have been carried out in order
to assess the effect of the different thickness and of the dif-
ferent Al content in samples Al and A2. The emission ener-
gies in sample Al are less sensible to single-monolayer fluc-
tuations. The QDisc PL energy predicted for sample Al is
E3%, =3.54 eV for a QDisc thickness of 7 ML (1.75 nm)
and EX%, =3.55 eV for a QDisc thickness of 6 ML (1.5
nm). The same calculation for sample A2 yields a PL energy
of Ei% =3.69 eV for 4-ML- (l1-nm)-thick QDiscs, and
EN% =3.62 eV for 5-ML- (1.25-nm)-thick QDiscs. In both
samples, the emission energies also depend on the position of
the QDisc in the MQDisc structures. This is due to two main
factors. The first factor is the axial band bending induced by
the Fermi-level pinning on the polar top surface, which gives
rise to a barrier height ¢,=1.2 eV.!® The second factor is
due to the relaxation effects of the strain accumulated at the
GaN/AlGaN interface. The lattice constant relaxes rapidly to
that of GaN in the direction of the GaN base and to that of
AlGaN in the direction of the nanowire top. The typical de-
cay length is on the order of the nanowire diameter.”® Both
the band bending and the strain relaxation result in a progres-
sive blueshift of the PL energy from the GaN/AlGaN inter-
face toward the top surface. However, the energy shift in-
duced by these two mechanisms is quite different in the two
samples. It can be estimated to be AE’*=15 meV for
sample Al and AE'®%=35 meV for sample A2. This, to-
gether with the energy dispersion induced by possible mono-
layer fluctuations, accounts for the difference in the observed
MQDisc spectral contributions in samples Al and A2.

Similar considerations can be applied to the MQDisc lu-
minescence of sample B, as effective-mass calculations for a
MQDisc system with barrier and disc thickness fy,,
=2.5 nm and f5p=1.5-2.5 nm predict a PL energy in the
range £=3.2—-3.6 eV. The dispersion in the QDisc thickness
in this structure is such to allow for PL luminescence under
the GaN bandgap. However, the transitions in thicker discs
yielding energies outside the range E=3.5-3.6 nm are
strongly disfavored because of the weak superposition of the
electron- and hole-envelope functions. In this sample, fur-
thermore, the higher strain level induced by higher Al con-
tent, as well as the n-type Si doping introduce additional
broadening mechanisms, which in most of the investigated
nanowires yield spectra such as that reported in Fig. 2B on
the left-hand side.
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FIG. 3. (Color online) (a) Micro-PL (T=4.2 K) spectra from a
single nanowire from sample A2 taken in ar (blue dotted line) and
in o polarization (red solid line). (b) Normalized polar diagram
illustrating the variation in the peak amplitudes according to the
polarizer angle.

B. Polarization properties of NBE and MQDisc luminescence

Analyzing the polarization properties of the low-
temperature PL spectra, we notice that in all nanowire
samples the NBE luminescence is 7= polarized while the
MQDisc luminescence is o polarized. This result is indepen-
dent of the number of quantum discs, of their position in the
wire, and of the structural parameters of the quantum struc-
ture. This behavior is analyzed in more detail in Fig. 3,
which presents the polarization-resolved uPL characteriza-
tion of a sample A2 nanowire. Figure 3(a) shows the uPL
spectra in 77 and o configurations. Figure 3(b) reports the
normalized intensities of the NBE peak and of the three ma-
jor MQDisc peaks. For a7 polarization the intensity of the
NBE component, peaked at E=3.48 eV in Fig. 3(a), is about
twice that of the same component in o polarization, which is
peaked at 3.47 eV. The rotation from o to 7 polarization
thus produces both an intensity variation and a change in the
spectral shape. The polar-intensity diagram in Fig. 3(b) cor-
responds to a typical dipole pattern. The NBE signal is
polarized with the polarization ratio P{gp=0.34. In contrast,
the MQDisc emission is ¢ polarized with the polarization
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FIG. 4. (Color online) Statistics of the polarization ratio P¢ for
the different nanowire samples. Red-patterned and blue columns
refer to the polarization degree of MQD and NBE luminescences,
respectively. The dotted lines indicate the average values for the
polarization degree of MQD and NBE for each sample. First plot
refers to sample Al, second plot to sample A2, and third plot to
sample B.

ratio Pyop=-0.86 for the peak labeled MQD-3 in the figure.
Similar values are found for the peaks labeled MQD-1 and
MQD-2. As a striking difference with the NBE case, the
spectral shape of the MQDisc emission does not change from
o to a7 polarization, i.e., the energy position of the narrow
peaks is independent of the angle.

The subgap luminescence is generally 7 polarized, fol-
lowing the same behavior as the NBE luminescence. This is
visible for instance in the spectrum on the left-hand side of
Fig. 2A2 for a defect-related emission at £=3.39 eV, or in
the DAP emission present in the spectra of sample B, Fig.
2B.

A significant dispersion of the polarization ratios can be
found within nanowires belonging to the same samples. The
behavior of the ensemble of single nanowires has thus been
analyzed in order to outline the peculiarities of each sample.
The dispersion is reported for each sample in the histograms
of Fig. 4. The average values and the standard deviations of
the polarization ratios are reported in Table II. The number of
analyzed single nanowires was on the order of 10 per
sample.
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As reported in Fig. 4A1, the polarization ratios for NBE
and MQDisc emissions are Pxpp=0.77*0.14 and Pyqp=
—0.48 +£0.22. In sample A2 [Fig. 4A2] the polarization ratio
for the NBE luminescence is Pygp=0.55%0.13 while for the
MQDisc luminescence it is Pyop=—0.70=0.14. It must be
noted that in some nanowires from sample A2, such as in the
one yielding the spectrum in the right-hand side of Fig. 2A2,
MQDisc PL overwhelms NBE PL by nearly 2 orders of mag-
nitude, showing that the relative intensity of NBE and
MQDisc PL can significantly vary from wire to wire. This
may be due to the dispersion in the surface-to-volume ratio
which could affect the GaN emission efficiency but we can-
not exclude that the effect is related to the position of the
laser spot or to surface contamination. In sample B nano-
wires the polarization ratio for the NBE peak is Pigpg
=0.39£0.12 while that for the MQDisc luminescence is

Mop=—0.55*0.14.

The dispersion of polarization ratios is accounted for by
two factors. The first factor is the imperfect alignment of the
polarizer axis with the nanowire axis, which leads to a maxi-
mum error on the order of =0.1. The second factor is the
size dispersion of nanowires of the same sample. In any case,
these results clearly show that NBE emissions are 77 polar-
ized and all MQDisc emissions are o polarized indepen-
dently of the sample.

IV. DISCUSSION
A. Polarization of NBE luminescence

The statistics on the NBE emission of the analyzed nano-
wires was performed at moderate laser power density to ob-
tain a good signal-to-noise ratio. This power level reveals
sufficient to activate not only the fundamental X, excitonic
transition of GaN but also the Xy excitonic transition lying at
higher energy. The NBE emission is composed of multiple
contributions, allowed for both ¢ and 7 polarizations, with
the exception of X,, which is o polarized. Indeed, in wurtz-
ite crystal the selection rules for excitonic transitions are
strongly anisotropic due to the reduced crystal symmetry and
to the splitting of the hh and the lh bands. The dipole-matrix
elements for excitonic transitions are defined as

% ()

where p, . indicates the component of the momentum opera-
tor perpendicular or parallel to the z axis (i.e., the [0001]
crystallographic direction), respectively, u,.,, are the Bloch
functions of the conduction band and of the nth valence
band, respectively. The most important property states that
excitonic transitions involving the heavy-hole level (hh-e,
also denoted as exciton A, or X,) are not allowed for the
electric field polarization along the crystal z direction. Less
strict selection rules apply for the transitions involving the
light hole (lh-e, exciton B, or Xg) and the crystal-field split-
off hole (ch-e, exciton C, or X¢).>!1°

When the [0001] direction of the wurtzite crystal lattice
corresponds to the nanowire axis c¢,,, which is the case for the
MBE-grown nanowires analyzed in this work, the lumines-
cence peaks related to the X, transitions (free and bound

Mglzllk’n = |<uc|pt,z|uvn>
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excitons) should be suppressed in the ar-polarized PL spec-
tra. Observations of polarization anisotropy have been per-
formed by Schlager et al.'* in bulk GaN nanowires grown on
the polar direction. The authors could assess the difference in
the spectral shapes of o- and 7r-polarized PL spectra of a
pair of nanowires lying almost parallel on a Si substrate. A
significant decrease in the Xj,-related spectral component
was observed in the sr-polarized spectrum. A more pro-
nounced polarization contrast in the spectral shapes of -
and o-polarized PL has been obtained by Paskov et al.? by
analyzing the emission from free-standing polar GaN layers.
However, a complete disappearance of the X,-related lines
in 7r configuration was not observed, which could be ex-
plained by the relaxation of the k L ¢ geometry caused by the
rather high numerical aperture of the microscope objectives
collecting the luminescence. The acceptance cone of the ob-
jective contains a significant amount of light with electric
field having a nonzero component in the x-y plane. This ex-
planation, put forward by Paskov et al. to explain the devia-
tions from ideality of their spectra, can be applied to the case
of nanowires as well.

However, due to the presence of the Xy and X lines in
the NBE interval, the ensemble of the NBE luminescence
can be roughly regarded as originated by an effective isotro-
pically emitting dipole. Therefore, the polarization contrast
of the NBE can be explained by the dielectric contrast
theory, according to which Xy and X emissions and the
resulting 77 polarization are favored. This is confirmed by the
behavior of the NBE emission in Fig. 4. For 7 polarization
the NBE component, peaked at E=3.48 eV, is about twice
as intense as the same component in o polarization, which is
peaked at 3.47 eV. This energy shift supports the interpreta-
tion for a transition from a prevailing X, character in the o
polarization to a prevailing Xp character in the 7 polariza-
tion, similarly to what is reported in the work by Schlager et
al."® on homogeneous nanowires.

The polarization ratio observed in our experiment is
somehow smaller than that reported in luminescence experi-
ments on InP nanowires' and than the predictions by Ruda
and Shik.” In the latter work, the polarization ratio P° de-
pends on the nanowire diameter d. For a value of the dielec-
tric constant £/£7=9 and under the hypothesis of isotropic
dipole-matrix elements, P¢ is expected to be larger than 0.7
for diameter values d smaller than 60 nm.” However, the
internal dipole-matrix elements of the NBE emission cannot
be considered isotropic because the dipole matrix element
for the X, exciton vanishes for the z direction. This contrib-
utes to the lower polarization contrast. It is also worth noting
that the nanowires are not completely surrounded by
vacuum, but lie on a Si/SiO, substrate, which lowers the
effective dielectric index contrast, and, subsequently, the po-
larization contrast.

Concerning the peak centered at 3.45 eV, most authors
agree that it can be assigned to an exciton bound to a
defect®*2>?7 but very few is known on the exact nature of the
defect, which might be of extended nature, and possibly lo-
cated at the surface. As a partial conclusion, this study shows
that the 7r-type polarization tends to exclude a pure X, char-
acter for this transition.
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B. Polarization of MQDisc luminescence

As previously mentioned, the polarization behavior
changes when the luminescence originated by MQDisc states
is considered. The interpretation of this result is based on the
effect of the confinement on the electronic levels. In a QDisc
the X, transition is energetically favored with respect to Xy
as the quantum confinement produces an enhanced splitting
of the energies of hh state and lh state. The magnitude of the
splitting depends on the structural parameters defining the
confining potential: the Al content in the AlGaN barriers, as
well as the disc and barrier thickness. The role of the nano-
wire diameter can be neglected, as in most cases it largely
exceeds the exciton Bohr radius, estimated as about 3 nm.?2!
For this reason, the QDisc system can be described as a
quantum well rather than as a quantum dot.

The dipole-matrix elements M?ZW " for the excitonic tran-
sitions of states confined in a quantum well are given by®

%3

where x.,, are the envelope functions of the conduction and
of the nth valence-band states. Thus, the energetically favor-
able X, transition in QDisc structures remains forbidden for
ar polarization. Considering the spectrum in Fig. 4(a), this
behavior is the same for all the set of MQDisc lines, as
underlined by the polar diagram in Fig. 4(b). The o polar-
ization of the MQDisc PL is a clear signature of the X,
character of this transition.

It is interesting to notice that the average polarization ra-
tio for sample Al, (Py;op)=—0.48, is significantly weaker
than that found for sample A2, (Py;op)==0.7. The main dif-
ference between the two samples is the Al content, which is
5% for sample Al and 16% for sample A2. The difference in
Al fraction changes the PL emission energy and enhances the
splitting AE 5y of the X, and Xy energies from sample Al to
sample A2, which is most likely the reason of the increase in
the polarization ratio in sample A2 nanowires. The splitting
has been estimated by calculating the energy of hole levels in
the framework of the effective-mass approximation for two
GaN/Al,Ga;_N quantum wells with GaN layer thickness
tow=1.5 nm (1 nm), Al,Ga;_,N barrier thickness fy,.
=5 nm, and Al fraction x=5% (x=16%) corresponding to
those of the QDiscs of sample Al (A2), respectively. In the
case of sample Al, AE3%=12 meV, while in the case of
sample A2, AE}&%:ZS meV. It is worth pointing out that,
the value for bulk GaN being AEYF =5 meV,”* carrier
confinement significantly increases the energy-level splitting
even for 5% Al content in the barrier.

The o polarization of the MQDisc emission is indepen-
dent of the QDisc position in the nanowire: it is o polarized
in samples Al and A2, where the quantum structure is placed
on top of the wire, and it is also o polarized with a ratio
(Pyop»=—0.55 in sample B, where the quantum structure is
in the middle of the nanowire.

It should be noted that in the present system the influence
of the nanowire elongated shape on the polarization of the
MQDisc emission is strongly reduced. As the light emitted
by the MQDisc system is above the GaN bandgap, this ra-
diation is significantly absorbed in the GaN portion of the
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FIG. 5. (Color online) (a) sr-polarized (blue dotted line) and
o-polarized (red solid line) micro-PL spectra (T=4.2 K) from a
single nanowire from sample A2 at different excitation powers. The
NBE peak is expanded and vertically shifted for clarity. (b) The
dependence of the polarization ratios of NBE and MQDisc emis-
sions on the excitation power.

nanowire, leading to a decrease in the polarization anisotropy
due to the dielectric contrast. This circumstance is different
from the polarization-resolved experiments carried out by
Zwiller et al.'® on InAsP QD inside InP wires, which dem-
onstrated that the QD emission is 77 polarized. The reason of
the 7r-type polarization observed by these authors could be
accounted for by the theory of dielectric index contrast. First
of all, the luminescence observed by Zwiller et al. has no
pure X, symmetry due to the significant quantum-dot thick-
ness (fg,,=9 nm). Second, the QD luminescence is under
the band gap of the InP and can therefore propagate along the
nanowire.

V. DEPENDENCE ON THE EXCITATION POWER

Polarization-resolved micro-PL  was performed at
T=4.2 K at various laser-excitation powers. The spectra col-
lected at 60 and 10 uW excitation powers are shown in Fig.
5(a). For 60 wW excitation power the polarization proper-
ties of the PL emission are similar to those reported in Fig. 3.
The polarization ratios are Py;op=-0.78 for MQDisc contri-
bution and P{=0.57 for the NBE emission. The rotation of
the polarization from o to ar induces a blueshift of the GaN
NBE emission. When the excitation power is lowered down
to 10 uW, the Py;qp remains almost unchanged, while P{pe
becomes close to zero. In contrast to high-excitation-power
case, the peak energy of the NBE emission does not shift
with the rotation of the polarization. The peak energy of the
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low-power NBE emission is Exgg=3.472 eV, close to the
D °X,, energy for both o- and ar-polarized spectra. Figure
5(b) summarizes the trend of both PYgg and Py,qp with the
excitation power. While Py, remains almost constant
within the range of investigated power densities, P{pg is
close to zero for low-power levels, and increases at larger
powers, up to 0.5-0.6. Similar values (0.48 =0.13) are mea-
sured for nanowires dispersed from sample A2.

The dependence of the NBE polarization ratio on the in-
cident power can be interpreted as follows: at high excitation
power, both X, and Xg excitons participate to the radiative
recombination. The effective radiating dipole can then be
considered as quasi-isotropic and the polarization contrast is
mostly determined by the dielectric contrast between the
wire and the surrounding medium. At low excitation power,
the contribution to the luminescence of Xy exciton is re-
duced. As a result, the polarization ratio of the NBE peak
decreases with decreasing power. In the limit of a very low
excitation power the polarization of NBE emission is ex-
pected to be determined exclusively by the X, exciton po-
larization selection rules, i.e., it should be o polarized with a
negative value of the polarization ratio P{pp. However, we
did not observe the sign inversion of P{yg due to the follow-
ing reasons. The first reason is related to the setup and to the
luminosity of the wire. The power level could not be de-
creased indefinitely because of the decreasing signal-to-noise
ratio. Another factor relaxing the polarization contrast stems
from the finite aperture of the objective, as discussed earlier.
Furthermore, all NBE excitonic contributions in our samples
are broadened, and a superposition of X, and Xy energies is
possible, leading to a certain relaxation of the selection rule
itself.

VI. ROOM-TEMPERATURE PHOTOLUMINESCENCE

In order to further confirm our interpretation we have ana-
lyzed the effect of temperature on the polarization properties
of nanowire systems. The complementary polarization of
NBE and MQDisc PL is conserved as long as the energy
difference between the X, and Xy levels in the QDiscs is
higher than the thermal energy AE 5>k T. PL spectra col-
lected at 7=40 K and 7=4.2 K show indeed the same be-
havior. When T is raised, the overall luminescence is
quenched because of the thermally activated nonradiative re-
combination, which depopulates the exciton level X 4. At the
same time, thermally activated carriers increase the popula-
tion of the lh levels, giving rise to Xy photoluminescence,’!
which obeys to different selection rules than X,, and is al-
lowed for both ¢ and 7 polarizations.” In nanowire quantum
structures, thermal population of higher-lying energy levels
can lead to sign reversal of the polarization ratio.'’

Due to the overall PL quenching, the characterization of
single nanowires at room temperature is difficult, as the lu-
minosity is too low to allow for an efficient location of the
emitting wire. For this reason, we performed RT uPL char-
acterization only on nanowire bundles, where all wires in a
single bundle have the same spatial orientation. In these con-
ditions, the theory of dielectric contrast is not strictly appli-
cable to explain the observed polarization behavior. Indeed,
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FIG. 6. (Color online) (a) Room temperature micro-PL spectra
from a nanowire bundle from sample A2 taken in 7 (blue dotted
line) and in o polarization (red solid line). (b) Normalized polar
diagram illustrating the variation in the peak amplitudes according
to the polarizer angle.

the polarization of MQDisc PL is at RT different from wire
to wire: it can have the same behavior as observed at T
=4.2 K (o polarization), be very weakly polarized, or even
a1 polarized. In contrast, the NBE luminescence is in 80% of
cases 7 polarized as at T=4.2 K. In Fig. 6(a) we report the
RT wPL spectra taken in o and 7 polarization of a nanowire
bundle from sample A2. Both NBE and MQDisc emission
peaks are thermally broadened, and the NBE peak is red-
shifted with respect to low temperature. No single narrow
peaks can be resolved in the MQDisc emission. The polar
diagram in Fig. 6(b) shows that the NBE PL is polarized
along the nanowire axis. It also shows that the MQDisc PL is
weakly o polarized. Comparing the spectra taken at 77 and o
polarization, we notice that both NBE and MQDisc emis-
sions blueshift when the polarization passes from o to 7.
The NBE peak shifts by AENBE=13 meV while the MQDisc
peak shifts by AEMQP=15 meV. The same behavior was
found in several other nanowire bundles. The average values
for the shifts are (AENBEY=7 meV and (AEMQP)=23 meV.
These two quantities should be considered as an estimation
of the separation energy between X, and Xg excitons, whose
value as already mentioned is AEYg =5 meV in bulk GaN
(Refs. 29-31) and AEL%%=25 meV in QDiscs such as those
contained in sample A2 nanowires. The good agreement be-
tween the blueshifts and the estimation of the separation en-
ergy between X, and Xy represents thus a confirmation of
our interpretation of polarization-resolved PL.
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VII. CONCLUSIONS

In this work we reported the results obtained from an
extensive polarization-resolved —microphotoluminescence
study on different samples of GaN nanowires containing
Al,Ga;_N/GaN multiquantum-disc systems. We investi-
gated the low-temperature polarization properties of both bi-
nary GaN and MQDisc excitonic luminescence within the
same single wire, for a statistically representative ensemble
of wires. In particular, we were able to assess that the low-
temperature GaN near-band-edge luminescence is 7 polar-
ized as a consequence of the nanowire geometry and of the
dielectric index contrast between the wire and the surround-
ing medium. The MQDisc low-temperature luminescence is
strongly o polarized as according to the selection rules for
the dipole-matrix elements, which become more easily ac-
cessible because of the confinement-induced splitting of the
X and Xp transition energies. The room-temperature polar-
ization behavior of NBE and MQDisc emission is strongly
influenced by the thermally induced population of X levels

PHYSICAL REVIEW B 81, 045411 (2010)

which is directly observed as a blueshift of the PL peaks
from the X, energy, observed in o polarization, to the Xy
energy observed in 7 polarization.

In conclusion, by analyzing the polarization of the
MQDisc emission we provided an experimental proof of its
pure X, character at low temperature and an estimation of
the energy separation between the X, and Xy confined levels
at room temperature. These nanowires represent a nanoscale
system in which the two main luminescence contributions
are mutually perpendicularly polarized, a peculiarity which
could be exploited for nanophotonics applications.
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