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O
ne of the greatest challenges of
nanophotonics is to control the
efficiency and directionality of the

emission of light sources.1,2 This control can
be achieved by tailoring the surroundings of
the sources in order to modify the optical
modes into which they can decay.3 The
modification of the optical modes will allow
the development of improved LEDs4�6 and
efficient single photon sources with con-
trolled emission.1 A very promising nano-
source of radiation is semiconductor
nanowires.7�9 Recently, single nanowires
have been demonstrated as nanolasers,7

LEDs,8 and single-photon sources.9 The bot-
tom-up growth process of semiconductor
nanowires via a metal catalyst10 facilitates
the fabrication of radial and axial pn-
junctions.11�13 Because of the small lateral
dimensions of nanowires, it is possible to
grow defect-free heterostructures13,14 and
axial quantumdots.15 Periodic arrays of nano-
wires have been fabricated, and the growth
of 2D photonic crystals has been proposed16

by defining a metal particle pattern using
electron-beam lithography,17�19 gold de-
position through an anodic aluminumoxide
template,20 nanosphere lithography,21 and
nanoimprint lithography.16,22 The capability
to control the structure of single nanowires
and to design arrays of nanowires with
defined parameters renders these nanos-
tructures promising for achieving full con-
trol on the emission of nanosources.
In this manuscript, we present the first

experimental demonstration of the strongly
modified emission of nanowires defining
two-dimensional (2D) photonic crystal slabs.
In particular, we show the highly directional
emission of InAsP segments embedded in a

periodic array of InP nanowires by measuring
the angle-resolved photoluminescence. We
have simulated the experimental results by
finite-difference time-domain (FDTD) simula-
tions with the use of the reciprocity theorem.
Moreover, we propose that by varying the
vertical position of the emitting segments
the efficiency and direction of the emission
can be tuned. These results set the basis for
the development of light sources based on
nanowires, which may improve the efficiency
of LEDs and control the direction of emission
of single photons, increasing the emission and
detection rate in quantum optical systems.

RESULTS AND DISCUSSION

We have fabricated arrays of heterostruc-
tured InP�InAsP�InP nanowires using the
vapor�liquid�solid (VLS) growth mecha-
nismbymetal�organic vapor phase epitaxy
(MOVPE).10 The VLS growth mechanism re-
quires a metal catalyst particle. Ordered
arrays of gold particles have been obtained
by structuring the surface of the substrate
with nanoimprint lithography.23 The detailed
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ABSTRACT We demonstrate experimentally the directional emission of light by InAsP segments

embedded in InP nanowires. The nanowires are arranged in a periodic array, forming a 2D photonic

crystal slab. The directionality of the emission is interpreted in terms of the preferential decay of the

photoexcited nanowires and the InAsP segments into Bloch modes of the periodic structure. By

simulating the emission of arrays of nanowires with the emitting segments located at different

heights, we conclude that the position of this active region strongly influences the directionality and

efficiency of the emission. Our results will help to improve the design of nanowire based LEDs and

single photon sources.
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growth process using nanoimprint lithography is de-
scribed in ref 22. Figure 1 displays scanning electron
micrographs (SEM) of the array of heterostructured
InP�InAsP�InP nanowires. The top-view SEM image in
Figure 1a shows that the nanowires are grown in a
square lattice with a pitch of 513 nm. From the tilted-
view SEM image displayed in Figure 1b, the detailed
structure of the nanowires is visible. The top part of the
nanowires is grown straight with a diameter of 90 nm
and a length of 2 μm; the bottom part is tapered with a
length of 1 μm and a bottom diameter of 270 nm. Very
efficient optical absorption at wavelengths shorter
than the bandgap of InP, that is, 920 nm, has been
recently demonstrated in these and similar arrays.24

This absorption enables the design of nanowire based
solar cells with improved light harvesting.
To have a closer look at the crystallographic struc-

ture of the nanowires and to determineboth theposition
and the chemical composition of the InAsP segment,
we performed high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM).
Figure 2a shows a TEM image of a representative
nanowire, while Figure 2b displays a TEM image with
a higher magnification in which the InAsP segment is
visible. The distance of the segment from the top of the
nanowires is determined from three nanowires to be
1.1 ( 0.2 μm. While the InAsP segment is grown
halfway through the growth time, it is not positioned
in the middle of the nanowire length. This indicates
that either the growth rate of InP is influenced by the
presence of the InAsP segment or that the effective V/III
ratio increases due to a reduction of the contribution of
the substrate for the decomposition of trimethylindium
(TMIn). Because of this reduced InP growth rate above
the InAsP segment, the controlled fabrication of arrays
of nanowires with a fixed height and an InAsP segment
located at different vertical positions requires a de-
tailed investigation of the growth mechanism. Energy
dispersive X-ray spectroscopy (EDX) of the InAsP seg-
ment, shown in Figure 2c along the growth direction of
the nanowire, gives an arsenic concentration of 10% in
the InAsP segment and the length of the InAsP seg-
ment of 20 ( 2 nm. Figure 2d shows the photolumi-
nescence spectrum measured at room temperature of
a single nanowire excited at a wavelength of 532 nm.
The emission around λ = 875 nm originates from the
wurtzite InP nanowires.25 The incorporation of As

atoms into InP leads to a narrowing of the semicon-
ductor energy gap and to a red-shift of the photo-
luminescence resulting to theemissionaroundλ=950nm

Figure 2. High angle annular dark field scanning transmis-
sion electron micrographs of an InP nanowire removed
from the sample shown in Figure 1: (a) Low resolution and
(b) high resolution images. The arrows indicate the position
of the InAsP segment. (c) EDX linescans from three wires of
the same sample indicating the As concentration along the
InAsP segment. The black line in image b indicates the EDX
scan line. (d) Measured photoluminescence of a single
nanowire (symbols) and Lorentzian functions centered at
875 nm (dashed-dotted curve) and at 956 nm (solid curve)
representing the emission spectra of the InP nanowires and
InAsP segment used for the FDTD simulations.

Figure 1. Scanning electron micrographs of an InP nano-
wire array: (a) top-view and (b) tilted-view image taken at an
angle of 30�.
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from the InAsP segment. The emission of the InP
nanowire and the InAsP segment can be approximated
by Lorentzian functions. These Lorentzian functions
are centered at λ=875 nmwith awidth of 40 nm (dash-
dotted curve in Figure 2d) for the emission of the InP
nanowire, and at λ = 956 nm with a width of 60 nm
(solid curve in Figure 2d) for the emission of the InAsP
segment.
We have determined the directionality of the emis-

sion of the InP nanowires and the InAsP segments by
measuring the angle-resolved photoluminescence of
the array. Figure 3 panels a and b display the measure-
ments of the photoluminescence intensity normalized

to the maximum photoluminescence intensity mea-
sured normal to the sample for (a) s- and (b) p-polar-
ization. These measurements are displayed as a
function of the wavelength and the angle of detection
measured from the sample normal. The upper insets
show the measurements at λ = 875 nm, that is, along
the dashed lines. The s-polarized emission of the
nanowires at λ = 875 nm (upper inset of Figure 3a)
decreases as a function of angle, following a lambertian
emission profile. Some fluctuations in the photolumi-
nescence as a function of the angle can be observed for
p-polarized emission (upper inset of Figure 3b). As we
show below, these oscillations are due to the periodic
structure of the nanowire layer.
The most interesting feature of the photolumines-

cence measurements of Figure 3 is the emission of the
InAsP segment (λ > 900 nm). As is apparent in
Figure 3a, the s-polarized emission of the InAsP for
angles between 50� and 70� shows a narrow and weak
band of emission. For the p-polarized emission, there
are two more intense and closely spaced bands that
lead to a distinct maximum of emission around an
angle of 57� and a wavelength of 956 nm.
To understand the emission of the InAsP segments,

we have calculated the band structure, i.e., the Bloch
modes, of a 2D photonic crystal.26 A schematical
description of the configuration of the calculation is
given in Figure 4a. The 2D photonic crystal is formed by
infinitely long InP (n = 3.35) nanowires with a diameter
d = 90 nm and a lattice constant a = 510 nm. We have
determined the transverse-electric (TE) and transverse-
magnetic (TM) Bloch modes. According to Figure 4a,
the TE modes have the electric field perpendicular to
the nanowire elongation, that is, the y-direction, while
the TM modes have the magnetic field parallel to this
direction. The coupling of the TE and TM Bloch modes
to s- or p-polarized free-space radiation is determined
by the electromagnetic boundary conditions, which
set the continuity of the field components parallel to
the interface. When measuring the s-polarized emis-
sion, only the TE modes are probed. The p-polarized
emission is determined by the modes having the
electric field component in the z-direction, that is, TM
modes. The reciprocal lattice of a square array of
nanowires is given in Figure 4b, where the points of
higher symmetry (Γ, X, M) delimiting the irreducible
Brillouin zone are indicated. Figure 4c displays the
calculated bandstructure. The black solid curves repre-
sent the TE modes, and the red dashed curves repre-
sent the TM modes. The range of our measurement is
marked with the shaded region. From this graph, we
can conclude that we are measuring at optical fre-
quencies around the second frequency bands of the
2D photonic crystal. To relate the band structure to our
measurements, Figure 4d displays the calculated band
structure as a function of wavelength and angle where

Figure 3. (a) s-polarized and (b) p-polarized photolumi-
nescence of an array of InP nanowires normalized to the
maximumphotoluminescence as a function of the emission
angle and wavelength. The upper insets show the normal-
ized emission at λ = 875 nm along the white dashed lines.
The white curves correspond to the calculated (a) TE Bloch
mode and (b) TM Bloch mode.
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the shaded rectangle corresponds to the range of our
measurements.
We have included the calculated second frequency

bands in the measurements displayed in Figure 3. The
white curve in Figure 3a represents the second TE
frequency band, and the white curve in Figure 3b
corresponds to the second TM frequency band. We
find a good agreement between the calculated band
structure and the bands of increased emission of the
InAsP segment. Also the modulation of the p-polarized
nanowire emission at λ = 875 nm (Figure 3b) can be
related to the occurrence of a Blochmode in the periodic
structure and, as we will show later, to Fabry-P�erot
resonances due to the finite thickness of the periodic
array of nanowire. It is important to point out that the
band structure calculations neglect absorption and

dispersion of the refractive index. In addition, the finite
length of the nanowires limits the validity of the
description of this system in terms of a 2D photonic
crystal. Nonetheless, the good agreement between the
band structure calculation and the photoluminescence
indicates the relevance of the periodic structure in the
definition of the directional light emission. This agree-
ment justifies the following explanation for the emis-
sion of the array: The photoexcited nanowires and
InAsP segments decay preferentially into eigenmodes
of the periodic structure, which are coupled at the
interfaces to free space radiation. Figure 5a illustrates
the directionality of the emission of the InAsP segment
by plotting the emission at λ = 956 nm as a function of
the angle for s-polarized (open triangles) and p-polar-
ized light (open squares). While the increase of the

Figure 4. (a) Schematic representation of an array of nanowires. The wavevector of TE and TM modes is displayed, with TE
modeshaving the electricfield along the y-direction andTMmodes having the electric field along the z-direction. The lattice
constant is a and the diameter of the nanowires is d. The wavevector of the emission is illustrated, together with the electric
field for s- and p-polarized light. (b) Reciprocal lattice of a square array of nanowires. The edges of the irreducible Brillouin
zone are the Γ, X, and M points. (c) Calculated band structure of a 2D photonic crystal formed by a square lattice of infinitely
long cylinders with refractive index n = 3.35, a diameter of 90 nm, and a lattice constant of 510 nm surrounded by air. The black
solid curves correspond to TE modes, while the red dashed curves are TMmodes. The dashed area corresponds to the range of
our measurement. (d) Calculated band structure as a function of wavelength and angle. The dashed area corresponds to
the range of our measurement.
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emission for s-polarized light at 59� is small, the emis-
sion of p-polarized light is strongly directed at 56�. This
difference in intensity between the s- and p-polarized
light is due to the different field profiles of the TE and
TMmodes. Calculations of the field profiles (not shown
here) show that while the electrical energy density in
the TE mode is the strongest in the air surrounding the
nanowires, the electrical energy density in the TM
mode is concentrated in the nanowires. Therefore,
the light emitted from the active region of the samples,
that is, fromthenanowiresand InAsPsegmentscancouple
more efficiently to the TM mode, which is coupled to
s-polarized light into free space at the sample interface.
We have performed finite-difference time-domain

(FDTD) simulations to simulate the emission of hetero-
structured InP�InAsP�InP nanowires with a height of
3 μm, a straight top part, and a tapered base ordered in
a square lattice with a constant of 510 nm. We have
used an in-house developed FDTD program on a
computational domain consisting of a nanowire on a

semi-infinite substrate.27 To simulate the periodic
structure, the domain has quasiperiodic boundary
conditions in the horizontal directions and absorbing
perfectly matched layers (PML) in the vertical direc-
tions. A continuous function describing the dispersion
of the permittivity of InP is obtained by fitting the
refractive index of InP with a Lorentz model above and
below the bandgap.28 The intensity radiated by any
distribution of incoherent dipoles in the nanowire can
be efficiently calculated by invoking the reciprocity
theorem.29 With this theorem the radiated intensity in
a specific direction and polarization is computed by
evaluating the near field at the emitting segment
caused by an incident field. By illuminating the nano-
wire structure with a short broadband pulse, the entire
wavelength range can be simulated at once per hor-
izontal wavenumber or angle of incidence. This simula-
tion of the near field is repeated for each angle of
incidence. By the reciprocity theorem, the emission
intensity in a certain direction and polarization caused
by the emission of incoherent dipoles in the emitting
segment is proportional to the integrated near-field
intensity in the emitting segment that results from the
illumination with a polarized plane wave incident from
this direction. Using the reciprocity theorem, the local
radiative density of states in the photonic crystal can be
determined. This radiative density of states contains
the extraction efficiency of the emission and the local
density of states given by the periodic structure. The
reciprocity theorem does not allow determining the
local density of states alone.
Initially, we assume that the strength of the radiating

dipoles in the wires is independent of position and
emission wavelength. To obtain the radiation spectrum
that can be compared to experimental data, the dipole
strength in the emitting segment is multiplied by the
spectral emission of the InAsP segment. This emission is
obtained from the photoluminescence measurement of
a single nanowire (see Figure 2d) and is a Lorentzian
function centered at λ = 956 nm and with a width of
60 nm. Similarly, the emission from the InP nanowire is
computed by integrating the radiation from the near
field inside the wire and multiplying this to a spectral
emission of wurtzite InP. Similarly, this emission is ob-
tained from the photoluminescence measurement of a
single nanowire and is a Lorentzian function centered at
λ = 875 nm andwith a width of 40 nm (see Figure 2d). In
all these simulations we take into account the inhomo-
geneous absorption of the light used for the excitation
by multiplying the radiated intensity with a linear func-
tion that goes from zero to one from the bottom to the
top of the nanowire layer. This distribution of intensities
is justified by the recent demonstration of the enhanced
absorption in similar arrays of nanowires.24

Figure 6 panels a and b show contour plots of the
normalized simulated intensity of the array of nanowires
for s- (Figure 6a) and p- (Figure 6b) polarization as a

Figure 5. (a) Photoluminescencemeasurements and (b) FDTD
simulations at λ = 950 nm of InAsP segments in InP nano-
wires organized in a periodic array as a function of the
emission angle. The data are normalized to the maximum
emission at 875 nm. The open squares and triangles in panel
a corresponds to p-polarized emission and s-polarized
emission, respectively, while the solid and dashed lines in
panel b are the simulations for p- and s-polarized emissions.
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functionofwavelength andangleof emission. In the FDTD
simulation, we assume a random and isotropic distri-
bution of emitting dipoles in the nanowires, and the
InAsP segment is located at a height of 1920�1940 nm.
The simulations show a remarkable good agreement
with the measurements of Figure 3. This agreement
can be better appreciated in the cuts to the contour
plots at λ = 956 nmdisplayed in Figure 5b. In this figure
the solid curve represents the p-polarized emission,
while the dashed curve is the s-polarized emission. The
good agreement between measurements and simula-
tions shows that the gold particle on top of the
nanowires, which is not included in the FDTD simula-
tions, does not influence the directionality of the
emission. This independence of the emission on the
presence of the gold particles might be due to its high
InP contamination, that is inevitable in the VLSmethod
used for growing the nanowires. The InP-gold alloy is
expected to have aweaker effect on the optical proper-
ties of nanowires than intrinsic gold.
The good agreement between measurements and

FDTD simulationsmotivates us to determine the influence

of the vertical position of the emitting segment on the
direction of the emission. Figure 7a shows the simu-
lated p-polarized photoluminescence at λ = 956 nm. To
take account for the tapering of the nanowire, this
simulated photoluminescence is normalized to the
area of the emitting segment in the wire and normal-
ized to the maximum emission as a function of the
detector angle and the vertical position of the emitting
segment in the nanowire. The photoluminescence
exhibits maxima around 50� corresponding to the TM
mode. However, the local radiative density of states
causes a strong dependence of the direction and of the
efficiency of the photoluminescence on the vertical

Figure 6. FDTD simulation of the s-polarized (a) and p-po-
larized (b) photoluminescence of arrays of InP nanowires as
a function of the emission angle and wavelength. The white
curves correspond to the calculated (a) TE and (b) TM Bloch
modes.

Figure 7. Emission at λ = 956 nm of an array of InP nano-
wires normalized to the maximum as a function of the
emission angle and the vertical position of an InAsP emit-
ting segment of 20 nm embedded in the nanowires. This
emitting segment is assumed to be formed by incoherent
and randomly orienteddipoles. In this simulation, wedonot
take into account the inhomogeneous absorption of the
light in the nanowire layer. (a) Corresponds to the emission
of p-polarized light. (b) Normalized emission intensity of
p-polarized light for three different heights of the InAsP
segments: h = 540 nm (dotted line), 1080 nm (dashed line),
and 2220 nm (solid line). The squares indicate the emission
intensity from a height of 1080 nm of vertically aligned
dipoles.
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position of the emitting segment.30 This influence of
the height of the emitting segment on the far-field
emission is illustrated in Figure 7b, where cuts to the
contour plot are presented for three different heights,
namely, h = 540 nm (dotted curve), h = 1080 nm
(dashed curve), and h = 2220 nm (solid curve). Note
that for h = 540 nm the emitting segment is located in
the tapered bottom part of the nanowires, where the
emitted radiation can couple efficiently to guided
modes in the nanowire and transmit efficiently into
the substrate, leading to a very low emission. This
enhanced coupling of light into the substrate has been
recently experimentally demonstrated.24 For h =
1080 nm there are two peaks at 46� and 57�, which
both can be related to the TM mode. For the band
calculations of the infinitely long 2D photonic crystal
we have assumed the vertical component of the wave
vector to be zero, leading to a single eigenfrequency
per incident angle. In a photonic crystal slab, such as
the nanowire array, the z-component of the wavevec-
tor inside the slab can be nonzero, resulting in a broad
continuum of TM-like modes. The exact shape of the
emission from this continuum is given by the local
radiating density of states and is influenced by a
vertical Fabry�P�erot resonance in the slab and the
coupling of the z-component of the wavevector of the
mode with that of the emitted field in air.31 To demon-
strate that the features of the p-polarized emission are
indeed only influenced by the TM-like modes and the
Fabry�P�erot resonance in the nanowire layer, we have
simulated the p-polarized emission of the array of
nanowires for dipoles that are either horizontally or
vertically oriented, separately. Vertically oriented dipoles

can only couple to TMmodes and horizontally oriented
dipoles to TE modes. The squares in Figure 7b repre-
sent the simulated emission of vertically oriented
dipoles at h = 1080 nm. This emission overlaps the
simulation done by considering a random distribution
of emitting dipoles (red dashed curve). We can con-
clude that the emission of the emitting segment is
mainly caused by vertically oriented dipoles that cou-
ple to the TM-like photonic crystal slab mode and the
contribution of the emission of horizontally oriented
dipoles, that couple to TE-like modes, on the p-polar-
ized emission is negligible. In the case of h = 2220 nm
there is only one pronounced peak at 48�. This peak is
3.5 times higher than the peak found for the InAsP
segment in the measured sample (h = 1920 nm). The
simulations show a strong tunability of the direction-
ality and the efficiency of the emission by the vertical
position of the emitting segment.

CONCLUSION

We have demonstrated the modified emission of
heterostructures embedded in ordered arrays of semi-
conductor nanowires. From calculations of the Bloch
modes supported by 2D photonic crystals, we conclude
that the periodic structure determines the directionality
of the emission. Finite-difference time-domain simula-
tions for an isotropic distribution of emitting dipoles
reproduce the measurements. The simulations reveal a
strong influence of the position of the emitting segment
in thenanowires on theemissionefficiency anddirection.
These results set the base for the design of the emission
of nanowire-based LEDs and single-photon sources
based on photonic crystals of semiconductor nanowires.

METHODS
VLS growth: Heterostructured InP�InAsP�InP nanowires are

grown for 60 min at a temperature of 420 �C using trimethy-
lindium (TMIn) and phosphine (PH3) as precursors. After 30 min
of InP growth, the InAsP segment is grown by adding arsine
(AsH3) for 10 s into the MOVPE reactor.
Angle-resolved photoluminescencemeasurements: The fiber of

a fiber-coupled InGaAs spectrometer was mounted on a compu-
ter-controlled rotational stage, and the fiber was rotated around
the nanowire sample. The excitation source was a diode laser
emitting at a wavelength of 532 nm. The laser light was incident
onto the sample at an angle of 60� with respect to the surface
normal. Themeasurementswereperformedat room-temperature.
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