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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
0.644um and a lattice pitch of 1..wm. The measured birefringen¢gefined as the difference in the effective
refractive indices of the electric fields polarized parallel and perpendicular to the cylindeérreaches a
maximum value of 0.366 near the first photonic band edge at a wavelength ouh52 he 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 micro- of the birefringence using a plane-wave expansion method,
structured periodic dielectric materials has recently generateaind find excellent agreement with our measurements.
a great deal of interest from both a fundamental and an ap- We fabricated two-dimensional photonic crystals using
plied perspective. Much of this interest has been generateitie techniques described in Refs. 13-16. Briefly, photoli-
from the potential use of a photonic band gap to provide dhography and alkaline etching were used to define a trian-
new means of tailoring the emission and flow of light. How- gular lattice of pore nuclei, with a lattice constant af
ever, photonic crystals, even those without a photonic band 1.50 um, on a moderatelp-doped silicon wafer. The pat-
gap, possess many other interesting and practical propertiégned wafer was anodically etched in HF while being illu-
related to the dispersion, anisotropy, and polarization charhinated from the backside, forming cylindrical pores with a
acteristics of the photonic bands. For example, these propefadius ofr=0.45um and a depth of 10um. The pore
ties of photonic crystals offer the opportunity to create low-radius was subsequently widened via thermal oxidation and
threshold laser$, efficient dispersion compensatién, Wet etching to 0.644um (r/a=0.429). Using the method
enhanced nonlinear frequency Converﬁér&nd novel su- outlined in Ref. 17, the porous wafers were then microstruc-
perprism phenomerta. tured into bars with well-defined surfaces for transmission

Another property that is related to the polarization, anisotexperiments. A scanning electron microscope image of a thin
ropy, and dispersion of photonic bands is birefringefadso ~ microstructured baforiented in thel-K direction) is shown
known as double refractionThis property is clearly evident in Fig. 1. A wide sample of width 23561 um (181 pore
when the wavelength of light approaches the lattice constantows, oriented in thd’-M direction was prepared for this
and the photonic bands become highly dispersive and sensi-
tive to the direction of propagation. Recently, experiments in
layered two-dimensional photonic crystaland photonic
crystal fibers of low symmetfyhave demonstrated large
birefringencé in this regime. However, many theoretical
studie€~1? have also shown that photonic crystals can pos-
sess large birefringence in the long-wavelength limit. Indeed,
all two-dimensional photonic crystals share this interesting
property'! It is expected that the ability to create a local,
artificially birefringent medium on a dielectric chip will lead
to many useful devices and applications for integrated optics.

In this paper, we present what we believe to be the first l"M
experimental study of photonic crystal birefringence within FK
the first photonic band. Polarization-sensitive transmission \/
spectroscopy is used to measure the birefringence of a two-

dimensional photonic crystal composed of a triangular lattice
of air cylinders in silicon. The results reveal a very large
birefringence(defined as the difference in the effective re-
fractive indices for the electric fields polarized parallel and
perpendicular to the cylinder ayjsvith a maximum value of FIG. 1. Scanning electron microscope image of thin bar of
0.366 near the first band gap. We also perform calculationsiacroporous silicon photonic crystal, oriented in & direction.
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FIG. 2. Measured transmission spectra with pard#elid) and
perpendiculafdashed polarizer orientations.

experiment so that a large phase shift would occur betwee{he perpendicular orientation. With the polarizers oriented at

an angle of 45° relative to the photonic crystal pore axis, the
interference will be complete only if the- and H-polarized
transmission coefficients are equal and the two fields are per-
fectly coherent(i.e., the two interferometric paths are bal-
ced.

the E- and H-polarized beams upon transmission. The first
photonic band edges for this sample occurred fat
=0.230 c/a (at a wavelength ofA=6.52um) and fy
=0.251 c/a (A=5.98um) for the E- and H-polarized
fields® respectively.

. o an
The photonic crystal birefringence was measured by plac-

ing the sample between a pair of polarizers and measurin
the transmission spectrum with a Bomem Fourier transfor
infrared spectrometer equipped with a mercury cadmium tel
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FIG. 3. Extracted cosine dependence from pardBelid) and
perpendiculafdashedl polarizer orientations.

measurede- and H-polarized transmission spectra
Had different amplitudes, complicating the interpretation of

Mhe spectrum of Fig. 2 in terms of E4l). We therefore

inverted Eq.(1) using the measure@- and H-polarized

luride detector. The polarizer _in front of the sample Was Ofi-transmission spectravith both polarizersto obtain the co-
ented at an angle of 45° relative to the photonic crystal porgjne fnction(cos@¢)). Here the brackets imply that the
axis and the second polarizer was oriented either parallel §{, (i involves a spatial average of the phase lag along the
perpendicular to the first polarizer. Measurements were madi%ngth of the sample due to local fluctuations in the sample

over the wavelength range of 5.8—-118n (i.e., over the
frequency interval 0.13-0.26a).

thickness.
The resulting cosine dependence is shown in Fig. 3, illus-

The measured transmission spectra for parallel and pefating the validity of Eq.(1). The observed dependence is

pendicular polarizer orientations are shown in Fig. 2.
spectra show polarization beating indicative of a highly bi-
refringent medium. The visibility of the peaks and the trans-

mission amplitude decay as the frequency approaches that g

the first photonic band edge &t . At frequencies between
fg and fy, only the H-polarized beam is transmitted and
interference cannot occur. The reduced transmission near t
frequenciesf=0.13 and 0.16 is due to absorption in the
natural SiQ layer coating the pores.

The oscillatory structure observed in Fig. 2 results from
the interference of th&- andH-polarized beams when pro-

Th,ewell described by a cosine function multiplied by an enve-

lope function that decreases as the first photonic band edge is
approached. The fact that the envelope function is less than
ity is related to the coherence properties of the optical
source and the fluctuations in the sample with.

The oscillations in Fig. 3 provide detailed information

Rout the spectral dependencelaf. For the case of parallel

polarizers, a maximum implies that the phase delay is given
by A¢p=2mAntf/c=2mm, wheremis a positive integer. A
minimum implies that the phase delay is given bym(2
—1)m. The reverse is true for the case of perpendicular po-

jected along a common polarization axis by the second porizers. By measuring the frequency of each maximum and

larizer. If multiple reflections are neglected and perfect co{yinimum and determining the corresponding valuempive

tained the birefringence as a function of frequency. The
result is shown in Fig. 4, where a large birefringence with a

herence is assumed, the transmission spectra of the parallg)

and perpendicular polarizer orientations are given by

1 — strong spectral dependence is observed. The maximum bire-
T =&{Te(H+Tu(f)=2 TE(f)TH(f)COS{‘A(ﬁ(f)J}’(D fringence observed wasn=0.366+ 0.002 at a frequency of

f=0.209+0.00k/a. This observed birefringence is very

where A¢=2mAntf/c is the relative phase difference be- large compared to the birefringence typically found in natu-
tween the beamsAn is the difference betweetE- and  rally anisotropic crystals. For example, the maximum mea-
H-polarized refractive indiceslg and Ty are the transmis- sured birefringence of our photonic crystal exceeds that of
sion coefficients of theE- and H-polarized fields, respec- quartZ®?*by a factor of 43.

tively, andt is the sample thickness. The sign of the final

In order to understand the nature of the observed depen-

term is positive for the parallel orientation and negative fordence, we performed calculations of the photonic band struc-
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. cul | FIG. 5. Effective dielectric constant&d{) and birefringence of
FIG. 4. Measureddata points and calculatedcurves spectra two-dimensional photonic crystal of air cylinders in silicon. Left

dependence of effective birefringence. The dashed curves represefitic. ottective dielectric constants & (solid) andH (dashedl po-
the calculated dependence for the upper and lower bounds of tr]grized fields. Right axis: effective birefringence of photonic crystal

measured value affa (0.429+0.002). (solid) and associated random two-dimensional systeashegl

ture using a plane-wave expansion method. Calculationng-wavelength limit® Indeed, theE-polarized effective di-
were made using 500 plane waves and a dielectric constastectric constant for a two-dimensional random medium is
of silicon of 11.7, and the resulting dispersion relation wasidentical to that obtained for the periodic system. The
used to obtain the effective refractive indices for the firstH-polarized dielectric constant is well-approximated by the
photonic bands of thé- and H-polarized fields. We ex- Maxwell-Garnet theory. The resulting random medium bire-
tended the long-wavelength effective index to the entire firsfringence is also plotted in Fig. 5, and shows excellent agree-
photonic band with the definitionez=ck/w, wherek is the  ment in the low-filling (i.e., smallr/a) limit. The random
Bloch wave vector and is the speed of light in vacuum. The medium birefringence only begins to show large departures
resulting effective birefringence is also shown in Fig. 4, andfrom its periodic counterpart beyomda~ 0.4, near the tran-
agrees very well with the measured results. We thereforgition from an indirect to a direct systemra=0.5 (where
conclude that due to the increasing dispersion of the photonithe adjacent pores begin to intersect and the Maxwell-Garnet
bands with increasing frequency, the effective birefringenceheory fail9. It is tempting to conclude from this result that
monotonically increases from its value in the long-the birefringence is not sensitive to the local order of the
wavelength limit. system(other than the volume fractions of the two dielectric

We also used the plane-wave method of Kircheeal’®  constants However, photonic crystals of lower symmetry
to calculate the birefringence in the long-wavelength limitare often biaxidf in the long-wavelength limit, revealing
and its dependence on the cylinder radius. As a result of thehat the local structure of the system plays an important role
scalar nature of the-polarized field(electric field normal to  in determining the long-wavelength optical properties. Fur-
periodic plang the E-polarized effective dielectric constant thermore, two-dimensional photonic crystals exhibit birefrin-
in the long-wavelength limit is simply given by the spatial gence that increases with frequency within the first photonic
average of the two dielectric constants forming the composband, without the drawback of the increased scattering that
ite. However, theH-polarized field is a vector field whose occurs in disordered systems.
dielectric constant involves a complicated sum, with each Our results indicate that two-dimensional photonic crys-
term in the sum involving a product of three Fourier coeffi-tals offer a new means of engineering highly birefringent
cients of the dielectric constafisee Eqs(C12—(C16) of  materials on a micron scale. Photonic crystal birefringence
Ref. 10. We performed calculations using the same parameould be used to create a wide array of photonic devices,
eters as above and found that 400 plane waves provided sufcluding waveplates, polarization rotators, optical isolators
ficient convergence. and beamsplitters. Unlike conventional birefringent materi-

The calculated long-wavelength dependence of the effecals, these devices could be fabricated locally on an otherwise
tive dielectric constants and birefringence on the ratio of thdsotropic dielectric wafer and easily integrated with other de-
pore radius to the lattice pitchr{a) is shown in Fig. 5. The vices. Although the calculated maximum long-wavelength
results illustrate that the two-dimensional photonic crystabirefringence of 0.341 is large compared to naturally aniso-
acts as a highly birefringent positive uniaxial crystal in thetropic crystals, it can be further enhanced by using a photo-
long-wavelength limit, with the optic axis parallel to the pore nic crystal with the direct topologyi.e., silicon cylinders
axis. The birefringence spans a large range of values as thadeed, a photonic crystal composed of a triangular lattice of
cylinder radius is varied and reaches a maximum value ogilicon cylinders has a maximum long-wavelength birefrin-
0.341 at a pore radius satisfyimga=0.395. gence of 0.938(for a cylinder radius satisfyingr/a

It is interesting to note that the long-wavelength photonic=0.400). The long-wavelength dependence of the principal
crystal birefringence can be reproduced with reasonable actielectric constants of square and triangular photonic crys-
curacy by calculations assuming a random medium in theals, both direct and indirect, are shown in Figb)lof Ref.
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12. The birefringence of the square crystal is similar to thathe first photonic band via transmission spectroscopy. The
of the triangular crystalsee Fig. and is also largest for the results, which showed a very large birefringence that agreed
indirect topology. We also note that it is possible to choose &ery well with theory, highlight the potential use of photonic
topology with effective refractive indices close to that of Crystal birefringent elements for integrated optics applica-
glass, in which case the insertion loss from an optical fibeflONs-

could be minimized. We thank Kurt Busch for useful suggestions. Three of the

In summary, we have demonstrated that two-dimensionaiuthors(S.W.L., H.V.D., and F.Q.gratefully acknowledge
photonic crystals act as highly birefringent media in thethe financial support of the Natural Sciences and Engineering
long-wavelength regime. We have measured the birefrinResearch Council of Canada and Photonics Research On-
gence of two-dimensional silicon photonic crystals withintario.
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