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Optical Trirefringence in Photonic Crystal Waveguides

M. C. Netti, A. Harris, and J.J. Baumberg
Department of Physics & Astronomy, University of Southampton, SO17 1BJ, United Kingdom

D. M. Whittaker
Toshiba Research Europe, Ltd., Cambridge, CB4 4WE, United Kingdom

M. B.D. Charlton, M. E. Zoorob, and G.J. Parker

Department of Electronics & Computer Science, University of Southampton, Southampton SO17 IBJ, United Kingdom
(Received 11 September 2000)

We demonstrate that 2D photonic crystals can possess optical trirefringence in which there are six
field orientations for which linear incident light is not perturbed on reflection or transmission. Such a
property is rigorously forbidden in homogeneous nonmagnetic dielectrics which can possess only optical
birefringence. We experimentally demonstrate this phenomena in silicon-based mesostructures formed
from photonic crystal waveguides embedded in a Fabry-Perot cavity. Multirefringence is controlled by
the presence of submicron dielectric patterning and is well explained by an exact scattering matrix theory.
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Optical polarization phenomena associated with the an-
isotropy of natural crystals have been a source of intrigue for
centuries. In 1672 the Dutch physicist Christiaan Huygens
showed that the two beams arising from double refraction in
calcite have orthogonal polarizations [1], subsequently
used by Nicol to make birefringent polarizers [2]. The
realization that light can travel in the same direction but
with different speeds depending on the different orienta-
tion of the transverse electric field was one of the early
successes of optics predicted by Maxwell’s equations [3].
A central result of this treatment is that no matter how
anisotropic the underlying crystal structure is, transparent
dielectrics can possess at most two refractive indices for
any propagation direction, which must be oriented along
two principal axes at 90° to each other. This familiar
arrangement of different refractive indices mutually at
right angles now forms the basis of an extensive array of
optoelectronic polarization technologies.

Here we report the first evidence for optical multi-
refringence, using a new class of mesophotonic materials
which have been patterned on the scale of the optical wave-
length. Much recent work has focused on the photonic band
gap properties of materials patterned in 1, 2, and 3 dimen-
sions [4—9]. These new optical materials exhibit a whole
range of phenomena that require the traditional intuitive
laws of optics to be revised, for instance superprism and
superrefraction effects [10]. In the present work, a 2D pho-
tonic crystal waveguide is incorporated in a Fabry-Perot
cavity and the coupling to light examined. Sharp reso-
nances are observed in the reflectivity which correspond
to scattering into lossy waveguide modes within the struc-
ture. By rotating the sample about the nanopatterned input
face, clear evidence is seen for six principal polarization
axes along which the electric field polarization is not
mixed, arranged at 60° separations. The origin of this tri-
refringence [11] is the extreme mixing of polarizations
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that can occur within the nanopatterned layers, and is well
described by a scattering matrix model.

If the response of a transparent dielectric to an optical
field can be parametrized by the dielectric tensor € (i.e.,
nonmagnetic, homogeneous, and lossless) where D = ¢E,
then a strong theorem due to time reversal symmetry insists
that the € is Hermitian [3]. Maxwell’s equations can then
be simply written in an orthogonal principal coordinate sys-
tem (so that € is diagonal) resulting in perpendicular optic
axes whatever the underlying crystal symmetry and the
direction of propagation [3]. The use of uniaxial/biaxial
crystals and waveguides is crucial for the operation of many
polarization optical components. The property of orthogo-
nal principal axes is universal, until the wavelength of ra-
diation is reduced down to the atomic spacing (e.g., x-ray,
TEM). Thus it is clear that patterning materials on the
scale of the wavelength of the fields can modify their bire-
fringent properties.

In order to demonstrate how mesoscale photonic mate-
rials radically redefine the conventional laws of optics, re-
flection measurements were performed on photonic crystal
(PC) waveguides embedded in a Fabry-Perot cavity. Be-
cause the Fresnel reflection and transmission coefficients
are angle dependent, clear manifestations of this multi-
refringent behavior must occur without changes in inclina-
tion of any interfaces in the measurements. For that reason
we study light propagation through a microstructured sam-
ple which is rotated about the normal to its surface plane,
and monitor the polarization dependent reflectivities as in
ellipsometry [Fig. 1(a)]. The waveguide layers consisted of
a low pressure chemical vapor deposited Si3Ny slab (n; =
2.02, d; = 250 nm) sandwiched between two layers of sili-
con dioxide SiO; (dyp = 120 nm cladding, d, = 1.73 um
spacer, n, = 1.46) [12]. A triangular lattice of air rods de-
fined by electron-beam lithography was etched 370 nm
down into the spacer layer in order to create a periodic slab
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FIG. 1. (a) Schematic reflectivity experiment, showing the ori-
entation of the fields (polar angle #, azimuthal angle ¢) and the
sample design. (b) Reflectivity of patterned and unpatterned
waveguide (solid) with fits to Fabry-Perot fringes (dotted). The
new resonances are marked 1-6 [(c),(d)]. Ray paths for modes
1,3 respectively. (e) Intensity profiles vs depth of modes 1 and
3, averaged over time and in-plane coordinates.

of PC with good uniformity. The triangular lattice consisted
of 256 rows of air columns with a pitch, A = 300 nm and a
pore radius of 75 nm. This choice of the air-filling fraction
f = 0.23 was previously optimized for deep photonic band
gaps in the near infrared ranges (Ag,p = 780—850 nm) [13].
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FIG. 2.

To simplify the measurement of the 64 wm wide pat-
terned region, a white light laser was exploited, focused to
a 50 pm spot on the investigated samples. The ultrabroad-
band white light continuum was produced by focusing the
5 wJ output of a 100 fs regenerative amplifier through a
sapphire plate. Achromatic polarization and focusing op-
tics were employed, and the far-field collimation improved
using photonic-crystal fiber as described previously [13].
The reflectance was obtained by simultaneously recording
the input beam spectrum and the reflected signal.

A typical reflectance spectrum shown in Fig. 1(b) (inci-
dent angle 6 = 47°, azimuthal angle ¢ = 12°, TE) reveals
the presence of a number of sharp modes (dips) superim-
posed on a background of Fabry-Perot (FP) fringes. The top
(air/SiN) and bottom (SiO/Si) cavity interfaces form a low-
finesse cavity responsible for the weak periodic modulation.
The appearance of closely spaced sharp modes has not been
previously seen but is, however, predicted by our theoreti-
cal model [14]. The first modes originate from the lowest or-
der TE waveguide (WG) mode in the SiN photonic crystal,
while the closely spaced higher-energy modes (2)—(6) re-
sult from PC-induced coupling to glancing-angle Fabry-
Perot modes strongly confined in the SiO spacer layer
(termed “quasi-WG” modes). The scattering matrix theory,
which incorporates a 2D plane wave expansion in the pat-
terned layers, provides field profiles that confirm this
analysis [Fig. 1(e)]. Both PC waveguide and quasi-WG
resonances can be understood from the zone folding of
their in-plane mode dispersions due to the periodic pat-
terning [Fig. 2(a)].

The modification of reflectivity is due to the interference
of these folded modes with the light reflected from the
top sample surface, thus allowing the internal propagation
phase inside the structure to be tracked. The mth angular
condition for destructive interference from the quasi-WG
mode at a resonant wavelength A; sind,, = ﬁ -

J3 + #la + wa)/b — (I + m + 12/4],
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(a) Effect of one-dimensional patterning on the photon dispersion in a waveguide, showing waveguide (WG) and Fabry-

Perot (FP) resonances, together with the quasi-WG (QWG) modes. The periodicity introduces band gaps (not shown) and zone
folding allowing an interrogating probe incident at 6 on the sample to scatter into these lossy modes. (b) Full scattering matrix
calculation of the reflectivity spectra vs # (maximum R is dark), showing both FP, WG, and QWG resonances. ¢ = 10°, TEi, /out-
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where a = dy/d»,a' = dy/d>,b =1+ a + a’. While the
full model [Fig. 2(b)] considers exactly refraction in the PC
layer, the analytic model assumes 7ig; to be given by the
effective volume-averaged refractive indices for the pat-
terned WG layers. As the angle of incidence 6 increases,
the WG and quasi-WG modes drop in energy in contrast to
the FP modes, as predicted by the zone folding of the bands.

Using achromatic wave plates and polarizers, both TE
and TM are separately used for the input and output probe
polarizations. The photonic band gaps in this sample lie at
much lower energy than the near zone-center photonic
modes examined in reflectivity [Fig. 3(a)] [13]. Measure-
ments for the TE;,/TEq and TM;,/TM,,, conditions
[Figs. 3(b) and 3(c)] are well accounted for by the full
theoretical model [Fig. 3(e)]. The TE polarization shows
greater contrast due to the stronger Fresnel coefficients at
each interface within the structure. For incident orienta-
tions which do not line up exactly with the triangular lat-
tice (¢ # n%), two low-energy resonances are seen in the
reflectivity with one dominant for each of the polarization
conditions. Close to ¢¢ = 0°, the lower of the two reso-
nances is seen in TM/TM, while the upper mode is seen in
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FIG. 3. (a) In-plane WG transmission showing the photonic

band gaps at lower energy. (b),(c) Reflectivity at § = 47°, ¢ =
0, 20° for TE;, (TM)/TE,.(TM) showing the splitting of the low-
est WG mode. Solid (dashed) lines mark TE (TM) resonances.
(d) Reflectivity at ¢ = 20° for TM;,(TE/TE (TM) show-
ing the polarization mixing enhanced at the resonance energies.
(e) Theoretical simulation of the polarization mixing.
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TE/TE. As ¢ approaches 30° this distribution reverses.
The two resonances originate from the different effective
refractive indices seen by different standing waves leading
to splitting away from the zone center [15]. The separation
between these modes (35 meV) corresponds to the splitting
induced by coupling between propagating WG modes with
different symmetries. Although the model predicts strong
enhancements of the reflectivity up to 100%, negative dips
are observed more clearly in the data. We believe that this
is not caused by an experimental artifact since no combi-
nation of averaging over 6, A, or f produces a better fit to
the results. The strong reflection enhancement and the
ultrasharp predicted dips depend on the assumed infinite
lifetime of the PC-WG mode inside the waveguide,
whereas in practice the lifetime is reduced by enhanced
scattering losses in the SiN perforated layer. In addition,
the angular dispersion of the modes, coupled with the
finite size of the structure and the range of incident angles
(A6 ~ 2°), contribute to smear the sharp resonances. The
observation of both the PC-WG and quasi-WG resonances
demonstrates the rich variety of mode engineering possible
in these photonic-crystal-clad Fabry-Perot cavity struc-
tures. For a planar unpatterned waveguide, no polariza-
tion mixing is possible between the TE and TM modes—
whichever field direction is incident on the WG, it remains
in this orientation on reflection. This property is broken by
the addition of mesoscale photonic patterning, and light in-
cident as TE can emerge with TM polarization [Fig. 3(d)],
strongly enhanced at each of the reflection resonances.
This polarization rotation is absent for light polarized along
the principal axes of the structure, which in this case occurs
for in-plane angles ¢ = ng. Away from these sym-
metry directions, strong polarization rotations up to 20°
are seen. Thus mesophotonic materials can possess multi-
refringence, breaking the condition demanding orthogonal
normal modes for propagation in a transparent dielectric.
The 60° symmetry arises from the ¢-dependent disper-
sion in the photonic crystal. The resonances observed are
strongly dependent on the in-plane direction of the incident
light with reference to the triangular lattice. Data taken
through 0° < ¢ < 180° at a spacing of 2.5° are shown as
an E — ¢ image in Figs. 4(a) and 4(b), revealing a simi-
lar nonmonotonic shift for all the modes. Extracting the
energies of the first three peaks results in Fig. 4(c), which
clearly demonstrates the zone folding and this sixfold sym-
metry. Because the polarization mixing is enhanced at the
same resonance energies, it follows a similar orientation de-
pendence. The polarization rotation both measured and cal-
culated is shown as a function of ¢ in Figs. 4(d) and 4(e).
‘We note that detailed balance insists that the mixing from
TE to TM must equal that from TM to TE. The triangular-
lattice clad Fabry-Perot thus produces two principal refrac-
tive indices, distributed between six normal polarization
modes. Trirefringence implies three refractive indices. A
careful inspection of Fig. 4(c) reveals that the minimum
energies of the resonant modes are not the same along the
three principal axes. The cause is a slight imbalance in
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FIG. 4. Polar image plots of the reflectivity spectra (dark cor-
responds to small R) vs energy (radially, concentric circles at
E =120, 22, 24, and 2.6 V) and in-plane hole orientation
(¢ = 0—180° measured, 180°~360° by symmetry, and indepen-
dently checked). (a) TE;,/TEoy, (b) TMi,/TMyy., showing the
¢ dispersion and redistribution of mode strengths. (c) Extracted
energies of the lowest three TE;, /TE,,, resonances (@, A, A).
Experimental (d) and theoretical (e) ¢ dispersions of the polar-
ization mixing for TE;,, showing good agreement in the basic
symmetries and dispersions.

the spacing between holes within a row, and between the
rows, developed in the discretization of the electron beam
raster during the large-area lithography. Thus for the low-
est WG mode, there are three distinct energies along the
principal axes, E{(¢ = 0,7) # Ex(¢p = %, 2777, 4{, 5%) *
E;(¢p = T + n3). The magnitude of the trirefringence
depends on the wavelength, the resonance widths, and the
exact structure; however, theory shows that polarization
rotations on reflection of up to 90° may be possible in
optimized samples. Clearly patterning different PC sym-
metries can result in a wide variety of multirefringent prop-
erties. Polarization rotation is forbidden for light incident
along directions which are lines of reflection symmetry
of the structure [14]. This explains the sixfold symme-
try of the principal axes—they are the symmetry axes of
the ideal structure. In the present case the slight distortion
of the axes should mean that there are only two symme-
try axes, but the effect on the band structure is too weak

to cause measurable rotation. Reflection symmetry is af-
fected by both the lattice and the basis (hole shape); how-
ever, the low-lying bands examined here are not highly
sensitive to the shape of the hole, so the major effect is due
to the lattice symmetries. The square photonic lattice, pre-
viously the subject of considerable attention [15], however
does not show this property because its symmetry matches
that of the incident linear polarization. One-dimensional
gratings above waveguides exhibit similar quasi-WG reso-
nant modes [5,16] resulting in birefringence only in large
amplitude gratings. However, they do not generate the
sixfold polarization axes observed here. The trirefringent
property arises directly here from the symmetry of the un-
derlying lattice, enabling a new range of optical compo-
nents with modified polarization properties. For instance,
we are currently investigating dodeca-refringence in our
photonic quasicrystal waveguides [8].
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