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Large birefringence in two-dimensional silicon photonic crystals
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We report an experimental and theoretical study of the birefringence of two-dimensional photonic crystals in
the spectral region below the first photonic band gap. Transmission spectroscopy is used to measure the
birefringence of a sample composed of a triangular lattice of air cylinders in silicon, with a cylinder radius of
0.644mm and a lattice pitch of 1.5mm. The measured birefringence~defined as the difference in the effective
refractive indices of the electric fields polarized parallel and perpendicular to the cylinder axis! reaches a
maximum value of 0.366 near the first photonic band edge at a wavelength of 6.52mm. The results show
excellent agreement with theory and demonstrate the potential use of two-dimensional photonic crystals for
highly birefringent optically integrated devices.
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The ability to engineer photonic crystals using micr
structured periodic dielectric materials has recently gener
a great deal of interest from both a fundamental and an
plied perspective. Much of this interest has been gener
from the potential use of a photonic band gap to provid
new means of tailoring the emission and flow of light. Ho
ever, photonic crystals, even those without a photonic b
gap, possess many other interesting and practical prope
related to the dispersion, anisotropy, and polarization ch
acteristics of the photonic bands. For example, these pro
ties of photonic crystals offer the opportunity to create lo
threshold lasers,1 efficient dispersion compensation2

enhanced nonlinear frequency conversion,3,4 and novel su-
perprism phenomena.5

Another property that is related to the polarization, anis
ropy, and dispersion of photonic bands is birefringence~also
known as double refraction!. This property is clearly eviden
when the wavelength of light approaches the lattice const
and the photonic bands become highly dispersive and se
tive to the direction of propagation. Recently, experiments
layered two-dimensional photonic crystals6 and photonic
crystal fibers of low symmetry7 have demonstrated larg
birefringence8 in this regime. However, many theoretic
studies9–12 have also shown that photonic crystals can p
sess large birefringence in the long-wavelength limit. Inde
all two-dimensional photonic crystals share this interest
property.11 It is expected that the ability to create a loca
artificially birefringent medium on a dielectric chip will lea
to many useful devices and applications for integrated opt

In this paper, we present what we believe to be the fi
experimental study of photonic crystal birefringence with
the first photonic band. Polarization-sensitive transmiss
spectroscopy is used to measure the birefringence of a
dimensional photonic crystal composed of a triangular lat
of air cylinders in silicon. The results reveal a very lar
birefringence~defined as the difference in the effective r
fractive indices for the electric fields polarized parallel a
perpendicular to the cylinder axis!, with a maximum value of
0.366 near the first band gap. We also perform calculati
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of the birefringence using a plane-wave expansion meth
and find excellent agreement with our measurements.

We fabricated two-dimensional photonic crystals usi
the techniques described in Refs. 13–16. Briefly, phot
thography and alkaline etching were used to define a tr
gular lattice of pore nuclei, with a lattice constant ofa
51.50mm, on a moderatelyn-doped silicon wafer. The pat
terned wafer was anodically etched in HF while being ill
minated from the backside, forming cylindrical pores with
radius of r 50.45mm and a depth of 100mm. The pore
radius was subsequently widened via thermal oxidation
wet etching to 0.644mm (r /a50.429). Using the method
outlined in Ref. 17, the porous wafers were then microstr
tured into bars with well-defined surfaces for transmiss
experiments. A scanning electron microscope image of a
microstructured bar~oriented in theG-K direction! is shown
in Fig. 1. A wide sample of width 235.561 mm ~181 pore
rows, oriented in theG-M direction! was prepared for this

FIG. 1. Scanning electron microscope image of thin bar
macroporous silicon photonic crystal, oriented in theG-K direction.
©2001 The American Physical Society01-1
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experiment so that a large phase shift would occur betw
the E- and H-polarized beams upon transmission. The fi
photonic band edges for this sample occurred atf E
50.230 c/a ~at a wavelength ofl56.52mm) and f H
50.251 c/a (l55.98mm) for the E- and H-polarized
fields,18 respectively.

The photonic crystal birefringence was measured by p
ing the sample between a pair of polarizers and measu
the transmission spectrum with a Bomem Fourier transfo
infrared spectrometer equipped with a mercury cadmium
luride detector. The polarizer in front of the sample was o
ented at an angle of 45° relative to the photonic crystal p
axis and the second polarizer was oriented either paralle
perpendicular to the first polarizer. Measurements were m
over the wavelength range of 5.8–11.5mm ~i.e., over the
frequency interval 0.13–0.26c/a).

The measured transmission spectra for parallel and
pendicular polarizer orientations are shown in Fig. 2. T
spectra show polarization beating indicative of a highly
refringent medium. The visibility of the peaks and the tran
mission amplitude decay as the frequency approaches th
the first photonic band edge atf E . At frequencies between
f E and f H , only the H-polarized beam is transmitted an
interference cannot occur. The reduced transmission nea
frequenciesf 50.13 and 0.16 is due to absorption in th
natural SiO2 layer coating the pores.

The oscillatory structure observed in Fig. 2 results fro
the interference of theE- andH-polarized beams when pro
jected along a common polarization axis by the second
larizer. If multiple reflections are neglected and perfect
herence is assumed, the transmission spectra of the pa
and perpendicular polarizer orientations are given by

T~ f !5 1
4 $TE~ f !1TH~ f !62ATE~ f !TH~ f !cos@Df~ f !#%,

~1!

whereDf52pDnt f /c is the relative phase difference b
tween the beams,Dn is the difference betweenE- and
H-polarized refractive indices,TE and TH are the transmis-
sion coefficients of theE- and H-polarized fields, respec
tively, and t is the sample thickness. The sign of the fin
term is positive for the parallel orientation and negative

FIG. 2. Measured transmission spectra with parallel~solid! and
perpendicular~dashed! polarizer orientations.
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the perpendicular orientation. With the polarizers oriented
an angle of 45° relative to the photonic crystal pore axis,
interference will be complete only if theE- andH-polarized
transmission coefficients are equal and the two fields are
fectly coherent~i.e., the two interferometric paths are ba
anced!.

Our measuredE- and H-polarized transmission spectr
had different amplitudes, complicating the interpretation
the spectrum of Fig. 2 in terms of Eq.~1!. We therefore
inverted Eq. ~1! using the measuredE- and H-polarized
transmission spectra~with both polarizers! to obtain the co-
sine function^cos(Df)&. Here the brackets imply that th
function involves a spatial average of the phase lag along
length of the sample due to local fluctuations in the sam
thickness.

The resulting cosine dependence is shown in Fig. 3, ill
trating the validity of Eq.~1!. The observed dependence
well described by a cosine function multiplied by an env
lope function that decreases as the first photonic band ed
approached. The fact that the envelope function is less t
unity is related to the coherence properties of the opt
source and the fluctuations in the sample width.19

The oscillations in Fig. 3 provide detailed informatio
about the spectral dependence ofDn. For the case of paralle
polarizers, a maximum implies that the phase delay is gi
by Df52pDnt f /c52mp, wherem is a positive integer. A
minimum implies that the phase delay is given by (2m
21)p. The reverse is true for the case of perpendicular
larizers. By measuring the frequency of each maximum a
minimum and determining the corresponding value ofm, we
obtained the birefringence as a function of frequency. T
result is shown in Fig. 4, where a large birefringence with
strong spectral dependence is observed. The maximum
fringence observed wasDn50.36660.002 at a frequency o
f 50.20960.001c/a. This observed birefringence is ver
large compared to the birefringence typically found in na
rally anisotropic crystals. For example, the maximum m
sured birefringence of our photonic crystal exceeds tha
quartz20,21 by a factor of 43.

In order to understand the nature of the observed dep
dence, we performed calculations of the photonic band st

FIG. 3. Extracted cosine dependence from parallel~solid! and
perpendicular~dashed! polarizer orientations.
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ture using a plane-wave expansion method. Calculati
were made using 500 plane waves and a dielectric cons
of silicon of 11.7, and the resulting dispersion relation w
used to obtain the effective refractive indices for the fi
photonic bands of theE- and H-polarized fields. We ex-
tended the long-wavelength effective index to the entire fi
photonic band with the definitionneff[ck/v, wherek is the
Bloch wave vector andc is the speed of light in vacuum. Th
resulting effective birefringence is also shown in Fig. 4, a
agrees very well with the measured results. We there
conclude that due to the increasing dispersion of the phot
bands with increasing frequency, the effective birefringen
monotonically increases from its value in the lon
wavelength limit.

We also used the plane-wave method of Kirchneret al.10

to calculate the birefringence in the long-wavelength lim
and its dependence on the cylinder radius. As a result of
scalar nature of theE-polarized field~electric field normal to
periodic plane!, the E-polarized effective dielectric constan
in the long-wavelength limit is simply given by the spati
average of the two dielectric constants forming the comp
ite. However, theH-polarized field is a vector field whos
dielectric constant involves a complicated sum, with ea
term in the sum involving a product of three Fourier coe
cients of the dielectric constant@see Eqs.~C12!–~C16! of
Ref. 10#. We performed calculations using the same para
eters as above and found that 400 plane waves provided
ficient convergence.

The calculated long-wavelength dependence of the ef
tive dielectric constants and birefringence on the ratio of
pore radius to the lattice pitch (r /a) is shown in Fig. 5. The
results illustrate that the two-dimensional photonic crys
acts as a highly birefringent positive uniaxial crystal in t
long-wavelength limit, with the optic axis parallel to the po
axis. The birefringence spans a large range of values as
cylinder radius is varied and reaches a maximum value
0.341 at a pore radius satisfyingr /a50.395.

It is interesting to note that the long-wavelength photo
crystal birefringence can be reproduced with reasonable
curacy by calculations assuming a random medium in

FIG. 4. Measured~data points! and calculated~curves! spectral
dependence of effective birefringence. The dashed curves repr
the calculated dependence for the upper and lower bounds o
measured value ofr /a (0.42960.002).
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long-wavelength limit.10 Indeed, theE-polarized effective di-
electric constant for a two-dimensional random medium
identical to that obtained for the periodic system. T
H-polarized dielectric constant is well-approximated by t
Maxwell-Garnet theory. The resulting random medium bi
fringence is also plotted in Fig. 5, and shows excellent agr
ment in the low-filling ~i.e., small r /a) limit. The random
medium birefringence only begins to show large departu
from its periodic counterpart beyondr /a;0.4, near the tran-
sition from an indirect to a direct system atr /a50.5 ~where
the adjacent pores begin to intersect and the Maxwell-Ga
theory fails!. It is tempting to conclude from this result tha
the birefringence is not sensitive to the local order of t
system~other than the volume fractions of the two dielectr
constants!. However, photonic crystals of lower symmet
are often biaxial11 in the long-wavelength limit, revealing
that the local structure of the system plays an important r
in determining the long-wavelength optical properties. F
thermore, two-dimensional photonic crystals exhibit birefr
gence that increases with frequency within the first photo
band, without the drawback of the increased scattering
occurs in disordered systems.

Our results indicate that two-dimensional photonic cry
tals offer a new means of engineering highly birefringe
materials on a micron scale. Photonic crystal birefringen
could be used to create a wide array of photonic devic
including waveplates, polarization rotators, optical isolat
and beamsplitters. Unlike conventional birefringent mate
als, these devices could be fabricated locally on an otherw
isotropic dielectric wafer and easily integrated with other d
vices. Although the calculated maximum long-waveleng
birefringence of 0.341 is large compared to naturally ani
tropic crystals, it can be further enhanced by using a pho
nic crystal with the direct topology~i.e., silicon cylinders!.
Indeed, a photonic crystal composed of a triangular lattice
silicon cylinders has a maximum long-wavelength birefr
gence of 0.938 ~for a cylinder radius satisfyingr /a
50.400). The long-wavelength dependence of the princ
dielectric constants of square and triangular photonic cr
tals, both direct and indirect, are shown in Fig. 1~b! of Ref.

ent
he

FIG. 5. Effective dielectric constants (eeff) and birefringence of
two-dimensional photonic crystal of air cylinders in silicon. Le
axis: effective dielectric constants ofE ~solid! andH ~dashed! po-
larized fields. Right axis: effective birefringence of photonic crys
~solid! and associated random two-dimensional system~dashed!.
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12. The birefringence of the square crystal is similar to t
of the triangular crystal~see Fig. 5! and is also largest for the
indirect topology. We also note that it is possible to choos
topology with effective refractive indices close to that
glass, in which case the insertion loss from an optical fi
could be minimized.

In summary, we have demonstrated that two-dimensio
photonic crystals act as highly birefringent media in t
long-wavelength regime. We have measured the biref
gence of two-dimensional silicon photonic crystals with
16110
t
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r
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-

the first photonic band via transmission spectroscopy. T
results, which showed a very large birefringence that agre
very well with theory, highlight the potential use of photoni
crystal birefringent elements for integrated optics applic
tions.
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