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Photonic Crystal Light Deflection Devices
Using the Superprism Effect

Toshihiko BabaMember, IEEEand Masanori Nakamura

Abstract—The superprism effect allows wide-angle deflection of
the light beam in a photonic crystal (PC) by a slight change of the
wavelength or the incident angle. In this paper, we discuss such
light deflection outside the PC, which is expected when the output
end of the PCis tilted against the input end. The analysis of the dis-
persion surfaces indicates a deflection angle a£50° in a two-di-
mensional PC composed of triangular lattice airholes by changing
the incident angle by £2° or the wavelength by +2%. Light de-
flections inside and outside the PC are numerically demonstrated
by the finite difference time-domain method. It displays not only
the main output beam but also many diffracted waves, which sat-
isfy the wavevector conservation condition. These waves are suffi-
ciently suppressed and an almost collimated output beam is real-
ized by a flat interface.

(b)

Fig. 1. Superprism effect in a PC against (a) different normalized frequencies
and (b) different incident angles.

Index Terms—+DTD, light deflection, photonic band, photonic
crystal, superprism.

. INTRODUCTION

IGHT deflection devices are used in optoelectronic sys-
tems such as displays, sensors, and printers. Most present
devices have sizes on the order of centimeters and operate Rig-2. Superprism effect against different normalized frequencies in the PC
chanically. Micro-electro-mechanical system devices fabricat@&fh two different angles of output end.
by planar technology and driven by the electrostatic force can
be of millimeter to micrometer order. In these devices, howeverC, as shown in Fig. 2. Thus, it acts as a light deflection device
there are exclusive restrictions for the deflection angle, spegded with a tunable laser or another small angle deflection
applied voltage, and the flexibility of motion. In this paper, welevice.
discuss the possibility of a photonic crystal (PC) light deflection Related to this type of device, various functions such as
device, which operates by another principle and allows a wideflection, refraction, focusing, and birefringence have been
deflection angle. studied for gratings in the 1980s [3], [4] and more recently for
For PCs, various applications utilizing the photonic bandgawo-dimensional (2-D) PCs [5], [6]. Basically, such functions
or peculiar dispersion characteristics have been proposed angl estimated by the dispersion surface analysis established so
studied so far. The superprism effect is one of the peculigr [7], [1]. However, a numerical simulation of the light beam
dispersion characteristics, which can be applied to a wavelen@falso necessary for the detailed design of a finite size structure
multi/demultiplexer and a dispersion compensator [1], [2jncluding input and output ends [6]. It is particularly important
Using this effect, the light beam incident on a PC can be widelyr a superprism device in which a large refractive index
deflected inside the PC by a slight change of the wavelengibntrast between the media is used to enhance the peculiarity
or incident angle of light, as shown in Fig. 1. Let us considejt the dispersion characteristics. The aim of this study is to
not only the input end but also the output end of the PC, apéesent some examples of high-performance light deflection
let us ignore for simplicity peculiar light diffractions at thesejevices designed by the dispersion surface and to discuss the
ends. Because of the reciprocity theorem, the output beam axisual beam propagation, degraded or improved by structural
should be parallel to the incident beam axis, when the input aggtails.
output ends are parallel. On the other hand, an output end tiltedn Section 1l, we explain the PC model and calculation
against the input end allows a large deflection angle outside #@thods used in this paper. In Section Ill, we review the
dispersion surface analysis and confirm that the result agrees
Manuscript received August 31, 2001; revised March 22, 2002. This WOWIth simulations t_Jy t_he finite C_“f,ference _“me'd‘?r,“a'” (FDTD)
was supported in part by the Ministry of Education, Science, Sports and cultirethod. We also indicate that it is sometimes difficult to clearly
under Grant-in-Aid 10210203 and by the Japan Science and Technology G#emonstrate the superprism by the FDTD method because of

poration under CREST 530-13. ; ; ;
The authors are with the Division of Electrical and Computer Engineering]e superprism eﬁe.Ct itself and the small group VEIOCIty eﬁeCt
Yokohama National University, Yokohama 240-8501, Japan. f the PC. In Section IV, we present two types of PC light
Publisher Item Identifier S 0018-9197(02)05713-5. deflection devices designed by dispersion surfaces. We estimate
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Fig. 3. Analysis of the deflection angle by using dispersion surfaces. An iso-frequency cuii% ef 0.64 is calculated for a PC withr /a = 0.8637. (a) Light
deflection in the PC and (b) outside the PC.
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a deflection angle of:50° by arranging various tilt angles of Note that, in all figures in this paper, the primary direction
the output end. In Section V, we show an FDTD simulatioaf light propagation is drawn to be from the left to the right. In
indicating that not only the main light beam but also unwantetisplaying light intensity distributions calculated by the FDTD,
diffracted waves are excited at the output end. Here, we propdietd data are moderately thinned out for saving the graphical re-
the flat interface and demonstrate that diffracted waves candmuirces of the computer. This sometimes causes peculiar Moiré
suppressed perfectly by this interface when the tilt angle of thatterns, which are changed by the data-thinning ratio. There-
output end is less than 10Finally, we show the simulation of fore, we will use only the results for discussing the deflection
the light deflecting function for different frequencies. angle of light beam, not details of field profiles, phases, etc.

IIl. MODELS AND CALCULATIONS I1l. SUPERPRISMEFFECT

In this paper, we assume a 2-D PC composed of triangular latFig. 3(a) shows an example of the iso-frequency curve F on
tice circular airholes. The height and refractive index of airholesdispersion surface. By using this, the deflection angle of THE
are infinite and 1.0, respectively. The index of the backgroutight beam inside the PC is predicted by the following dispersion
medium is 3.065. This value is the modal index of a silicon osurface analysis. First, we draw line S indicating the conserva-
insulator slab [8], which is often used in experiments. In th@on of the tangential component of the incident wavevector at
following, 2r/a is used as a structural parameter, whgrés the input end. The vector from thiepoint to the cross point of S
the diameter of airholes and a is the lattice pitch. The frequenagd F is the wavevector in the PC. The gradient of the dispersion
of light is expressed as the normalized frequeity, whereA  surface at this cross point corresponds to the direction of light
is the wavelength. The polarization of light is fixed so that thpropagation. There are no less than two symmetric cross points
electric field vector lies inside the 2-D plane. A similar discusA and B. One of them can be determined by considering the di-
sion will be possible for the orthogonal polarization. As showrection of light propagation. Around the normalized frequency
in Fig. 1, the PC has an input end along fhe/ direction of «/X = 0.64 assumed in Fig. 3(a), the slope of the dispersion
the Brillouin zone, and the incident light beam enters from theurve is negative against the length of the wavevector, i.e., the
background medium to the PC with anglemeasured from the wavenumber. If one considers the forward propagating wave,
normal to the input end. The output end is tilted against the inpaint B should be selected, which gives the negative normal
end by angleb. Here, the tilt angle is expressed by the step-likeomponent of the wavevector but the positive slope of the dis-
termination of the PC, as shown in Fig. 2. The output light beapersion surface.
is radiated out from the PC with angle also measured from  Fig. 4 shows the light intensity distribution simulated by the
the normal to the input end. FDTD method. Arrows indicate directions of light deflection

Dispersion surfaces of the PC are calculated by tipeedicted by the dispersion surface. The light beam simulated
plane-wave expansion method reported by édal. [9] with by the FDTD almost agrees with this prediction. A small differ-
313 plane waves. In the FDTD method, 60 Yee cells describace may be caused by the digital error in the FDTD method.
pitch a. The diametelr and pitcha in the FDTD method are The light intensity inside the PC depends on the normalized fre-
given so that the total area of one airhole described by Yee cejlsencya/ A, but is 40%—-50% of that before incidence. This de-
has the minimum difference to the airhole area assumed in tirease is caused by the reflection at the input end. Since the
plane-wave expansion method. Berenger’'s perfectly matchied-frequency curve at/ A = 0.55 is relatively flat, light prop-
layer absorbing boundary condition of 64 layers is used fagating in the PC is highly collimated and the intensity along
the termination of the analytical space. As the incident wavies propagating direction is almost constant. Since the curve at
a continuous sinusoidal wave is excited for the magnetic fieldf A = 0.61 has four cross points with line S, two different de-
normal to the 2-D plane. flection angles are predicted. However, the intensity is concen-
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Fig. 4. Lightintensity distributions calculated against normalized frequencit
a/X of (a) 0.55, (b) 0.61, (c) 0.65, and (d) 0.70 by the FDTD method. Ope
circles are added to indicate the position of airholeg.a = 0.8637 and§; =

5°.

(b)

Fig. 5. PC light deflection devices designed by dispersion surfaces. (a) Device

trated_ in t.he main beam, and the intenSity along the prOpa.gatU&rated by a slight change of normalized frequency and (b) that by a slight
direction is kept almost constant. AtA = 0.65, the cross point change of incident angle. The left side shows the analysis of the deflection angle

cannot be defined clearly so that a sufficient light intensity i8 the PC and the right side shows the profile of the designed device.
not observed in the PC. At/\ = 0.70, the interval between

the curves is wide. This means a small group velocity inside thgt end, the cross point of liné 8nd the iso-frequency curve
PC. Therefore, the reflection at the input end is remarkable aggine output beam in the background medium is investigated.
only <30% of light enters the PC. In addition, the intensity desjnce gis changed by anglg, the deflection outside the PC can
cays gradually along the propagating direction, since the light controlled by angle. For a wide deflection by a slight change
beam I_argely expands as it propagates. . of frequency, an iso-frequency curve should be selected, which
In this FDTD calculation, the incident beam width was dQteghows a rapid change in the dispersion characteristic. On the

mln_ed to be8.3a (_jue to the restriction of the total size of the ar&bther hand, for awide deflection by a slight change ofthe incident
alytical space. Since the normalized frequency range focused on

inthis paperis/A =0.5-0.8, the beamwidthd4s\—6 . This cor- ;ra]lgel St,e?:ln I':?O_fsrgq)u:nn;{bgiﬁfwvggggog Sﬁcxas(;]:sﬁenseh dotljjtlac\{/itz:i
responds te-10 times the diffraction limitin vacuum{30 times -9 p 9 :

thatin the background medium). However, the incidentbeam stTlhe chapge of the normalized frequengih W|th.wa\'/enumbers.
includes angled plane-wave components to some extent. The!§ﬂ—egat'ye when/) = O.530—O.550_ass_umed In Fig. 5(a)_, while
perprism effect and the small group velocity effect scatter thells Positiveat/A = 0.74 [assumed in Fig. 5(b)]. The maximum
components to various directions, expand the propagating be&#f/ection angle of+50° is designed by considering these
and generating someirregular beams. Actually, however, itis egg@Perties. The device in Fig. 5(a) allows such a wide deflection
to expand the incident beamwidth to, for example, 100 times tR¥ the combination op = —43°10° and &t 2% change of the
diffraction limit and reduce such angled components in expeRormalized frequency. The device in Fig. 5(b) allows thighbsy
ments. Therefore, we think that the beam quality and the power2°F63° and at2° change of the incident angle.

efficiency will not be actual problems. The reflection loss is an- We designed these devices so that they exhibit a valde of
other problem to be managed. Regarding this, we reported sosdarge as possible. However, a remarkable deflection generally
structural modifications of the input end, which reduce the reflegauses many diffracted waves of the output beam, as discussed

tion to a negligible order in another paper [10]. in Section V. Actual light deflection devices are not always re-
quired to have such a largg. If the number of resolution points
V. DEVICE DESIGN BY DISPERSIONSURFACES isimportant, a dispersion surface that moderately suppresses the

superprism effect should be selected. We will discuss this issue

Fig. 3(b) shows the analysis of the deflection of the omp%ﬁsewhere [11]

beam, when the output end of the PC is tilted by angl&he
light propagating in the PC reaches the output end without losing
the wavevector excited at the input end. The deflection angle can
be determined by considering the conservation condition of theln Section 1V, we simply estimated the light deflection

wavevector at the output end. In a manner similar to that at theing the wavevector conservation condition at the output end.

V. DEVICE SIMULATION BY THE FDTD METHOD
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Fig. 6. Analysis of the deflection angle of the output beam. LihésShifted so that the wavevector conservation condition at the output end is explained.
2r/a = 0.8637, a/X = 0.55,andd; = 0°. (a) ¢ = 0°. (b) 10°. Solid and dashed arrows indicate the main beam and diffracted waves, respectively.
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Fig. 7. Calculation models and light intensity distributions of output beam calculated by the FDTD method. Parameters are the same as for Fagd6. Solid
dashed arrows indicate main beam and diffracted waves, respectively. Light intensity distribution of the output beaméylzer (agre O and (b)¢ = 10°.

However, the PC has an infinite number of reciprocal lattic®, simulated by the FDTD method almost agree with the
vectors that shift the conservation condition. This actualfyrediction. Fig. 7(b) shows the output beam wher= 10°.
excites many diffracted waves with various deflection anglel this case, six lines shifted by the smallest reciprocal lattice
Fig. 6 explains the analysis of such waves. Since copies \actors are considered for the prediction of deflection angles.
line S shifted by reciprocal lattice vectors generate maryp a manner similar to Fig. 7(a), many diffracted waves are
cross points with the iso-frequency curve of the output beagmcited, and the deflection of the main beam is not clear. In
in the background medium, many extra wavevectors algeneral, diffracted waves become more dominant when the tilt
satisfy the conservation condition. Whénand¢ are @, three angle¢ is enlarged.

different wavevectors are predicted, as shown in Fig. 6(a).Various structural modifications of the output end are consid-
When the output end is tilted, many wavevectors with differeetred for clearer light deflection. The FDTD simulation indicates
8, are predicted, as shown in Fig. 6(b). These predictions ahat the output end with the flat interface, which is composed of
confirmed in the FDTD simulation. Fig. 7(a) shows the lightectangular airholes connected by circular airholes, improves the
intensity distribution of the output beam, whénand¢ are 0.  problem. Fig. 8(a) shows the light intensity distribution o=

The solid arrow indicates the direction of deflection predicte@r. The diffracted waves are remarkably suppressed and the main
from the unshifted line S and dashed arrows indicate extrdobeamiswellcollimated. Theintensity ofthe outputbeammi®%
directions predicted from the shifted lines. Deflection anglexfthatinthe PC. Thisvalue indicates that most of the light not af-
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Fig. 8. Calculation models and light intensity distributions of the output beam from the PC with a flat interface calculated by the FDTD methcairiEerpar
are the same as those in Fig. 6. Lenbtbf the rectangular airholes [the longest length for (b)] is four times the diar2etef the circular airholes. Solid and
dashed arrows indicate the main beam and diffracted waves, respectively. Light intensity distributiomfer (8)and (b)¢ = 10°.

fected by Fresnel reflection at the interface is collected into thi
main beam. The effectiveness of the flat interface is not sensiti
to lengthd of the rectangular airholes; an almost similar result i
expected, when the PC is terminated by half circles. For these 1
sults, two reasons are considered. One is the less effective exc
tion of angled diffracted waves by the flat interface. The other i
that the rectangular airholes change the shifting condition of lin
S andreduce the number of cross points between the shifted lin
andtheiso-frequency curve outside the PC. Fig. 8(b) showsthe|
sultfor¢ = 10°. Here, the rectangular airholes are oriented inth L&)
direction of deflection predicted by the dispersion surface. Tw
rectangular airholes at each step-like arrangement of circular a
holes are overlapping. The length of each rectangular airhole
adjusted so that the output end is on a straight line parallel to tl =
outputend ofthe PC. Therefore, the straightlineis notnecessar—":;
normal to the orientation of the rectangular airholes. The simu i
lated main beam is oriented in almost toward the same directic
as that predicted by the dispersion surface. Even with the flat ii
terface, the diffracted waves are graduallyincreased by alarger
anglep. To sufficiently suppressthe diffracted wavéshould be
less than 19.

Fig. 9(a)—(c) shows light intensity distributions when assig. 9. calculation model and light deflecting function of a PC with tilted flat
suming three different tilt angles and three different normalizeéderfaces simulated by the FDTD meth@d/« = 0.8637, 6; = 6° and¢ =
frequencies. Flat interfaces are designed in the same way33s® and—30°. Normalized frequency/A is (a) 0.55, (b) 0.61, and (c) 0.70.
for Fig. 8(b). The light deflecting function is observed, which
is well explained by dispersion curves. However, some noislgflecting function, when air is assumed outside the output
distributions and the remarkable expansion of the light beaend of the PC. Here, three different normalized frequencies are
are also observed. One reason is the Moiré pattern, as explaiselécted so as to avoid the small group velocity effect. In this
in Section Il. However, they too are evidentgth = 0.70. calculation, clearer light deflections are observed, as compared
This must be caused by the influence of the finite width of theith those in Fig. 9(a)—(c). This seems to be due to the small
incident beam and the small group velocity effect, as explainesb-frequency curve outside the PC, which reduces the cross
in Section Ill. On the other hand, Fig. 10(a)—(c) shows the ligipbints of the shifted lines and the iso-frequency curve.

[{a}] [L=}]
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A slight Change of the incidence ang|e widely deflects tHE® geared toward the spontaneous emission control in microdisk lasers and var-
10us device applications based on semiconductor photonic crystals.
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too. The number of resolution points of the incident light bea@ommunication Engineers (IEICE), the Japan Society of Applied Physics, and
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