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Abstract
We investigate the polarization of excitonic transitions of single dispersedGaNnanowires with a
diameter of about 50 nm.Weobserve donor-bound exciton transitionswith a linewidth narrower
than 250 μeV at 10 K,whereas the luminescence from free excitons exhibits awidth of up to 5meV.
This broadening is larger than that observed for free excitons in the as-grown nanowire ensemble and
is the result of inhomogeneous strain introduced by the nanowire dispersion. This strain lowers the
symmetry of the lattice structure and allowsA excitons to emit light polarized parallel to the nanowire
axis. The polarization anisotropy of A excitons, however, is found to largely vary fromone nanowire to
another. In addition, the various bound-exciton lines in a given nanowire do not show the same
polarization anisotropies. Thesefindings can be explained by the dielectric contrast between the
nanowire and its environment, but onlywhen taking into account the strong variations of the
dielectric function ofGaN at the near band-edge.

1. Introduction

The luminescence of semiconductor nanowires and its polarization is a topic of great current interest. The
nanowire geometry togetherwith the contrast between the dielectric constant of the nanowire and its
surroundings lead to a polarization anisotropy in absorption and emission [1]. This nanowire antenna effect has
been observed for nanowires with a diameterϕmuch smaller as well as on the order of thewavelength λ of the
nanowire’s luminescence [1–8]. In the former case, the antenna effect can be understood by simple electrostatic
considerations [1], whereas it is caused by the coupling of light into the guidedmodes supported by the
nanowire for the latter case [3].However, themagnitude of the polarization anisotropy is not only given by the
ratio ϕ λ, but also depends on the band structure of thematerial the nanowire consists of. In bulk
semiconductingmaterials with a zincblende crystal structure, themaxima of the heavy and light-hole valence
bands are degenerate. The emission from thin nanowires with a zincblende crystal structure is thereforemostly
polarized along the nanowire axis, due to the antenna effect [9, 10]. In contrast, for semiconductors with a
wurtzite crystal structure such as for group-III nitrides, the two higher-energy valence bands (A andB) at the
center of the Brillouin zone are split by the crystal field. The polarization anisotropy of the near band-edge
emission of nanowires withwurtzite structure thus depends on themagnitude of the splitting between the A and
B valence bands [9–11]. Since the occupation of the A andBbands depends on temperature, a complete reversal
of the polarization anisotropywithin a fewKelvin can occur for nanowires with crystal-field and spin–orbit
splittings such that the A andBbands are close in energy [11].

The complex interplay between band-structure and dielectric effects as well as the resulting possibility to
engineer the polarization of their spontaneous emission hasmotivated several previous spectroscopic
investigations of the optical polarization of spontaneously formedGaNnanowires [4, 6, 12, 13]. These
nanowires are synthesized bymolecular beam epitaxy, and exhibit a length of typically a few μmand amean
diameter of 50–100 nm [14]. Due to this high aspect ratio, spontaneously formedGaNnanowires are invariably
found to be free of any net strain, and in the absence of coalescence, also free ofmicrostrain [15]. Despite this
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fact, the donor-bound exciton transition dominating their luminescence spectra at 10 K are commonly found to
have awidth of 1–2 meV [14, 16–18]. This largewidth partly stems from the surface-induced distortion of the
wavefunction of donor-bound excitons [17, 18] and results in a spectral overlap of the transitions involved in the
radiative decay of excitons, thus complicating the quantitative analysis of their optical polarization.We have
recently reported a significant reduction of the contribution of surface effects to the emission broadening for
GaNnanowires grown on Si(111) at a temperature larger than 850 °C [19].While themorphology of these
samples is similar to those observed for nanowires formed at lower temperatures, the donor-bound exciton line
in ourGaNnanowire ensembles exhibits a linewidth of about 0.5 meV at 10 K [19].

In this work, we study the polarization of the excitonic transitions of single GaNnanowires with an average
diameter of 50 nmusing polarization-resolvedmicro-photoluminescence spectroscopy. These nanowires were
harvested from a high-temperature grownGaNnanowire ensemblewhich exhibits sub-meVdonor-bound
exciton linewidths. For single, dispersed nanowires, we resolve transitions from single donor-bound excitons
which have a (resolution-limited) linewidth narrower than 250 μeV. The energies of these bound excitons,
however, scatter over a fewmeV, reflecting the presence of strain introduced by the nanowire dispersion.We
argue that this strain breaks thewurtzite symmetry of the lattice andmixes theA andB valence bands. This
valence-bandmixing combinedwith the antenna effect leads to a different polarization degree for the donor-
bound exciton and the corresponding free exciton transition.Moreover, the polarization patterns of the free and
boundA excitons are found to be significantly alteredwith respect to that expected and observed for bulkGaN.
In the bulk, the radiative decay of the A exciton is forbidden for light polarized along the c-axis of thewurtzite
crystal structure, while we observe various (and sometimes essentially isotropic) polarization patterns for single
GaNnanowires depending on their actual strain state.

2. Experimental details

The single GaNnanowires studied in this work are taken fromananowire ensemblewhichwas synthesized by
plasma-assistedmolecular beam epitaxy on a Si(111) substrate [20–22]. The nanowire axis is parallel to the
[0001̄]direction of thewurtzite structure. The nanowires in the as-grown ensemble are on average 2 μm long and
exhibit amean diameter of 50 nm (figure 1(a)). The ensemblewas grown at 865 °C using aGa/N flux ratio
higher than one to compensate for the high desorption rate of Ga [23]. The combination of a high substrate
temperature and a highGaflux inducesmelt-back etching of the Si substrate due to the formation of aGa–Si
eutectic alloy [19]. Themelt-back etching of the Si substrate causes an enhanced incorporation of Si in the
nanowires as discussed in detail in [19]. This incorporation is inhomogeneous along the nanowire axis. As

Figure 1. (a) Cross-sectional secondary electronmicrograph of the as-grownGaNnanowire ensemble under investigation. (b) and (c)
Secondary electronmicrographs of twodispersed nanowires. The diameter of each nanowire is indicated in the figure.Note the
pronounced bending of the nanowire in (c).
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shown in [24], cathodoluminescence experiments revealed that the emission from the bottom1 μmof the
nanowires is weak. This findingwas attributed to the fact that in the bottom1 μmpart of the nanowires, the Si
incorporation is sufficiently large to induce radial electric fields that ionize excitons. For the dispersal of these
nanowires, a piece of the as-grown samplewas sonicated in isopropanol for 30 min. The solutionwas then drop-
casted using amicropipette on aTiAumask deposited on a Si substrate. Representative examples of single,
dispersed nanowires are displayed infigures 1(b) and (c). The adhesive pinning of the nanowire to the substrate
arises from the van derWaals forces and from the contaminant residues of isopropanol and it is strong enough to
hold nanowires in states of high bending stress [25].

For photoluminescence spectroscopy, the samples were placed in a cold-finger cryostat facilitating
continuous temperature control down to 10 K. For excitation, we used the 325 nm line of aHe–Cd laser,
attenuated to a power of 1 μWand focused to a 1 μm-diameter spot using a ×50 microscope objectivewith a
numerical aperture of 0.65. The photoluminescence of the excited nanowires was collectedwith the same
objective, dispersed by a 80 cm focal length spectrometer equippedwith gratings having 600 and 2400 grooves
permm, and detectedwith a CCD. The spectral resolution of the setup is 0.25 meVwith the 2400 grooves per
mmgrating. Experiments on the nanowire ensemble were carried out with the light wavevector k parallel to the
nanowire axis, whereas formeasurements on dispersed nanowires, k was perpendicular to the nanowire axis,
and the electric field E was in the planewhose normal is parallel to k . The analysis of the polarization of the
nanowire emissionwas carried out with a half-waveplate followed by a polarizer. The polarizer axis isfixed and
its orientation is such that the diffraction efficiency of the grating ismaximum. The analysis of the emission is
obtained by rotating the half waveplate. The angle between the nanowire and the polarization axis of the detected
light is denoted as θ.

3. Photoluminescence of ensemble and singleGaNnanowires

Figure 2 displays a photoluminescence spectrum at 10 Kof the as-grownGaNnanowire ensemble shown in
figure 1(a). The spectrum is dominated by transitions fromdonor-bound and free excitons (dashed rectangle)
whichwill be discussed in detail below. In addition, the spectrum exhibits two bands at 3.4526 and 3.4585 eV,
labeledUX1 andUX2, respectively, that arise from the recombination of excitons bound to an unknownpoint
defect which is thought to be related to the nanowire surface [13, 14, 17, 26, 27]. TheUX1 andUX2 bands overlap
spectrally with the two-electron satellites of the donor-bound excitons from the core of the nanowires [17],
making the analysis of theirfine structure complicated. Furthermore, the broad band at about 3.41 eV stems
from the recombination of excitons bound to I1 stacking faults [ I X( , )1 ]. The enhanced Si incorporation in our
GaNnanowires is accompanied by a reduction in the formation energy of these defects [28], leading to a strong

Figure 2. Low-temperature (10 K) photoluminescence spectrumof theGaNnanowire ensemble under investigation. The inset shows
a spectrum from the same sample acquired near the band edgewith a higher spectral resolution.
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I X( , )1 emission at 10 K [19]. The I X( , )1 emission has been studied in detail in [24] andwill not be discussed
further.

The inset offigure 2 shows the near-band edge region of the PL spectrumwith higher spectral resolution.
Here, the donor-bound exciton transition is seen to be composed of two lines centered at 3.4719 and 3.4728 eV
thatwe ascribe to the recombination of A excitons bound to neutral O [ X(O , )0

A ] and to neutral Si [ X(Si , )0
A ]

donors. In agreement with the result of [19], using a growth temperature larger than about 850 °C leads to the
melt-back etching of the Si substrate and thus to an enhanced incorporation of Si in theGaNnanowires, as
confirmed by the intense X(Si , )0

A line observed in the spectrum. For this particular sample, the X(O , )0
A and

the X(Si , )0
A transitions exhibit a full width at halfmaximum (FWHM)below 600 μeV. This observation is a

direct consequence of the incorporation of Si into our nanowires: the larger the density of donors, the larger the
magnitude of the electric fields at the surface of the nanowires and the lower the contribution of surface effects to
the linewidth of the donor-bound exciton emission [19].

Additional lines are observed on the high-energy side of the X(Si , )0
A line.We attribute the band at

3.4757 eV to the recombination of B excitons bound to neutral donors [ D X( , )0
B ].We also identify the emission

from free A excitons (XA) and free B excitons (XB) centered at 3.4785 and 3.4825 eV, respectively. The energy of
theXA transition indicates that the net strain in our as-grown nanowires is essentially zero.We emphasize that
theXA andXB transitions are significantly broader (2.7 and 3.7 meV, respectively) than the X(O , )0

A and

X(Si , )0
A lines. A similar observationwasmade for the free exciton luminescence in thick layers [29] and is

partly due to the fact that the free exciton emission broadening is proportional to kT. In addition, the
luminescence of free exciton is associated to the radiative decay of polaritons at the bottleneck of the lower
branch and at the bottomof the upper branch [30, 31], and appears as a doublet in high-quality bulk
material [29, 31].However, considering that themean diameter of ourGaNnanowires is 50 nm, that the exciton
recombination ismostly nonradiative already at 10 K [32], and that there are strong surface electric fields
perpendicular to the nanowire axis [19], wewould rather expect a broad singlet [33–35], which is indeedwhat
we observe experimentally.

Figure 3 shows temperature-dependent PL spectra for a single nanowire (hereafter referred to as nanowire
NW1) originating from the nanowire ensemble studied above and dispersed on a substrate. The spectrum
recorded at 10 K exhibits numerous lines between 3.44 and 3.49 eVwith a resolution-limited linewidth of
250 μeV. In contrast, the band at 3.477 eV is an order ofmagnitude broader (2.8 meV). For an unambiguous
identification of the transitions whichmay be shifted by strain introduced by the dispersion as seen in
figure 1(c), we examine their evolution as a function of the temperature.

Wefirst focus on the temperature-dependence of the emission in the 3.461–3.490 eV range. The evolution of
the relative intensity of these lines between 10 and 45 K identifies the lines in the range between 3.461 and
3.475 eV as being due to the recombination of excitons bound to neutral donors and neutral acceptors, and the
broader bands at 3.477 and 3.482 eV to originate from the decay of the free A andB excitons, respectively [36].
Due to themultitude of lines around 3.47 eV, it is not possible to distinguish between the recombination of
excitons bound to Si andO. The recombination of a donor-bound exciton is affected not only by the chemical
origin of the donor, but also by the local strain state and by the distance between the donor and the surface [37].
Therefore, for dispersed nanowires, the transitions related toA excitons bound to donors are simply denoted as
D X( , )0 .

Next, we examine the nature of the resolution-limited lines in the range between 3.440 and 3.460 eV. Their
intensity quenches togetherwith the donor-bound exciton transitionswhen the temperature is increased from
10 to 45 K. This quenching is accompanied by the development of theUX2 band centered at 3.456 eV andwith
an FWHMof 7.5 meV at 45 K. This observation is analogous to that of Calleja et al [14] for aGaNnanowire
ensemble. The evolution of theUX1 andUX2 bandswith temperature strongly resembles that of D X( , )0 and
free excitons.While this observation agrees with the assumption that theUX1 lines arise from the recombination
of an exciton bound to a point defect, it suggests that theUX2 band is associated to a delocalized state. The nature
of this delocalized state, however, is unclear at present. Time-resolvedmeasurements of the decay of this band
could reveal the dimensionality of the states fromwhich this emission originates, and could thus clarify whether
they stem froma planar defect or not [24].

Figure 4 shows the broadening and the energymeasured for theXA transition for nine different dispersed
nanowires. For several of thesewires, theXA transition is redshifted and its broadening is similar to or larger than
that observed for the as-grownnanowire ensemble. Dispersed nanowiresmay become homogeneously strained
as a result of themismatch in thermal expansion between the nanowire and the substrate [16, 18, 38], and
heterogeneously strained due to the bending of the nanowire during the dispersion process [39–41]. These
homogeneous and heterogeneous strains strongly impact the nanowire emission energy.While Schlager
et al [38] estimate that homogeneous strain can induce energy shifts up to 13 meV at low temperature, Dietrich
et al [39] havemeasured bending-induced energy shifts up to 30 meV inZnOnanowires. In contrast to the
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D X( , )0
A states, theXA is delocalized. The broadening of theXA transition for dispersedwiresmay therefore

provide information on the nature of the strain state in a dispersed nanowire. As discussed in [41], the
competition between the recombination and the strain-induced drift of the exciton in the nanowire controls the

Figure 3.Photoluminescence spectra of nanowireNW1between 10 and 45 K. The spectra have been shifted vertically for clarity.

Figure 4. FWHMof theXA transition at 10 K as a function of its energy for single dispersedGaNnanowires. Each symbol refers to a
given nanowire. The FWHMof theXA transition for nanowiresNW1 andNW2 are shown by◃ and□, respectively. The vertical and
horizontal dashed lines show the energy and the FWHM, respectively, of theXA transition at 10 K for the ensemble of as-grown
nanowires.
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peak energy and the broadening of the free exciton PL.We observe for our dispersed nanowires that the emission
energy of theXA is similar to or lower than that observed in the as-grownnanowires (cffigure 2), suggesting that
photogenerated excitons drift from compressively to tensilely strained nanowire regions, where they recombine
radiatively.

4. Polarization of the excitonic transitions in singleGaNnanowires

The difference in experimental geometry formeasurements on the ensemble and on dispersedGaNnanowires
(see section 2) leads to a strong change in the relative intensities of theUX1 and D X( , )0

A lines. For dispersed

nanowires, the peak intensity of theUX1 lines at 10 K is on the same order as that of the D X( , )0 transitions
(figure 3), whereas theUX1 band is about an order ofmagnitudeweaker than the X(O , )0

A and the X(Si , )0
A

transitions for the nanowire ensemble (figure 2). Sam-Giao et al [13] observed the same behavior and
interpreted it as being due to the fact that the selection rules for theXA and for the exciton state involved in the
UX1 transition are different. Figure 5(a) displays the dependence of the PL of nanowireNW1on the angle θ
between the polarizer and the nanowire axis. In agreementwith [13], theUX1 andUX2 bands are polarized
along the nanowire axis, i.e., they are counter-polarized to the D X( , )0

A andXA lines. To quantify the emission
polarization anisotropy, the θ-dependence of the PL intensity (I) isfit byMalus’ law:

Figure 5. (a) Polarization-resolved photoluminescencemap of nanowireNW1 recorded at 10 K. An angle of 0° corresponds to a
polarization parallel to the nanowire axis. The intensity is color-coded according to the logarithmic scale displayed in the figure. (b)
Polar representation of the nanowire emission intensity integrated between 3.465 and 3.480 eV (squares) and between 3.440 and
3.460 eV (circles). Thefits to the experimentally observed angular dependencies of the intensity using equation (1) are shown by solid
lines.
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θ θ θ θ= − + −∥ ⊥( ) ( )I I Icos sin , (1)2
0

2
0

where ∥I and ⊥I are the emission intensities parallel and perpendicular to the nanowire axis, respectively, and θ0

is the angle of polarization of the transition. Using equation (1), one can deduce the polarization degree ρ:

ρ = −
+

∥ ⊥

∥ ⊥

I I

I I
. (2)

As shown infigure 5(b), the emission integrated between 3.44 and 3.46 eV exhibits a polarization degree ρ of
0.70, while we obtain ρ = −0.57 for the emission integrated between 3.465 and 3.480 eV. These values are in
good agreement with those of the nanowire ensemble studied by Sam-Giao et al [13]who reported values of 0.8
and−0.7 for theUX1 and D X( , )0

A transitions, respectively. The values obtained by us aswell as in [13] for the
D X( , )0

A deviatemarkedly from that observed for the bulk and thus also expected for a freestandingGaN
nanowire, namely,−1 [42]. This deviationmay be caused by a significant contribution of the D X( , )0

B to the
intensity between 3.465 and 3.480 eV, leading to a deviation of its polarization degree from−1. In addition, the
use of an objective with a high numerical aperture results in a deviation from ⊥k c andmay thus lead to the
collection of light with a nonzero electric field component along c [6, 29]. Alternatively, the perturbative donor
potentialmay induce a certain degree ofmixing between theA andB states. The latter effect would selectively
reduce the polarization anisotropy of the D X( , )0

A compared to that of theXA.

To clarify this point, we have extracted ρ for each emission line of nanowireNW1.Wefind that the D X( , )0
A

lines at 3.4673 and 3.4709 eV show values of ρ equal to−0.67 and−0.60, respectively, while wemeasure
ρ = −0.44 for theXA transition. The polarization anisotropy is therefore stronger for the D X( , )0

A than for the
XA line, at oddswith our above speculation on the possiblemixing of A andB states by the donor potential.
Neither can this observation be explained in terms of relaxation of the ⊥k c condition, as the latter deviation
cannot yield different values of ρ for theXA and D X( , )0

A transitions.
To confirm that our observation does not arise from experimental artifacts, we collected the energy

dependence of ρ for several nanowires as shown infigure 6. For clarity, we have shifted each spectrum such that
theXA energy of the dispersed nanowires corresponds to thatmeasured for the nanowire ensemble. As a result, it
is straightforward to identify the polarization of the D X( , )0

A , D X( , )0
B ,XA andXB transitions (cffigure 6). The

trends observed corroborate the results obtained on nanowireNW1: the polarization anisotropy of the D X( , )0
A

andXA transitions is reduced compared to the one for free-standingGaN. For the nine nanowires we have
investigated, ρ lies between−0.87 and−0.4 for the D X( , )0

A and between−0.59 and−0.13 for theXA transition.
Figure 7 shows the photoluminescence spectrumof the nanowirewith ρ = −0.13 for theXA line (hereafter
denoted as nanowireNW2). The essentially isotropic emission (see inset for the full angular dependence),
however, cannot arise from the spectral overlap between theXA transition and a band polarized parallel to the c
axis, since theXA line of nanowireNW2 is intense andwell-separated from the transitions related to theXB and
D X( , )0

B transitions.

Figure 6.Polarization degree as a function of photoluminescence energy at 10 K for nine dispersed nanowires. Each symbol refers to a
given nanowire (nanowires NW1 andNW2 are represented by◃ and□, respectively). The individual nanowire spectra have been
rigidly shifted such that theXA transition energy in each spectrummatches the onemeasured for theGaN ensemble. The polarization
degrees of theXA andXB transitions are displayed by red and blue symbols, respectively. The red and blue dashed lines highlight the
polarization degreesmeasured for theXA andXB transitions in strain-freeGaN, respectively [42]. The green solid line shows the
photoluminescence spectrumof theGaNnanowire ensemble at 10 K.
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For all the nanowires investigated, the deviation of ρ from−1 is larger for theXA than for the D X( , )0
A

transition. The same is true for the free and donor-bound B excitons: ρ ranges between−0.39 and−0.15 for the
D X( , )0

B line, whereas a value of 0.52 has been recorded for theXB emission from the one nanowire inwhich this
transition could be resolved (cffigure 6).We recall that for a freestandingGaNnanowire, onewould expect the
free B exciton emission to be nearly isotropic with ρ = −0.08 [42]. It is therefore clear that the deviation of the
value of ρ from−1 for theXA and D X( , )0

A transitions can be attributed neither to a spectral overlapwith lines
related to the B exciton, nor to the deviation from the condition ⊥k c , nor amixing betweenA andB valence
bands introduced by the donor potential.

The observation of both D X( , )0
A andXA transitions for light polarized parallel to the c axis could arise from

the fact that our dispersed nanowires are strained (figure 4).Whereas biaxial strain in the (0001) plane does not
modify the selection rules for theXA state, theXA transitionwith ∥E c becomes allowed in the presence of strain
components that lower the crystal symmetry [43, 44]. Indeed, anXA linewith ∥E c has been observed for
nonpolar and semi-polar GaN layers grownon lattice-mismatched substrates [44–46].However, while strain
can alter the selection rules, it cannot account for our experimental findings alone. First, the largest difference
between the energy of theXA transition in the ensemble and the dispersed nanowires is 2 meV (figure 4). Using
the results of [43] and [47], we find that themagnitude of this strain is too small to be accompanied by changes
in the selection rules as drastic as those displayed infigures 6 and 7. Second, strain cannot explainwhy donor-
boundA andB excitons do not show the same ρ as their corresponding free exciton states.

In the following, we investigate the possibility that the combination of strainwith the antenna effect can
explain ourfindings. First, we consider the case of GaNnanowires with ϕ λ≪ , the polarization anisotropy of
which can bewritten as [1]:

ϵ= +∥

⊥
I

I

1

2
(3)

2
⎜ ⎟⎛
⎝

⎞
⎠

with the dielectric constant ϵ. Forwurtzite GaN, the dielectric constants for light polarized perpendicular and
parallel to the nanowire axis (ϵ⊥ and ϵ∥, respectively) are different. Furthermore, excitons inwurtzite GaN are
anisotropic emitters with different oscillator strengths perpendicular and parallel to the c-axis ( ⊥f and ∥f ,
respectively).When accounting for these facts, equation (3) reads:

ϵ= +∥

⊥

⊥ ∥

⊥
I

I

f

f

1

2
. (4)

2⎛
⎝⎜

⎞
⎠⎟

As already discussed above, an anisotropic strain results in a nonzero value of ∥f for theXA transition. Using
Equation (4)with ϵ =⊥ 9.4, theXA transition exhibits values of ρ larger than zero for >∥ ⊥f f 0.037. For the
bulk, such a small value for ∥ ⊥f f would not result in a significant change of the purely perpendicular
polarization of the emission, but due to the antenna effect, it results in an isotropic emission for thin nanowires.

Figure 7.Photoluminescence spectrumof nanowireNW2 at 10 K. Inset: θ-dependence of theXA emission intensity (symbols). The
solid line shows the result of a fit using equation (1), which yields ρ = −0.13.
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Consequently, due the combination of strainwith the antenna effect, excitonic transitions inGaNnanowires
can exhibit energies similar to that of the bulk togetherwith quite distinct polarization anisotropies.

Moreover, ϵ∥ and ϵ⊥ show strong variations as a function of the photon energyE due to theA, B, andC
exciton resonances close to the band edge. Neglecting spatial dispersion, the dielectric function ϵr may be
written as

∑ϵ ϵ
γ

= +
− −=

f

E E Ei
, (5)r

j
b
j

n A B C

n
j

n n, ,
2 2

where the superscript j stands for⊥ or ∥, fn and γn are the oscillator strength and the homogeneous broadening of

the free n exciton, and ϵb
j is the background dielectric constant (relative permittivity) with ϵ =⊥ 9.4b and

ϵ =∥ 10.2b (see [48]).We assume that the transverse exciton energies are thosemeasured for theXA,XB andXC

transitions on the as-grownnanowire ensemble (cffigure 2).
Figure 8(a) shows ϵ ⊥

r and ϵ∥
r for bulk, strain-free GaNbetween 3.47 and 3.50 eV. The values for ⊥fn

, ∥fn
and

γn have been deduced from [49] and [42] and are compiled in table 1. Combining equations (4) and (5) and

considering only the real part of ϵr , it becomes clear that an emitter with a given set of ∥ ⊥f f( , ) exhibits a strong

spectral dependence of ρ in the near band-edge region. For instance, for an emitter with =∥ ⊥f f 0.05, ρ varies
between−0.46 and 0.64 in the 3.47–3.50 eV range as displayed infigure 8(b). In other words, although theXA

and D X( , )0
A transitions possess the same value for ∥ ⊥f f , the values of ϵr at the corresponding energies are

Figure 8. (a) Real (solid lines) and imaginary parts (dashed lines) of the dielectric function of strain-freeGaN for light polarized
perpendicular and parallel to the nanowire axis (blue and red, respectively), using the parameters in table 1. (b) Energy dependence of
the polarization degree of an emitter located in a cylindrical GaNnanowire in the quasi-static case computed using equation (4) and
accounting solely for the variation of the real part of ϵr due to theA, B, andC exciton resonances. The values for ∥ ⊥f f are indicated in
the figure.
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different. Consequently, the polarization anisotropy of these two transitions is not equal in agreement with the
experimental results displayed infigure 6.

Equation (4) only applies to the quasi-static case, i.e., for ϕ λ ≪ 1.With ϕ λ ≈ 0.14, the nanowires under
investigation have sub-wavelength diameter and still do not support any guidedmodes.However, they do not
correspond to the quasi-static limit either, andwe examine in the following second step of our analysis whether
or not our above conclusions also hold in this case.Note that polarization anisotropy related to the dielectric
contrast between the nanowire and its environment is expected even for ϕ λ ⩾ 1, i.e., when the nanowires are
thick enough to support several guidedmodes [2, 3, 5].

Inwhat follows, we apply themodel developed byRuppin [50] for calculating the extinction of light by
cylindrical nanowires with a diameter smaller or on the order of thewavelength. Thismodel is applicable to
mediawith complex ϵr , which is important when treating the polarization anisotropy ofGaNnanowires near
the band-edge (cffigure 8(a)). Furthermore, thismodel has been successfully used to describe the polarization
anisotropy of bothCdSe andGaAs nanowires with sub-wavelength diameter [51, 52].

Figure 9(a) shows the spectral dependence of ρ computedwithin the frame of thismodel for an emitter with
=∥ ⊥f f in a nanowirewith ϕ< <40 60 nmand a constant ϵ ϵ=r

i
b
i.Whenϕ is increased from30 to 50 nm, ρ

decreases as a result of thefinite diameter of the nanowire which causes the quasi-static approximation to break
down [5]. For larger nanowire diameters, ρ starts to oscillate due to the progressive support of guided
modes [3, 53]. Spontaneously formedGaNnanowires grownbymolecular beam epitaxy, such as the ensemble
investigated in the course of this work, invariably exhibit a broad diameter distribution (see figure 1 and [54]). In
the present case, this distribution peaks at 50 nmbut has a full width of 30 nm. This large variation in diameter
explains the scatter of the values of ρmeasured for different nanowires as shown infigure 6, and also reported
in [4] and [6]. However, when neglecting the contribution of excitons to ϵr , ρ for a givenϕ and a given set of

∥ ⊥f f( , ) remains virtually constant between 3.47 and 3.50 eV. In otherwords, when ϵ ϵ=r
i

b
i, theXA and

D X( , )0
A transitions of a given nanowire should exhibit the same polarization degree. In contrast, when the

contribution of excitons to ϵ ⊥
r and ϵ∥

r is taken into account, ρ depends strongly on both the energy and the

nanowire diameter as shown infigure 9(b). For instance, for a nanowire with ϕ = 70 nmand for =∥ ⊥f f ,
transitions at 3.474 and 3.482 eV exhibit a value of ρ equal to 0.66 and−0.39, respectively. The strong variations
of the real and imaginary parts of ϵr at the exciton resonances thusmanifest themselves by the different values of
ρmeasured for the bound and free exciton transitions.

A truly quantitative comparison of the calculated polarization degree with our experimental results
summarized infigure 6 is not straightforward, since our analysis is based on several assumptionswhich only
crudely approximate reality. In particular, the shape of spontaneously formedGaNnanowiresmay differ
significantly from that of the cylinder assumed for our calculations, primarily due to the coalescence of adjacent
nanowires during their growth [54]. Furthermore, our nanowires are not only surrounded by air, but have been
dispersed on aTiAumask, which leads to a detectable change of the polarization compared to that of the free-
standing nanowire [5]. In reality, we are thus dealingwith irregularly shaped nanowires with a dielectrically
inhomogeneous environment, and these two factsmake any quantitative comparison computationally
challenging.With regard to these limitations, the changes of ρwith energy and nanowire diameter as predicted
by our simplemodel above are in very satisfactory qualitative agreementwith experiment.

The real and imaginary parts of ϵr being almost constant between 3.45 and 3.47 eV, the previous discussion

cannot explain the counter-polarization observed between the D X( , )0
A and theUX1 bands. Therefore, the

excitons bound to the defect giving rise to the D X( , )0
A and theUX1 transitions showdifferent selection rules.

Now, the defect related to theUX1 transition is likely to be related to the surface [13, 14, 17, 26, 27]. As pointed
out in [13], the selection rules for surface excitonsmay deviate fromwhat is expected for theXA. In addition, for
thin nanowires, a slight deviation of the selection rules is accompanied by a strong change in the polarization
degree (see equation (4) andfigure 8(b)). The statistical distribution in the distance between the surface and this

Table 1.Parameters used in figure 8(a) for the con-
tribution of A, B, andC excitons to the dielectric
function of strain-free GaN for light polarized par-
allel (∥) and perpendicular (⊥) to the nano-
wire axis.

A B C

En (eV) 3.4785 3.4825 3.4987

γn (meV) 0.7 1.5 3.1
⊥fn (meV2) 32700 37600 13500
∥fn
(meV2) 0 32000 94300
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point defect thus results in a distribution in the energy of theUX1 transitions (figures 3 and 6) and in slight
variations in the selection rules. The latter translate into a large scattering of values for the polarization degree of
theUX1 lines, in agreement with the observationmade infigure 6.

5. Summary and conclusion

Wehave studied the polarization of excitonic transitions of single, dispersedGaNnanowires. The strain
introduced during the nanowire dispersion leads to amixing of the A andBbands, and thus transfers oscillator
strength to theXA transition polarized parallel to [0001]which is forbidden in strain-freeGaN. In addition, the
sub-wavelength diameter of our nanowires gives rise to a pronounced antenna effect that amplifies this apparent
oscillator strength parallel to [0001] bymore than an order ofmagnitude. As a result, the polarization of theXA

emission depends sensitively on the particular strain state and diameter of a given nanowire, andmay even
appear to be isotropic. The strong variations of the dielectric function in the near band-edge region furthermore
lead to a different polarization anisotropy for donor-bound excitons and the free exciton states they are derived
from. Consequently, the combination of strain, surface-inducedwavefunction distortion and the dielectric
contrast between the nanowire and its environment result in a complex polarization anisotropy of excitonic
transitions in dispersed nanowires. Great caremust be takenwhen comparing the intensity of bound and free
exciton transitions to extract, for example, information on the radiative and nonradiative lifetimes of the
corresponding states as it is possible in a straightforwardway for bulkGaN [36].

Figure 9.Polarization degree as a function of the nanowire diameter for an emitter with =∥ ⊥f f andwith an emission energy equal to
3.470 (squares), 3.474 (circles), 3.478(triangles), and 3.482 eV (diamonds). In (a), ϵ ϵ=r

i
b
i , and the computed polarization degrees

overlap almost perfectly. In (b), the exciton resonances are taken into account, and the polarization degree depends strongly on the
emission energy.
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