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We report on the far field emission profile of pure wurtzite InP nanowires in comparison to InP
nanowires with predominantly zincblende crystal structure. The emission profile is measured on
individual nanowires using Fourier microscopy. The most intense photoluminescence of wurtzite
nanowires is collected at small angles with respect to the nanowire growth axis. In contrast,
zincblende nanowires present a minimum of the collected light intensity in the direction of the
nanowire growth. Results are explained by the orientation of electric dipoles responsible for the
photoluminescence, which is different from wurtzite to zincblende. Wurtzite nanowires have
dipoles oriented perpendicular to the nanowire growth direction, whereas zincblende nanowires
have dipoles oriented along the nanowire axis. This interpretation is confirmed by both numerical
simulations and polarization dependent photoluminescence spectroscopy. Knowledge of the dipole
orientation in nanostructures is crucial for developing a wide range of photonic devices such as

light-emitting diodes, photodetectors, and solar cells. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4901437]

Semiconductor nanowires have drawn increasing atten-
tion in recent years because of their possible applications in
a large variety of fields that ranges from photovoltaic,' pho-
todetection,”* biological sensing,” to quantum informa-
tion.®” Key advantages of nanowires, compared to their bulk
counterpart, are that more material combinations® and crys-
talline structures are available using nanowire growth. For
example, a wurtzite crystal structure is achieved in GaP” and
InP'° nanowires, which are not stable in bulk growth.

Recent discussion in the scientific community has cen-
tered around the optical polarization properties of wurtzite
InP nanowires.''™* Zincblende nanowires emit light polar-
ized along the nanowire elongation axis that is the direction
of the nanowire growth. On the contrary, light emitted from
wurtzite nanowires is found to be polarized perpendicular to
the nanowire elongation axis. This effect owes to the different
order of the atoms in the crystal resulting in different optical
selection rules. Seminal experiments suggesting an orienta-
tion of the optical dipoles perpendicular to the nanowire were
reported by Mishra e al.'’ The dipole orientation was meas-
ured via polarization dependent photoluminescence spectros-
copy. Subsequent work from other groups established these
results.'>'? Here, we use Fourier microscopy to measure the
dipole orientation in nanowires. We measure the far field
emission profile of individual wurtzite and zincblende nano-
wires. Experimental results are compared with finite-
difference time-domain (FDTD) simulations. Furthermore,
our Fourier microscopy results are supported by polarization
dependent photoluminescence on individual free-standing
nanowires.

Figure 1 shows the result of numerical simulations for
the nanowire far field emission profile. The model accounts
for an InP nanowire with hexagonal cross section, as

“Electronic mail: g.bulgarini@tudelft.nl

0003-6951/2014/105(19)/191113/4/$30.00

RIGHTSE LI MN iy

105, 191113-1

displayed in Figs. 1(a) and 1(c), with a side of 110 nm. This
structure is equivalent to a cylinder with diameter of
200nm."* We simulate the nanowire emission using an elec-
tric dipole located on the nanowire axis at half of the nano-
wire length, similarly to Grzela ef al. in Ref. 15. Simulating a
single point-like dipole produces similar results to a spatial
average of the dipole locations along the nanowire."”> The
spectral range for the dipolar emission is 850 = 20nm in
order to account for both the zincblende and wurtzite crystal
structure in the simulation. Fig. 1(a) depicts a nanowire with
electric dipole oriented along the nanowire axis. The dipole
orientation is displayed by the double-sided arrow. The angu-
lar distribution of the power emitted by a radiating dipole
positioned in vacuum follows a sin’¢ dependence,'® where
¢ =0 is the direction along the dipole orientation. Hence,
light is expected to be emitted in a direction perpendicular to
the dipole orientation and none of the light is expected to be
collected in the direction parallel to the dipole. However, the
presence of a dielectric medium surrounding the radiating
dipole or of a dielectric interface modifies the emission pro-
file."” Numerical solutions of Maxwell’s equations for a
dipole oriented parallel to the nanowire axis yield the far field
profile shown in Fig. 1(b). The intensity of the light electric
field is color-coded and is plotted as a function of the light
transverse k-vector. The transverse k-vector is perpendicular
to the photon propagation direction, z, as displayed in Figs.
I(a) and 1(c). The simulation results are displayed in Figs.
1(b) and 1(d) as a function of the two k-vector in-plane com-
ponents: k, and k,. The emission angle, ¢, is related to the
k-vector by: k = arcsin ¢p. We observe a minimum of the
electric field intensity for k=0 as a consequence of the
dipole orientation. The angular distribution of the electric
field has a doughnut-shape. In Fig. 1(c), a nanowire with elec-
tric dipoles oriented perpendicular to the nanowire axis is dis-
played. The calculated far field emission profile, shown in
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Fig. 1(d), presents a pronounced maximum at k =0 in stark
contrast with the profile calculated for a parallel dipole in
Fig. 1(b).

We now discuss experimental results of Fourier micros-
copy on individual nanowires. The sample is kept at cryo-
genic temperature (~5K) and is optically excited by a
continuous-wave HeNe laser at 633 nm. Photoluminescence
from the nanowire is collected by a high numerical aperture
objective, NA of 0.8, which according to the simulations
should ensure near-unity collection of the nanowire emission
propagating upwards. We display the collection NA with a
white dashed circle in the simulations of Figs.1(b) and 1(d).
The light intensity distribution on the back focal plane of the
objective represents the photoluminescence intensity as a
function of the emission angle. In other words, the back focal
plane of the objective contains the information of the Fourier
plane of the emitter. For imaging the light intensity in
k-space, we position a lens at equal distance between the
objective and a charge-coupled device (CCD) camera. A
schematic of the experimental setup can be found in Ref. 18.
The light intensity distribution is reproduced as a 1:1 image
on the CCD camera for a distance 2f between lens and objec-
tive and an additional distance 2f from the lens to the CCD
camera. In the experimental setup, the laser reflection is
blocked by a thin-film dielectric filter positioned along the
collection optical path. This filter does not affect the k-vector
information of the nanowire luminescence.

Photoluminescence spectroscopy performed at cryogenic
temperature (~5K) on an individual pure wurtzite nanowire
is shown in Fig. 2(a). We observe the band-edge lumines-
cence (WZ) at 832nm, which dominates the spectrum. At
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FIG. 1. Numerical simulations of the nanowire emission profile. (a) A nano-
wire with an electric dipole (arrow) aligned along the nanowire axis. The
nanowire has a hexagonal cross section (side = 110 nm, equivalent to a cyl-
inder with diameter of 200 nm) and the emission wavelength is 850 = 20 nm.
(b) Calculated far field emission profile from (a). A white dashed circle is
indicating the collection numerical aperture of 0.8. (c) A nanowire with
dipole perpendicular to the growth axis. (d) Calculated far field emission
profile from (c). The electric field intensity profile is maximum for k =0.
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FIG. 2. Fourier microscopy of individual nanowires. (a) Photoluminescence
spectrum of an individual InP nanowire with pure wurtzite crystal structure.
(b) Far field emission profile of a wurtzite nanowire. The emission intensity
is maximum for k=0. (c) Photoluminescence spectrum of an individual
nanowire with predominantly zincblende crystal structure. (d) Far field emis-
sion profile of a zincblende nanowire.

longer wavelength, we measure luminescence collected from
the donor-acceptor transitions (D-A), at 860 nm. To achieve
pure crystal phase, nanowires are grown by chemical beam
epitaxy with a two-step growth process on an InP substrate
covered by a SiO, mask composed of holes defined via
electron-beam lithography. First, the nanowire is grown with
a small diameter of ~20nm. For this nanowire dimension,
the nanowire crystal phase is wurtzite and contains a very
low stacking fault density of less than one per micron.'’
Subsequently, growth from the substrate is promoted and InP
forms a shell around the nanowire core. The shell maintains
the pure wurtzite crystalline order of the core.

We now measure the photoluminescence intensity in
Fourier space for the wurtzite band-edge transition. The
Fourier image of the emission from an individual nanowire
is shown in Fig. 2(b). The emission intensity is maximum in
the direction parallel to the nanowire axis (k=0). This ex-
perimental result is consistent with the orientation of electric
dipoles perpendicular to the nanowire axis as shown in the
calculations from Fig. 1(d).

Next, we measure the far field emission profile from
individual nanowires of similar dimensions, but consisting
mainly of zincblende crystal structure. A photoluminescence
spectrum is shown in Fig. 2(c). We observe a broad nanowire



191113-3 Bulgarini et al.

(a) (c)
; 360

270

180

Polarization angle (0)

90

800

Appl. Phys. Lett. 105, 191113 (2014)

FIG. 3. Polarization dependent photo-
luminescence of a wurtzite nanowire.
(a) and (b) Scanning electron micros-
copy (SEM) image of individual nano-
wires grown on a ridge. The employed
polarization coordinates of the collec-
tion optics are displayed by the arrows
with respect to the nanowire orienta-
tion in (a). (b) Nanowires are grown at
a 35 degree angle with respect to the
substrate. (c) Polarization dependent
photoluminescence of the wurtzite
nanowire band-edge emission col-
lected from the top of the ridges. The
most intense photoluminescence is col-
lected for polarization perpendicular to
the nanowire axis. The photolumines-
cence intensity is color-coded.
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emission centered around ~870nm. The broader nanowire
emission as compared to the wurtzite emission peak shown
in Fig. 2(a) is ascribed to stacking faults along the nano-
wire,'® which have a yet unknown dipole orientation. The far
field emission profile of this nanowire emission is presented
in Fig. 2(d). We observe a doughnut shape that is consistent
with dipoles oriented along the nanowire axis and with previ-
ous observations reported in the literature.'”

Fourier imaging in combination with FDTD simula-
tions of the far-field emission profile confirms that wurtzite
nanowire photoluminescence results from dipoles aligned
perpendicular to the nanowire axis. As a result of the dipole
orientation, the emission is collected from the top of the
nanowire, along the growth direction, at small emission
angles. In order to confirm this interpretation of the results,
we perform polarization-resolved photoluminescence spec-
troscopy. In these measurements, we utilize individual
wurtzite nanowires grown on ridges, as shown in Figure
3(b). For the creation of ridges, a rectangular mask is uti-
lized to etch a (001) InP substrate. Subsequent growth on
such patterned substrate develops a structure with trapezoi-
dal cross-section due to material migration towards the
(001) apex. Nanowire growth occurs on the (111)B facets
which are exposed on the sidewalls of the trapezoid, as
explained in a more detailed description in Ref. 20. Prior to
the nanowire growth, gold droplets are patterned on the
ridge sidewalls in order to provide site-selective catalyzed
growth of isolated single nanowires. First, circular openings
defined by electron beam lithography are etched in SiO,
covered ridges. Next, a 10nm gold layer is deposited
uniquely inside the etched openings providing the catalyst
material to the vapour-liquid-solid nanowire growth. The
use of nanowires grown on ridges provides a very clean
measurement for polarization-resolved photoluminescence
spectroscopy, because it avoids the transfer of nanowires to
another substrate where the dielectric material may alter the
measurement.'” The results of polarization-resolved photo-
luminescence spectroscopy are shown in Fig. 3(c). In the
measurements, photoluminescence is collected from the top
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of the ridges. The nanowire photoluminescence intensity is
maximum for light polarized perpendicular to the nanowire
axis (0 =0) and minimum for polarization along the nano-
wire. This polarization orientation is ascribed to radiating
electric dipoles aligned perpendicular to the nanowire axis
for the wurtzite crystal phase, as previously suggested for
explaining the far field emission patterns. We observe a
strong degree of polarization of on average ~60%, which is
slightly higher than the 49% reported from Mishra er al.,'!
using a single wurtzite InP nanowires lying on a silicon sub-
strate. The interaction of the electric dipoles in the nano-
wire with the dielectric environment alters the optical
selection rules yielding a lower degree of polarization.

We have reported Fourier microscopy measurements on
pure InP wurtzite nanowires as compared to nanowires with a
predominantly zincblende crystal structure. The measurements
indicate that electric dipoles responsible for the band-edge
photoluminescence in wurtzite nanowires are aligned perpen-
dicular to the nanowire axis. In consequence, the photolumi-
nescence is collected at small angles in the far field. In
contrast, an opposite dipole orientation is observed for zinc-
blende nanowires. Fourier images of zincblende emission ex-
hibit a doughnut-like emission profile which is in agreement
with dipoles oriented parallel to the nanowire axis. The inter-
pretation of the Fourier microscopy results is further confirmed
by polarization-resolved photoluminescence spectroscopy on
individual nanowires and FDTD simulations.

Our findings are extremely important for the develop-
ment of future nanowire devices where control of the emis-
sion profile is a prerogative, for instance, light-emitting
diodes®! and lasers.”? Moreover, the fundamental difference
in electric dipole orientations between zincblende and wurt-
zite nanowires is important in applications where engineer-
ing the light absorption is crucial such as photovoltaic and
photodetection. We remark that the investigation of both the
wurtzite and zincblende crystal structure is only possible
with nanowires where, by tuning the growth parameters, dif-
ferent crystal structures are obtained with a versatility which
is not possible in bulk growth.
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