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Giant optical birefringence in ensembles of semiconductor nanowires
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Giant birefringence is demonstrated in ensembles of randomly grown, vertically aligned
semiconductor nanowires. Bottom-up fabrication of epitaxial semiconductor nanowires grown using
the vapor-liquid-solid mechanism yields a highly anisotropic photonic metamaterial. The
birefringence in the material is shown to depend on the nanowire length. Short nanowires with a
volume filling fraction around 50% exhibit the strongest birefringence, in agreement with effective
medium theories. A large difference is found between the in-plane and out-of-plane refractive
indices of An=0.8, exceeding by a factor of 75 the natural birefringence of quartz and by more than
a factor of 2 that of inverted artificial materials. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2402906]

Semiconductor nanowires are nanostructures with a di-
ameter much smaller and a length much larger than the
wavelength of visible light. This large anisotropy, combined
with the high refractive index of some semiconductors, leads
to fascinating optical phenomena. Giant polarization aniso-
tropy for the absorption and emission of light was first re-
ported by Wang et al! by measuring the photoluminescence
of individual InP nanowires. It was demonstrated that semi-
conductor nanowires can function as polarization sensitive
photodectectors.l’2 Furthermore, the polarization anisotropy
of the optical properties of nanowires has been used to se-
lectively photopassivate their surface.’ Very recently, we
demonstrated that nanowires exhibit form birefringence, with
an optical axis that can be controlled by the direction of the
epitaxial growth.4

Optical birefringence describes the difference in refrac-
tive index of light with different polarizations traveling in-
side an anisotropic material. Next to the natural birefringence
of crystals, artificial birefringence occurs in materials con-
taining aligned macroscopic scatterers. The phenomenon has
been observed in various systems such as aligned carbon
nanotube films,’ porous silicon,” and liquid-crystal tem-
plated porous CdTe.® In this letter we show that giant bire-
fringence can be achieved in dense collections of randomly
positioned vertical nanowires by controlling their length,
alignment and diameter, and thereby the semiconductor fill-
ing fraction. The largest birefringent ensemble that we have
measured has an extraordinary large birefringence of 0.8,
exceeding the natural birefringence of quartz by a factor of
75 and that of inverted or porous materials by more than a
factor of 2.7 This is to our knowledge the strongest birefrin-
gent material to date based on randomly positioned scatterers
in the long-wave limit.
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The semiconductor nanowire materials of this study are
extremely suitable for several important technological
applications involving porous media, such as optical
biosensing.7’9’lo The extremely large available surface area of
the wires can be coated with additional layers of silicon or
noble metals for compatibility with biological functionaliza-
tion groups,g’11 while local bottom-up growth of nanowire
layers on optical waveguides will g'ield integrated optical
sensors with improved sensitivity.l Other applications of
giant-birefringence nanowire materials are antic'g)ated in
quantum optics as a source of entangled photons,1 for po-
larization control in microphotonics,13 and as propagation
medium for surface waves on birefringent materials."*

We have investigated layers of different thicknesses of
vertically oriented GaP nanowires grown in a high volume
density of several percent. GaP has a large refractive index
ngep Of 3.3 in the red part of the visible spectrum and an
energy band gap of 2.26 eV." The nanowires were grown
with the Vapor-liquid—solid16 method by the use of metal-
organic vapor phase epitaxy at 420 °C on a (111)B GaP
substrate. A thin (0.2 nm) gold film was deposited on the
substrate, resulting at the deposition temperature in a high
density of individual catalyst droplets from which the nano-
wires are grown. The thickness of the nanowire layer was
controlled by the growth time.

Figures 1(a)—1(c) show cross-sectional scanning electron
microscopy (SEM) images of three nanowire layers of dif-
ferent lengths, epitaxially grown on a GaP substrate. The
semiconductor filling fraction in the three samples is ap-
proximately 4%. The scale bars in the three images corre-
spond to 1 um. Figure 1(a) represents a layer of nanowires
with a length of 14.5 wm, while the nanowires of Figs. 1(b)
and 1(c) have lengths of about 4.7 and 1.5 um. For all
samples the nanowires were epitaxially grown in the vertical
(111)B direction; however, with increasing length, the wires
seem to bend due to their increasing flexibility. This phenom-
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FIG. 1. Cross-sectional SEM images of GaP nanowires epitaxially grown on
a GaP substrate. (a), (b), and (c) correspond to layers of nanowires with
lengths of 14.5, 4.7, and 1.5 um, respectively. The scale bar represents
1 pm in all the figures.

enon, as we will see, is responsible for a reduction of the
birefringence.

For wires oriented perpendicular to the surface, the op-
tical birefringence is expected to vary strongly between nor-
mal and in-plane incidence of light. The nanowire material
may be considered as a positively uniaxial medium with cor-
responding values for the refractive indices n, and n,, re-
spectively, for polarizations perpendicular and parallel to the
nanowire axes. The values for n, and n, can be calculated
from a microscopic effective medium model reflecting the
specific geometrical distribution of the mixture. For a mate-
rial consisting of perfectly aligned cylindrical pillars, it has
been shown theoretically that in the long-wavelength limit
the two indices are described by the Maxwell-Garnett effec-
tive medium model for the ordinary index n, and the geo-
metrical average for extraordinary refractive index "e-”_ ’In
the case of GaP pillars of refractive index ng,p occupying a
volume fraction f in air, we have

n§:<1+ 2fa ) (1)
1+ fa
ne = fngep + (1= 1), )

where a=(n2GaP—1)/ (néap+1) denotes the polarizability of
the cylinder for an electric field perpendicular to the wire
axis. This model describes the dielectric constants for a me-
dium of cylinders and should hold as long as the wires are
not overlapping.

To determine the material refractive indices, we use the
method of angular-dependent polarization interferometry at
an optical wavelength of 632.8 nm (He:Ne laser). The polar-
ization of the input light beam is set to 45° with respect to
the plane of incidence. The rotation of the polarization vector
after propagation through the nanowire layer is measured via
the parallel (/;) and cross-polarized (7)) intensities (relative
to the input polarization) using an analyzing polarization fil-
ter. The ratio of the intensities /, /I, is a measure of the
polarization extinction and represents the quality of the bire-
fringent material.” This ratio is shown in Fig. 2 as a function
of incident angle 6., for light transmitted through the three
samples with increasing nanowire length of Fig. 1. For the
sample with the longest nanowires a maximum at 57° and a
minimum at 78° are observed in the polarization extinction
(blue line in Fig. 2), corresponding to an optical retardation
over multiple orders of 7. The sample with 4.7 um long
nanowires presents only a maximum at 72° in the polariza-
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FIG. 2. (Color) Transmission contrast as a function of the angle of incidence
6., for three layers of GaP nanowires with different thicknesses. The red line
corresponds to a birefringent layer with a thickness of 1.5 um, while the
green and blue lines are samples with thicknesses of 4.7 and 14.5 um,
respectively. The dashed lines are fits to the measurements using the transfer
matrix method. The inset represents the birefringence parameter of the
samples obtained from the fits as a function of their thickness. The solid line
is a guide for the eyes.

tion extinction ratio (green line in Fig. 2), while the sample
with short nanowires (red line) does not have a maximum in
the polarization extinction ratio due to the shorter optical
path length in the birefringent layer.

Accurate estimates of n, and n, were obtained by fitting
the polarization-dependent transmission using a transfer ma-
trix model accounting for the various interfaces and for the
birefringence of the nanowire layer.20 The results of these fits
are represented by the dotted lines in Fig. 2 and show good
quantitative agreement with the experimental results. The re-
sulting birefringence coefficients An=n,—n, for the three
nanowire layers are plotted versus the layer thickness in the
inset of Fig. 2. The solid line in this inset is a guide to the
eyes. The birefringence coefficient increases strongly as the
thickness of the layer is reduced. We attribute this to a better
alignment of the short nanowires that do not show the pro-
nounced bending experienced by the longer nanowires.

According to Egs. (1) and (2) the birefringence coeffi-
cient can be increased by augmenting the semiconductor fill-
ing fraction f, reaching a maximum when f is roughly 50%.
Therefore we have made samples of short nanowires with
increasing semiconductor filling fractions by growing an ad-
ditional GaP shell around the wires. This is done by elevating
the growth temperature to 630 °C for a limited time after
growing the nanowires.* Figure 3 shows cross-sectional
SEM images of three samples with increasing shell growth

FIG. 3. Cross-sectional SEM images of GaP nanowire layers with radial
growth times of 0 s (a), 500 s (b), and 950 s (c). Scale bars denote 1 pm.
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FIG. 4. (a) Birefringence An against nanowire volume fraction f for
samples with an average nanowire length of 1.5 um and different radial
growth times. The solid and dashed lines are the Maxwell-Garnett calcula-
tions [Egs. (1) and (2)] for the direct (GaP pillars in air) and inverse medium
(pores in GaP). (b) Relative birefringence An/n, vs the nanowire volume
fraction, with (lines) Maxwell-Garnett calculations.

times of (a) 0 s, (b) 500 s, and (c) 950 s. The radial growth
of GaP on the sidewalls of the nanowires results in an in-
crease of the average nanowire diameter from (a) 21.5 nm,
(b) 45 nm, up to (c) 90 nm. The average volume density of
nanowires, denoted as f, was determined from gravimetrical
measurements and top-view SEM images to f<<0.04 for the
material without shell up to f=0.40+0.05 for the sample
with the longest radial growth time.

The resulting birefringence coefficients An for the
samples with increasing radial growth times are plotted ver-
sus the semiconductor volume fraction f in Fig. 4(a) (open
circles).”’ The birefringence increases strongly with the vol-
ume fraction. We obtain values as high as 0.80+0.07 for a
filling fraction of 40%. The solid line in Fig. 4(a) represents
the theoretical value for the birefringence coefficient using
Egs. (1) and (2). There is a remarkable good agreement be-
tween the theoretical and experimental values. The small dis-
crepancy could be caused by the aforementioned bending of
the nanowires, which yields a lower An than that predicted
by the theoretical model of perfectly aligned nanowires.'®
For comparison we have also plotted in Fig. 4(a) the bire-
fringence coefficient for an inverted structure consisting of
air pores in a matrix of high dielectric material (dashed line).
These types of structures are usually obtained by top-down
fabrication methods. High density ensembles of nanowires
present a much higher birefringence than inverted materials.
The value of An=0.80 measured in GaP nanowires is more
than a factor 2 higher than bpreviously reported values in
highly birefringent porous Si. 7

A parameter of considerable interest is the birefringence
normalized to the in-plane refractive index n,, describing the
relative difference of the phase velocity of the light between
the two polarizations. We have represented this relative bire-
fringence in Fig. 4(b) as a function of the semiconductor
filling fraction f. The relative birefringence reaches up to a
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value of 43%. The large relative birefringence again is spe-
cific for the nanowire material, due to the very strong sup-
pression of the nanowire polarizability perpendicular to its
axis,' and very different from porous network materials
[dashed line in Fig. 4(b)].

In conclusion, we have fabricated a novel metamaterial
based on high densities of semiconductor nanowires. The
material shows large optical birefringence depending on the
length of the nanowires. Short nanowires (1.5 um long) with
a filling fraction of 40% yield a birefringence of An=0.8,
two times larger than previously reported values of birefrin-
gence in inverted material such as porous films. The good
quantitative agreement of these measurements with the theo-
retically calculated maximum birefringence demonstrates the
high quality achieved in the fabrication of the nanowire ma-
terials in this work. The unique properties of the giant-
birefringence nanowire materials combined with their local
bottom-up fabrication open up important technological appli-
cations in optical sensing and nanophotonics.
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