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Anomalous reflections at photonic crystal surfaces
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We explore the reflection phenomena when a light beam propagating in a photonic crystal is incident upon
the interfaces between the crystal and a uniform dielectric. We prove that a generalized wave-vector conser-
vation relation still applies even when the interface is not aligned with special crystal directions. Using this
conservation relation, we show that neither the phase velocity nor the group velocity directions of the reflected
beam satisfies Snell’'s law. Rather, the system exhibits remarkable and unusual reflection effects. In particular,
total internal reflection is absent except at discrete angular values. The direction of the reflected beam can also
be pinned along special crystal directions, independent of the orientation of the interface. And finally, at
glancing incidences, strong backward reflections may occur. These effects may be important for creating
integrated photonic circuits, and for on-chip image transfer.
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Light reflects at dielectric interfaces. This effect is at thealso be pinned along special crystal directions, independent
heart of many optical devices such as dielectric mirrors, opef the orientation of the interface. And finally, at glancing
tical waveguides, and optical fibers. In conventional dielecincidences, strong backward reflections may occur. Some of
tric systems, the reflection is governed by Snell’s law, whichthese effects are unique properties of PhC and cannot be
states that the angle of reflection is equal to the angle obbserved in any uniform anisotropic medium.
incidence. Snell's law also dictates the existence of total in- An example of a PhC-dielectric interface is shown in the
ternal reflection, when a light beam is incident from a high-inset of Fig. 1; we consider a wave incident upon the inter-
index to a low-index material, and when the angle of inci-face with a definite Bloch wave vectdrin the crystal. In
dence exceeds a certain threshgld. In this paper, we general, when the interface is not aligned with respect to a
explore the reflection phenomena when a light beam propaspecial crystal direction, the dielectric structure, including
gating in a photonic crystgPhQ is incident upon the inter- both the crystal and the interface, is not periodic. Neverthe-
faces between the crystal and a uniform dielectric. We shovess, the wave vector of the reflected wave can be obtained
that neither the phase velocity nor the group velocity direcby solving the equation
tions of thg r_eflected beam satisfy Snell's Iaw.. Rather, the K"() = k() + G, (1)
system exhibits remarkable and unusual reflection effects. In _ P P P
particular, the total internal reflection is absent except at diswhere k"¢ k'®" are the wave-vector components parallel to
crete angular values. The direction of the reflected beam catie interface for the incident and the reflected waves in the
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FIG. 1. (Color) Constant frequency contour for the photonic crystal structure shown in the inset, which consists of a square lattice of air
holes introduced in the dielectrie=12). The red arrow in the inset indicates the incidence of a plane wave. The red solid lines represent
the contour af =0.19c/a). The dashed circles are the CFC for airfatd.19c/a). The dotted line is parallel to the interface, and pdint
represents the wave vector of the incident wave. The line that passes through poiatdirection perpendicular to the interface is the
k-conservation line. The intersections of such line with the constant frequency contour determine the wave vectors of the reflected wave.
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crystal andG, is the parallel component of any reciprocal  To illustrate the procedure of determining the reflected

lattice vector. The proof is as follows: for the truncated crys-wave, we consider a wave propagating along[tt# direc-

tal as shown in the inset of Fig. 1, the dielectric function is tion inside the PhC at frequendy 0.19c/a), as represented
by point A in Fig. 1. The wave is incident upon a crystal

&(rp,rn) truncation, whose direction is represented by a dashed line.
()= e6expiGyr, +iG,r,) Outside the truncation the medium is assumed to bé-air

) EBoystallpeTn) = < e prp™ i) (r, <0) 1). The choice of the medium outside affects the reflection

- coefficient, but not the wave vector of the reflected beams.
Eair(rp, ") = 1 (rhn>0) By drawing a k-conservation” line through in a direction

2) perpendicular to the interface, we search for the intersections
) ) ) ~of suchk-conservation line with the CFC to determine the
where G is a reciprocal lattice vector of the PhC. Fourier reflected wave vector. Since the band structure is periodic in

transforminge™*(r,,r,), we have thek space, i.e.w(k)=w(k+G), multiple reflected wavea’,
0 +o0 A’, A”,... mayoccur. This is represented in the reduced-
8‘1(fp,fn) :J dr, E 8(‘31 zone scheme by translating into the first Brillouin zone the
-0 -= G portions of thek-conservation line that lie outside. Also,

when thek-conservation line intersects the air CKGr ex-
ample, poinB in Fig. 1), radiation loss into the air occurs. In
+°° e . . general, due to the complex shapes of the frequency contour
+f dr, exp(— ifgry —ifarydry in the PhC, neither the phase-velocity nor the group-velocity
° - directions of the reflected wave satisfy Snell’s law. In the
= 2 A(f,,Gy) 8(f, = Gp) + B(f) 8(f ) following discussions, we present a set of remarkable reflec-
G tion phenomena as we vary the orientation of the PhC-air

XexpliGyrp +iGurp)exp(—if,ry—if rp)dry,

interface.
= % Clfn Gn)8(f, = Gy), 3) We start from the cas@=45°, whered is the incident
angle. In this case, a PhC-air interface is introduced by trun-
where A, B, C are functions off,, G,. Thus, the Fourier cating the PhC at éL0) plane. Thek-conservation line inter-
coefficient is nonzero only for a discrete set of wave vectorsects the CFC for PhC only at a single locat[point A’ in
{Gp}. (The set{G}, being the projection of the reciprocal Fig. 2@)] in the reduced-zone scheme. This point corre-
lattice vectors along the directions parallel to the surface, isponds to the reflected wave with a wave vector and a group
nonperiodic in genergl By expressing the master equations velocity along the[11] direction. Thus the incident wave is
for the magnetic field in the wave-vector domain and bypent by 90°, and the incident angle is equal to the angle of
equating the coefficients for each Fourier component on botkeflection. Since thé-conservation line stays outside of the
sides of the equatiof?], one can show that the solution for CFC for air, total internal reflection occurs and the bending
the magnetic field has the form efficiency is 100%, as confirmed by our previous numerical
) study[16]. Furthermore, such a bend substantially preserves
Hi () = 2 Slky = Gproexdik,=Gp) Tl (4 odal shape. A finite beam propagating along|tti§ direc-
¢ tion consists of multiple wave vectors around paokaffor
At the crystal-air interface, a wave with parallel wave vectorexample, poinB in Fig. 2@)]. During the bending process,
k, therefore only couples to waves with parallel wave vec-there is a one-to-one mapping between the incident and re-
torsk,—G,,. flected wave vectors. Also, such mapping preserves the dis-
We graphically solve Eq(l), by plotting w(k) in a con-  tances between the multiplle points (i.e., |ka—kg|=|kar
stant frequency contoulCFC) representation. Previously, it —Kkg/|). Consequently the modal shape is substantially pre-
has been shown that the complex band structus@s in served. All these effects can be seen in Fid)2where an
PhC lead to a variety of propagation effects such as selfincident beam with an odd modal profile is bent into an odd
collimation, superprism, and negative refracti¢8—17]. mode in the outgoing direction, in spite of the lack of mirror
Here, using the band structusgk) in combination with Eq. Symmetry of the overall structure along the beam propaga-
(1), we exp|0re the effects of Spatia| dispersion in photoniction directions. Thus, self-collimation beam provides the ca-
crystal on the reflection properties. As an example, we conpability to route optical images on-chip through sharp 90°
sider a crystal as shown in the inset of Fig. 1, which consist®ends, which would be difficult to accomplish in either mul-
of a square lattice of air holes introduced into a high-indextimode waveguides or arrays of single-mode waveguides.
semiconductor material with=12. The holes have a radius ~ When the orientation of the interface deviates slightly
of 0.35, wherea is the lattice constant. For such a crystal, from the(10) plane, a wave that is propagating along th&|
the CFC for the transverse electric waves in the first band igirection will no longer be reflected into a wave with a wave
shown in Fig. 1 for a frequency=0.19c/a). At this fre-  vector along th¢11] direction. However, as we can see from
guency, the shape of the crystal CFC can be approximated &g. 1, which corresponds to the case when the incident
squares around th# point [9,12. Thus, self-collimation angle #=48°, the reflected wave vector still lies at the flat
occurs along thg11] direction[11,13,16,1F, which facili-  region of the constant frequency contour. Consequently the
tates our computational study to be presented later. group velocity direction of the reflected wave is pinned along
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o FIG. 3. (Color Steady-state magnetic field pattern fca)
FIG. 2. (Color) (a) The CFC plot for the case when the incident 9=48°, (b) 6=55°. The inset shows the corresponding bending

wave has a wave vector around poitalong the[11] direction.
The interface is chosen along tfiE0) plane such that the incident

angle §=45°. (b) Steady-state magnetic field pattern for the case it t the intrinsic ch teristi f the int
0=45°. A dielectric waveguide represented by the rectangle excite € resutts represent (ne Intnnsic characteristcs or the inter-

a beam inside the photonic crystal. Red and blue represent lar ce only[ll]. The be'nFilng efficiency of the.lnterface IS
positive and negative amplitudes, respectively. ete_rm_med by normalizing the_ bent power Wlth respect to
the incident power. As shown in the inset of Figaj3 the
the [11] direction of the crystal, and is independent of theéfficiency is very close to 100% in the entire frequency range
orientation of the interface. This effect can be seen in thavhere self-collimation occurs.
steady state field pattern generated by FDTD simulation Recently, the use of self-collimation beams has been
shown in Fig. 8a). Slightly reducing the incident angle also shown to be an important and effective mechanism for cre-
produces similar pinning behavior. In these cases, multipl@ting on-chip integrated photonic circuif44-14. In this
reflected wave vectors can be generated for a single incideepntext, the pinning effects discovered here indicate that the
wave vector, and for each reflected wave vector the angleeflection is quite robust against small errors in crystal sur-
between the phase velocity and the group velocity is differface orientations. Thus, unlike typical free-space optics, here
ent from the angle for the corresponding incident wave vecone need not align the mirror perfectly in order for the beam
tor. Thus the beam shapes are no longer preserved after the be routed along specific directions, which simplifies the
bending and instead depend upon the orientation of the impractical implementations of on-chip circuits.
terface. While in the FDTD simulations near 100% bending effi-
To determine the reflectivity of the interfaces, we apply aciency is observed when the interface slightly deviates from
pulse propagation technique in FDTD simulatidd$]. We  (10) surface, we note that except for the special case when
send in a pulse with a cross-section dimension of approxithe interface lies exactly on th@0) plane, the bending can-
mately 14, and with a spatial profile of a fundamental mode not be perfect. In the general cases, kheonservation line
of a dielectric-slab waveguide. We employ a large crystal inalways intersects the CFC for difig. 1), and radiation into
the calculation, such that the parasitic reflected pulse fronthe air will inevitably exist. Total internal reflection thus oc-
other crystal boundaries can be temporally filtered out, andurs only for interfaces with special orientations. When the

efficiency.
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deviation from the(10) plane is small, the intersections of (g
thek-conservation line and the air CFC occur in higher-order 1
Brillouin zones. Consequently the radiation loss is small and T

the reflection coefficients are still very close to 100%, as our <
simulations indicate. At larger angles of incidence, the break- B 0.5
down of total internal reflection becomes more evident. Fig- AN )
ure 3b) shows the bending efficiency and the steady state S
field pattern for the case @f=55°, where the reflected beam =2 0
is still pinned along thg¢11] direction but substantial radia- =

tion loss into the air at the PhC-air interface is observed. —~ _-05
At even larger incidence angles, the incident beam can be =<
reflected backwards. This unusual effect can be observed ¢

0=70°, where thek-conservation line intersects the crystal -1
CFC at a region that corresponds to backward propagating -1 0 1
waves. The fact that the reflected wave is propagating back Ky (units of 2rt/a)

wards can be more easily seen with a translation into the firs
Brillouin zone by a reciprocal lattice vectdFig. 4). In ad-

dition to the backward waves, there exist reflections to other
directions(for example, poinB in Fig. 4, which corresponds

to the wave bent by 90°and radiations into the ai¢for (b)
example, poinC, which corresponds to the radiation into the
air). Nevertheless, the FDTD simulations reveal that about
80% of the incident power is sent backwards. The backward
wave has the same beam shape as the incident (Fayed),

when a special incident angle is chosen such that the incider
wave vector along thgl1] direction is mapped to the center 1 ,

of the flat region that corresponds to tfiel] direction. The R 0=70°
existence of such backward waves result directly from the " '
presence of multiple manifolds in the(k) diagram in pho-

tonic crystals and cannot be observed in typical anisotropic .
media. FIG. 4. (Color) (a) CFC plot for the cas&=70°. (b) Steady-

As closing remarks, the procedure for determining thestate field pattern for the cage=70°. Notice the presence of strong

reflected wave outlined here can be straightforwardly applie&) ackward reflection.

to either photonic crystal slab structure or three-dimensiongl, ;e actually performed 3D FDTD simulations as well, and
(3D) photonic crystals, since the directions .of the reflectedjeed see negligible vertical radiations in these cft8ks
waves depend only upon the band structure in the crystal. We

use the first band of a two-dimension@D) crystal. It has This work was funded in part by the National Science
been shown that the first band of a corresponding photonifoundationNSF Grant No. ECS-0200445, an ARO-MURI
crystal slab has very similar dispersion characteristics, angrant No. DAAD19-03-1-0227, and the David and Lucile
lies below the light cone of the ajll]. Thus there is no Packard Foundation. The simulations were performed
vertical radiation for both propagating beam in the crystalthrough the support of a NSF-NRAC program. X.Y. ac-
and reflection properties in the case of {ti€] interface. We  knowledges the support of a Herb and Jane Dwight program.
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