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Hybrid superprism with low insertion losses and suppressed cross-talk
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We demonstrate with the two-dimensional finite-difference time-domain method that an adiabatic transition
in a superprism with an interface along {ie2] direction enhances the transmission through the superprism to
more than 90%-0.5 dB over the wavelength range 1.47-1,68), including the telecommunicatidd andL
bands. We also show that diffraction governed by a quasinegative index of refraction inside the superprism can
be used to obtain nearly transform-limited beam widths at the output of the superprism. The reduction of the
beam width at the output suppresses cross-talk and greatly enhances the achievable frequency resolution of the

superprism.
DOI: 10.1103/PhysReVvE.71.026604 PACS nuniber42.82.Gw
[. INTRODUCTION In Sec. lll, the issue of superprism compactness versus

Photonic crystal$PC) [1] have attracted a lot of attention frequency resolution is addressed. In the previous literature,

due to their ability to control the flow of light on a very small N Order to evaluate the frequency resolution of the super-
rism, it has been assumed that a transform-limited beam is

length scale and to tailor the dispersive properties of thir[; . . o
dielectric slabs. One class of PCs, planar photonic crystal@unched into the superprispl9] by terminating a wave-

[2] (PPO, represents particularly promising structures forduide right at the boundary of the PC. Inkespace power
integrated optics due to the fact that their planar fabricatiorpPECtrum the phase information is lost, so that the spatial

allows for the use of conventional microelectronics pattern\Vidth of a beam can only be deduced from it if assumptions

ing techniques. A PPC is an optically thin dielectric film &® made on the phases. A beam is transform-limited when
perforated with a two-dimensionalD) lattice of holes. ItS Spatial width is the minimum possible width for its
Light is confined in the slab in the vertical direction by KSPace power spectrum, and a Gaussian beam is transform-
means of total internal reflection. The 2D lattice of holes cariMited at its waist. Here we use the negative index of refrac-
be used to confine light in the lateral direction by distributed!'on [22,23 "?_F_)CS[ZA'_ZG to e”hance the frequenc_:y_ reso-
Bragg reflection for applications such as ultrasmall high- Ution capabilities of the superprism. Instead of injecting
cavities [3,4], ultrasmall laserg5,6], or photonic crystal llghtinto the PC by terminating a waveguide at its boundary,
waveguides[7,8]. For these applications, the useful fre- W& terminate the waveguide some distance before and let the
quency range of light lies within the photonic band gap. onfesulting beam expand in the unpatterned slab before it is

the other hand, outside of the photonic band gap, the dispeff@nsferred into the PC. The positive refraction in the unpat-
sive properties of the PC yield effects such as selfterned slab and the negative refraction in the PC can cancel

collimation [9-14] and the superprism effef15]. gach other out to a large extent so as to obtain transform-

The superprism effect has been predicted to enable smgjMiteéd beams at the output facet of the PC. The criteria for
planar wavelength demultiplexef&6—19. However, in or-  Tequency demultiplexion is that beams corresponding to dif-

der to achieve practical devices, limitations such as insertioxgerent frequencies are spatially separated at the output
losses have to be overcorf@0,21. In this paper, we inves- oundary of the PC. When the beam widths at the output

tigate a type of superprism with an enhanced frequency res%%%?le?f ;[rhee Ee(charecﬁ;nnalIgr'alrissngs:srg-asrteetgngseagorlaﬂusthi
lution, but in which insertion losses are also very high in the ams q y 9 y P
absence of a mode-matching mechanism, due to the fact thQF :

Furthermore, in this paper the waveguide leading to the
the structure of the PC Bloch-mode structure undergoes B¢ has a steep angle rglar'zive to the bogl'mdary of thge PC. so
abrupt change in the middle of the useful frequency range, ’

; S : .~ that light is coupled to PC Bloch modes through Fourier
However, we are able to achieve a high insertion efﬂc'encycomp(?nents in hFi)gher-order Brillouin zonéaZs). T%is has

on the order of 95% throughout a wide frequency range by onsequences that will be outlined in this section
adiabatically reducing the hole size at the PC interfaces. Thé d ) . X .
In the following, we investigate a 2D square lattice PC

two interfaces of the PC are along thie 2] crystallographic  \ith the 2D finite-difference time-domain metho®7]
axis [Fig. 1(a)], and the hole size is adiabatically reduced(FpTD). The refractive index of the slab is assumed to be
along the direction orthogonal to the interfatee[2 1] di- 3 43(silicon) and the holes are assumed to be backfilled with
rection. Inside the adiabatic transition region, holes that aresjjicon dioxide (refractive index 1.45 The lattice-constant
offset by the[1 2] vector have the same size. Due to its of the crystal(a) is 0.4 um and the radius of the holes in the
adiabatic nature, this design does not need to be carefullgulk part of the crystalthat is outside the adiabatic transi-
fine-tuned as i120,21] and can be easily adapted to different tion) is 0.12 um. All fields are transverse-electr{@E) with
lattices. In Sec. Il, we will show that the adiabatic transitionthe B-field pointing out of plane. The discretization is 0.01
projects the complex mode structure of the PC Bloch modegm and the time step 0.005m™* (in units ofcy=1, wherec,
onto a single plane wave. is the speed of light in vacuum

1539-3755/2005/12)/0266049)/$23.00 026604-1 ©2005 The American Physical Society



WITZENS, BAEHR-JONES, AND SCHERER PHYSICAL REVIEW ¥l, 026604(2005

020 o
0% o
o o
OX 0 o o
)00 o
C (¢ o o
) ()
C o oo
9
o (Oxeng D
5 00 D% )
° %% >} D
° 9% 00 D
0 o)
000 )}
4, 0°0°0°0
Qlao ? oo
%

FIG. 1. In(a) the superprism configuration is illustrated. The waveguide direction relative to the PC as well as the orientation of the PC
interfaces are shown. The hole size is varied in the adiabatic transition regions. Holes offsef bythvector have the same radiug)
illustrates the coupling condition from the waveguide to the photonic crystalk Tieetor of the waveguide modeg,¢ is projected onto the
equifrequency contour of the PC, with a projection direction perpendicular to the interface. At wavelengths ($tiginey than A
=1.54 um kyg increaseqgdecreases and light is coupled to modes lefitight) of the cusp. The direction of propagation is indicated by
arrows inside the equifrequency contour. TlheM, and X high-symmetry points are also shown.

Figure Za) shows the band diagram for this crystal alongthe group velocity points inside the contour. Negative refrac-
theT'M direction and Fig. &) shows the equifrequency con- tion in the PC and positive refraction in the unpatterned slab
tour of the second photonic band at a free-space wavelengttan compensate each other, so that a beam diffracting in the
(\) of 1.54 um . The equifrequency contour is the setkof slab can be refocused inside the PC.
vectors corresponding to a given wavelength, and is the Ina superprism, an angled waveguide is coupled to a PC.
equivalent of the Fermi surface in solid-state physics. It carin order to predict to which Bloch mode the waveguide is
be seen that the equifrequency contour is approximately g0ing to couple, the conservation of tkevector component
square with rounded cornefthe “cusps” of the contodrin ~ parallel to the interfacék)) is used[Fig. 1(b)]. Due to the
the corner region, the group veIoci@Qw, perpendicular to discrete trans!ation symmetry along the PC inte_rface, this
the contour, undergoes a strong shift in direction. Thefonservation is only exact modulon2A, whereA is the
rounded corner can be approximated as an arc of a circle &eriodicity of the PC along the interface. The superprism we
shown in Fig. 2b). The radius of that circle is approximately Nvestigate in this paper has both its interfaces along the
0.3X27/1.54 so that the diffraction of a Gaussian beam[1 2] direction so that in this cask=5a. k can be deduced
inside the PC at that wavelength can be predicted by afrom the waveguide geometry l§=sin(6)2mney/\, where
effective index of —0.3, provided the range lofvectors of  ng is the effective index of the waveguide afids the angle
the beam is restricted to the corner region approximated bipetween the waveguide and the normal to the interface of the
the arc. The negative sign in the effective index comes fronPC[Fig. 1(a)]. In this paperg is chosen in such a way as to
the fact that the contour corresponds to the second bandpuple light ath=1.54 um to a Bloch mode located at the
folded back once into the first Brillouin zon®Z), so that center of the cusp. This corresponds to the conditipn
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FIG. 2. (@) Band diagram showing the first three TE photonic bands alongl'ttie direction. The black dot corresponds 1o
=1.54 um. The lattice constant of the PC was chosen in such a way that only the second band is present in the frequency range of interest
(C band. (b) shows the equifrequency contour of the second band fdt.54 um. The contour has a squarish shape with rounded corners.
The corners can be approximated by the arc of a circle with a radius of Du31.54, thus Gaussian beams with a distributionkpf
restricted to that area diffract inside the PC as if they were in a material of refractive index —0.3.
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formation of the equifrequency contour as of the fact that for
different wavelengths a different part of the equifrequency
\ contour is sampled. Of course both effects are present, but
due to the steep injection angle the latter is dominant. At a
lower (highep wavelength, the value ok, increases(de-
creasepso that light is coupled leftright) of the cusp[Fig.
1(b)]. By moving from the left of the cusp to the right of the
cusp, the group velocity undergoes a near to 90° change in
propagation direction. The large injection angle 60.95°
accelerates the change from one side of the cusp to the other
side of the cusp, so that the frequency resolution of the su-
perprism is higher fom=-2 than, for example, fom=-1
(componentb), which corresponds to a smaller injection
/ angle. The second reason why we preferred to work with
m=-2 is that even in the absence of a mode-matching
mechanism, much higher insertion efficiency is achievable
this way due to the fact that we couple to a dominant com-
ponent of the Bloch mode. As we will show in Sec. Il, in the
e absence of a mode-matching mechanism the insertion effi

OO OO0 000 . . -
OO O([?,@OOO S ciency |, corresponding to coupling through component
8053[‘%1 %‘%880%%%8080000 5 e{a,b,c,d} can be approximated to a high degree of accu-
” racy b
OOOOOOOOOOOOOOO o000 OOOOOOOOOO y by

ly=Py/(Py+ Py+P.+Py), (1)
FIG. 3. This schematic illustrates how the different components
of the Bloch mode project onto the interface between the crystayvherePy is the fraction of the total power of the Bloch mode
and the slab. The squarish contours show the equifrequency contogpntained in component (this formula corresponds to a
inside the first BZ(shown by the dashed squarand in higher simple mode-overlap integpallt is then apparent that the
Brillouin zones(outside the dashed squar&he four main Fourier  insertion efficiency is proportional to the fraction of the
components of the Bloch mode located on the lower cusp as well aBloch mode contained in the Fourier component that is
their projection on the interface of the crystal are shown by dots andoupled to by the waveguide. As already mentioned, we are
by a curve along the interface. The curve corresponds to real daigoupling to componerd, which is one of the two dominant
and gives an idea of the relative intensity of those componentsFourier components of the Bloch mode. It would be very

Componentda,b,c,d} correspond tan={-2,-1,0, 3. It is appar- tiny fraction of the total power.
ent that componera, which we are coupling to as we chose

-2, is one of the two dominant components. We also_show the
real-space lattice vectors, the unit vector of the interfate?], and
the direction of propagation of light at=1.54,[1 1].

II. ADIABATIC MODE CONVERSION

In order to predict the propagation direction of a Bloch
mode, it is sufficient to consider the shape of the equifre-
=Ky cusgtM27/ A, whereKk ¢, is the projection of the re- quency contour in the first BZ. However, in order to predict
ducedk vector (inside the first BZ of the center of the cusp insertion losses at the PC boundary, the complex structure of
onto the interface, andh is an integer. The projection of the Bloch modes with Fourier components in higher-order BZs
various Fourier components of the Bloch mode onto the inhas to be taken into account. The equifrequency contour in
terface is shown in Fig. ¥, ¢,spcorresponds to the position the first BZ arises from folding back the dispersion charac-
of component in Fig. 3. Depending on the value af, the teristic of the slab into the first BZ. However, most of the
light exciting the waveguide couples to the Bloch modepower of the Bloch modes is still contained in Fourier com-
through a different Fourier componemt={-2,-1,0,% cor-  ponents close to the dispersion of the unpatterned slab, as
respond to Fourier componengsb,c, and d, respectively  schematically shown in Fig. 4. In particular, when moving
(the letters label the Fourier components, while the integer along the equifrequency contour from one side of the squar-
refers to a coupling condition, thus we keep the two separatsh contour to another side of the contour, through the cusp,
notations. Herem is chosen to be -2 so that we couple to athe mode structure undergoes a sharp change. On the left
higher-order Fourier compone@omponent in Fig. 3) out-  side of the corner thgl 0] component is dominaritompo-
side the first BZ. This results iAi=60.95°. nentd in Fig. 3), while on the other side tH® 1] component

The fact that we usen=-2, or in other words that we (component) is dominan{21]. The mode that is exactly on
couple to a higher Fourier component outside the first BZtheI'M direction has an equal fraction of its power in {ie
has consequences in terms of beam steering and in terms @f and in the[0 1] components. Both components have to be
insertion efficiency. The mechanism leading to demultiplex-provided at the interface to the PC to achieve good coupling
ion is slightly different fromm=0 in that the beam-steering to the Bloch mode. For example, in the case-2 investi-
is not as much a consequence of a frequency-dependent dgated in this paper, in the absence of mode matching the
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\ /\ / FIG. 5. (a) illustrates the mechanism underlying the adiabatic
transition. To simplify the schematic, we show a step in hole radius

) o ) rather than a continuous change, but the general idea is the same.
FIG. 4. This schematic illustrates the Fourier structure of thep,q 16 the change in hole size, the contour is deformed. In particu-
Bloch modes. The equifrequency contour originates from foldingig; for the same wavelength, the contour in the region of smaller

back the equifrequency contour of the slab into the first BZ. They e is smaller. Because the translation invariance is conserved

first BZ is shqwn b)_/ the dashed_sq_uare and the dashed circle re%flong the[lE] direction, it is straightforward to predict how a
resents the dispersion characteristic of the unpatterned slab. Hov&-

ever, in extended Fourier space, most of the power of the mode ileCh mode couples from one crystal to the other by projecting it

3 . . . 3 along thd 2 1] direction. Modes that were in the vicinity of the cusp
still contained in the higher-order components that are close to the the “bulk” PC (with larger holes couple to modes on the side of

.. . . |
original contour. These components are indicated by a thlckenefﬂe contour in the PC with smaller holes. Those modes have a

line along the higher-order contours and are labeled agdd as in ) .
. : ' . dominant Fourier component and are easy to couple to. When the
Fig. 3. They are offset from the component in the first BZ by in- e . . . .
transition is made adiabatic, rather than stepwise, the reflections

verse lattice vectors represented by arrows and labelé¢fl bjjand . ) .
[1 0]. Of course this model is a simplification, as the lattice of holesInduceol at the interface are suppressbilillustrates the real-space
) ' behavior of the light propagation. In the adiabatic transition region,

not only perturbs the contour at the anticrossing points, but als e . )
perturbs slightly the rest of the contour. ?he group velocity is progressively deflected. The interface of the

PC is along thex direction[the coordinate frame dfo) is rotated

insertion efficiency is good for modes to the right of the relative to the other figurgs

cusp, however the insertion efficiency is worse for modes to

the left of the cusp that are dominated by componkretther  orientation of the interface, the Bloch modes originally in the
than component. The mode structure will be quantified vicinity of the cusp are not projected onto the cusp of the
below as well as a quantitative model given for the insertiorsmaller contouras would happen if the interface had been

losses. , i ) , , . along the 1 1] direction and the hole size varied along ftie

In this section, we introduce an adiabatic transition thak | yirection. Rather, while propagating through the adiabatic
alleviates the mode-matching problem. Due to the fact t,haFegion, the Bloch modes originally in the vicinity of the cusp
the k vector of the Bloch modes that are coupled to varies, . hogressively projected onto the side of the smaller
with the frequency, the mode matching interface needs to bgy, arish contours corresponding to the local band structure.
efficient not only for a wide frequency range, but also for a5, e sides of the contour, the Bloch modes are dominated

wide k-vector range. This is a diffiqult problem due to _the by a single Fourier component and are easy to couple to.
fact that the Bloch-mode structure ksvector-dependent; in Furthermore, with decreasing hole size this single Fourier

particular, it is strpngly dependent on WhiCh side of the Cu_sg:omponent dominates more and more the overall Fourier
the Bloch mode is on. This problem is solved by the adia-gycyre until 100% of the mode is contained in this single

batic transition for modes in the vicinity of the cusp. The P ; :
_ . ; R L component. In order to simplify the diagram, Figapshows
principle of the adiabatic transition is illustrated in Figap a step change of the hole radius instead of a continuous

The hqle sizg is progress_ively decreased insjde the adiab_a (Flange over a large number of layers. Such a brusk change
transition region. The main effect of decreasing the hole sizg |4 induce reflections as well as out-of-plane scattering

is a shrinking of the equifrequency contour. This can be eXj,qses in 5 planar PC defined in a finite thickness slab. The
plained to the first order by an increase of the effective index;, \, yansition from the full hole size to the small holes in
of the PC slab due to a higher volume ratio of high indexgig ‘51 suppresses these loss mechanisms. It is essential for

material, so that the unfolded contolatashed circle in Fig. he interf | ) . h h
4) is enlarged. After folding back the contour into the first the interface to be along an orientation other th] when

BZ, the resulting squarish contour is smaller. In other wordsMPdes on both sides of the cusp are being mode-matched.
due to the fact that the second band is folded back once, thiadeed, if the orientation werfel 1], the mode on the center
dependence of the size of the contour on the index of thef the cusp would stay at the center of the cusp throughout
materials constituting the slab is the opposite of what wouldhe mode-matching interface, and would finally be converted
be expected from an unpatterned slab. Due to the slanted two plane waves.
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FIG. 6. We propagate light at=1.54 um through a bulk P¢(a) and (b)] and through an adiabatic PCc) and (d)]. The abscissae
correspond to the projection onto the interface of the redlcedctor of the Bloch modéthe zero abscissa has been shifted so that it
corresponds to the mode on th& direction. In (a) and(c), the upper continuous curve is the incoming power and the lower continuous
curve the outgoing power. The dashed curve is the prediction of the output power based(bnh Eoe left dash-point curve corresponds
to componend (Fig. 3), the right dash-point curve to componentand the pointed curve to compondntAll the Fourier components
corresponding to the same Bloch mode are represented at the same absdigsanth(d), we show both the actual insertion efficiency
(continuous curveand the predicted insertion efficiency based on @y (dashed curve In (a) and(c), the trailing edge of the incoming
Gaussian beam is due to the fact that the interface of the PC is rotated with respect to the direction of propagation of the beam.

Figure §b) illustrates the real-space behavior of light in phy in a fabricated device. We transmit light through PCs

the slab, superprism, and adiabatic transition region. In thjith both interfaces along tH 1] direction. In one case the
latter, the direction of propagation undergoes a change prgcC consists in a “bulk” PC and in the other case by a PC
gressively. This is an additional advantage over the modewith adiabatic transitions at the input and at the output facets
matching interface introduced in R¢21]. Indeed if21] the  (the “adiabatic PC). The bulk PC is 150 layers wide, where
two Fourier components containing most of the power of the‘layer” refers to a row of holes along tte I] direction[for
Bloch mode were progressively generated, but had differer'gxamme, the PC in Fig.(8 would correspond to 23 roys
directions of propagation inside the mode-matching inter-The adiabatic PC consists of 150 layers, where the hole ra-
face, so that the interface had to be compact to avoid the twgjys is ramped up from=0.06 um tor=0.12 um in the first
components spatially separating. In the adiabatic transitiogg |ayers, kept constant in the next 50 layers, and finally
region, the light corresponds to the local Bloch mode at eachamped back down to=0.06 um in the last 50 layers. In
point of the transition, so that all the generated componentfig. 6, we show data for a wide range lofectors but for a
copropagate in the same direction. In particulaf2h] there  fixed wavelength\ =1.54 um. A transform-limited Gaussian
was a tradeoff between compactness and insertion efficiendyeam is launched in the unpatterned slab before the PC, with
which is not an issue in the present design, as there is nan anglef=60.95° relative to the normal to the interface of
disadvantage in increasing the size of the adiabatic transitiotihe PC, as derived in Sec. |I. However, the waist of the beam
other than a slight loss of real estate on the chip. is chosen to be narrow; due to the small waist, the light
We evaluated the insertion efficiency of the adiabatic transource contains a wide range @&f vectors centered on
sition by 2D FDTD computation. In the following simula- k; o st m27/A (with m=-2), rather than a narrow-vector
tions, we adiabatically reduced the hole radius from Qui?  distribution generated by a wider light source, so that data
to 0.06pum. We did not go all the way to zero for practical can be collected for a wide range bfvectors. The field at
reasons, both due to limitations of the FDTD methdds-  the output facet of the PC is Fourier-transformed, and the
cretization) and due to the resolution limitations of lithogra- component of the Poynting vector along tlyedirection
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Py(k)) is calculated as a function ¢&f. Three items are con- 1
firmed by these data: First, the Bloch-mode structure indeed
undergoes the predicted transition from one Fourier compo- 0ol

nent to the other; second, E() is adequate to predict the
insertion losses in the vicinity of the cusp and in the absence
of an adiabatic transition; and third, the adiabatic transition
does solve the insertion problem for a wide rangé efc-
tors. In order to evaluate the insertion efficiency, in both
cases we compare the incoming power to the transmitted
power. In order to show the Bloch-mode structure, we de-
compose the transmitted power into the various Fourier com- 06}
ponents. Finally, to verify the validity of E41), we compare
the actual transmitted power to the transmitted power pre- ' . . . . .
dicted by Eq.(1). 0.5 14 145 15 155 16 165
Figures 6a) and Gc) show the raw data, respectively, for Wavelength (.um)
the bulk PC and for the adiabatic PC. Figuréb)@nd Gd)
show the actual transmission through the PC as well as the FiG. 7. power transmission through the “adiabatic crystal.” A
predicted transmission. In Fig. 3, we can see that there ai€ayssian beam with a FWHM of @m and an angl&)=60.95° is
four peaks in thek-space transmission spectrum, three ofjaynched in the slab and coupled to the cry§1&0 layers, 100 of
which, a,b, andd, are significant. In Figs.() and c), we  which are split between the adiabatic transitions on both interfaces
show a (rightmost dash-pointed curkeb (pointed curvg g is chosen so that light at=1.54 um propagates along tHa 1]
and d (leftmost dash-pointed curyeas a function of their direction. The transmission is in excess of 90% over the wavelength
reducedk vector, so that all the components corresponding taange 1.47-1.63m.
the same Bloch mode share the same abscissa. In other

W_ords, the Fourier components corre_spondingH&J_pZTr/A cusp(with k;=-1.12um™) gets projected onto the cusp of
with pe {~2,-1,0,1 are all plotted with the abscis$@ In tha smaller contour, while all of the modes to its right, in-
all four figures, the zero abscissa corresponds to the '”terseEruding the mode originally on the cusith k;=0), get

tion of the contour with thd"M direction, the center of the projected on the side of the contour whexds dominant.
cusp. The total outgoing power is the sum of those thregnaly, in the case of the adiabatic PC, the transition from
components and is shown by the lower continuous Curveyne Fourier component to the next is much more abrupt, as
The incoming power is shown b)_/ the_ upper continuous,isyalized by the slope &=-1.12um™* in Fig. 6&d). This
curve. The dashed curve, almost identical to the outgoings gue to the fact that the field at the output of the crystal
power, corresponds to the outgoing power predicted by EGeorresponds to the modes of the PC with reduced hole size
(1) from the power distribution in componerasb, andd. In (=006 um), where the coupling strength between Fourier
Figs. 6b) and &d), the continuous curve is the actual trans- components as well as the extentkispace over which an-
mission, that is, the outgoing power divided by the incomingticrossing occurs are reduced.

power, while the dashed curve is the predicted transmission. As explained in detail in Ref[19], for an angled wave-

There are some comments that can be made on these dafgsiqe coupled to a PC, there is a one-to-one relationship
In Fig. 6@a), the Bloch-mode structure predicted by the oy yeen the wavelength and thevector of the Bloch mode
model shown in Fig. 4 can be clearly seen. Modes to the leffy,o; g coupled to. The true figure of merit of a mode-

of the cusp, with a negative abscissa, propagate to the righf,a¢ching interface used in conjunction with a superprism is
and the dominant componentds Conversely, modes t0 the e insertion efficiency at each of these frequenck-wector
right of the cusp, with a positive abscissa, propagate 10 thgsints, that is, the frequency-dependent coupling efficiency
left and the dominant componentasin Fig. 6b), it canbe ot the complete system. We show these data in Fig. 7. The
seen that the predicted insertion efficiency Ssshaped, fie|q is launched from a much wider Gaussian beam, the full
where modes with a higher abscissa, that are dominated Ryiqih at half minimum(FWHM) is 3 zm, so that a narrow
componenta, have a higher insertion efficiency because ,nqe ofk vectors is targeted at each frequency, rather than
componena is provided by the light source in the slab. The g\ eraging the insertion efficiency over a wide rangekof
actual insertion efficiency is close to the predicted one for §,actors. The Gaussian beam approximates the mode profile
large range ok vectors. At positive abscissae there is also¢ {he waveguide leading to the superprism in a real device.
another IimiFing mechanism on the insertion efficiepcy thalis can be seen that the insertion efficien@yansmittance
we did not investigate. In the case of the adiabatic PC, af,.ough two interfaces with adiabatic transitiois above
predicted, componerat is heavily dominant in the transmis- g0/ for a range of wavelengtt{¢.47—1.68um ) including

sion spectrum around the zero abscissa. This leads t0 e telecommunicatiorC band (1.528-1.570um) and L
insertion efficiency above 90% for a large range&kofectors band(1.570—1.605um ).

on both sides of the cusfi.e., with positive and negative
abscissae Also, it can be seen that the transition point from
one dominant Fourier component to the other is shifted from
k=0 to k,=—1.12um™. That is to be expected from the  In this section, we address the frequency sensitivity of the
model shown in Fig. &), where a mode originally left of the superprism. In Ref.19] it was shown that the small radius of

0.8r 1

0.7

Transmission

IIIl. COMPACTNESS AND SENSITIVITY
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tion normal to the[1 2] interface and dg,;, is the distance

W,/cos(6) over which the beam is propagated inside the slab. We as-
Photonic sume the beam to be a transform-limited Gaussian beam at
the output edge of the waveguide and we aim for a
transform-limited Gaussian beam at the exit of the super-
prism. The width of the beam at the end of the waveguide is
W [the width of the beam is defined as,2vhere the func-
tional dependence of the amplitude along the cross section of
the beam is given by expx?/c?)]. The diffraction angle
inside the unpatterned slab ig;,,=2\/(mNng,\\p), SO that
the width of the beam at the input interface of the superprism
IS Witerface= 2 tan agap dgia/ €0 6). The additional 1/cd®)
factor comes from the fact th&W,erace iS the width along
the interface of the PC that makes an angjleith the normal
to the propagation direction of the beam. The width of the

FIG. 8. This figure is a schematic of the beam expansion insigdransform-limited beam at the output facet of the PC should
the unpatterned slab and inside the PC. The lengths and angles 4/8 Wo/C06), so that the diffraction angle inside the PC is
labeled for reference in the text. apc=2\ coq 6)/(mpWp). Thus the size of the beam at the

input facet of the PC can also be written &¥crface

curvature at the corner of the equifrequency contour not onl\- 2 tar(ap)dse. By equating the two expressions for
leads to beam-steering, but also to enhanced diffraction e WE get the equation

the beam inside the PC. In other words, the beam coupled
from the waveguide not only has a frequency-dependent di- 2\ coq 6) 2\ 1
rection of propagation inside the PC, but also experiences tan(w)dpcﬂar( )dslabcos(e)-
stronger beam-broadening than in the unpatterned slab. In TipctYo
order to separate frequencies with low cross-talk, the corre- Because the Gaussian beam expanding in the slab is cut at
sponding beams should have vanishing spatial overlap at tren angled, the beam profile along the interface of the PC is
output facet of the PC. Due to beam-broadening, the spatiadot exactly Gaussian. Thus the model exposed above is an
separation necessary to separate the beams is higher, so thgproximation. To further validate E¢2), we investigated
PC induced enhanced diffraction reduces the frequency resthe dependence of the width of the beam exiting the PC as a
lution of the superprism. The overall efficiency in terms of function of dg,, with a simple beam propagation code based
frequency selectivity was quantified {19], however the on a scalar description of the field, and an effective index
model developed assumed that the beam at the input inteapproximation inside the PC. Here again the effective index
face of the PC was transform-limited, that is, the waist of theapproximation for the propagation inside the PC is only valid
beam is assumed to be at the interface to the PC. This sitdier a beam with a small enoudhkvector distribution to be
ation is encountered when the waveguide stops exactly at treompletely contained within the rounded part of the cusp. At
interface to the PC. Here, however, we examine the situatiothe boundaries of the PC, an extra transformation has to be
where the waveguide stops some distance before the inteoperated on the field that consists in subtractigsy
face, so that the beam diffracts inside the unpatterned slabm2#/A from the lateral component of tHevector (k,) at
before coupling into the PC. The diffraction inside the PCthe input boundary, while at the output boundary it is added
resembles negative index diffraction, so that the diffractionback to it. Indeed, inside the PC, light is described by an
inside the unpatterned slab and inside the PC can compensaiffective k vector that corresponds to the offset between the
each other. If the diffraction length in the unpatterned slab isenter of the circle approximating the cusp of the equifre-
adequately chosen, the beam can be nearly transform-limiteguency contour in the first BZ and the redudedector of
at the output facet of the PC, so that the impact of beamthe Bloch mode. Light with a laterak vector of kyyep
broadening on the superprism resolution can be neglectedm2«/A is in fact at the center of the cusp, and propagates
(however, there is still a price to be paid to compensate foinside the PC as if it tdha O laterak vector in a material of
the enhanced diffraction inside the superprism, and that is thiadex np. This model is a little more sophisticated than the
chip space necessary to expand the beam prior to the PC simple considerations that led to Hg), for example it takes

In the following, we derive the diffraction length in the into account that the field at the boundary to the PC is a
slab (dg) Necessary to compensate the diffraction lengthdistorted Gaussian due to the fact that the cross section of the
inside the PQdpc). The width of the adiabatic transition has incoming beam is taken along an oblique axis. For this ex-
to be split in some way betweeh,,,anddpc that we do not ample, the PC is assumed to be 3pén thick and the
qguantify here, however in a real device the width of theFWHM of the waveguide is assumed to beut. The opti-
adiabatic transition should be much smaller than both thenum diffraction length in the slab is calculated to be @56
width of the bulk part of the PC and the diffraction length with Eq. (2). In Fig. 9, we show the beam profile at the input
inside the slab, so that it can be neglected. As shown in Figooundary and at the output boundary of the PC, as a function
8, dpc is the width of the PGbecause we optimizéy,, for  of dg, It can be seen that in this model the optimum expan-
the wavelength at which light propagates in fi2el] direc-  sion length is still given by E¢2). As mentioned in the first

Unpatterned .
Slab

(2)

MNgjaVo
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—_ ' o By applying Eq.(2), we also got convincing results with a
2 1 full 2D FDTD simulation. We simulated the transmission
512 through the adiabatic PC introduced in the previous section
S 4 (same PC as in Figs. 6 and By using as a light source a
S transform-limited beam at the input interfa@ and a beam
%’0.8 125 | 075 0.25 ] that had been propagated &Iin _before hitting the interface
3 (b). The results are shown in Fig. 10. It can be seen that the
Q o6y separation between beams corresponding to different fre-
o 15 0.5 guencies at the output of the superprism is much better in the
£ 04/ 175 ] second case. It can also be seen that the beam profile at the
§,02> 05225 2" output interface in the second case is very close to the
ch’ ) /m J \ ﬂ ) } Uﬂk transform-limited beam profile.
ol oy BT B DY AT i We would like to finish with a few concluding remarks on
-1500 -1000 -500 0

the feasibility of a real device. The frequency resolution
shown in Fig. 10 is 60 nm and might appear disappointing.
o ~ However, this is uniquely due to the small size of the device
FIG. 9. This figure shows the dependence on the expansiogjmlated here; the PC is only 26,8m wide. The beam

length inside the unpatterned sléhy,y) of the beam width at the gk at the output of the PC is independent of the size of the
input (dashed ling and output(continuous ling boundaries of the b "5 the heam is transform-limited due to the cancellation

PC. The beam profiles are labeled thy,/ do, whered, is the op- i S .
timum dg, predicted by Eq(2). The frequency is assumed to be effect between positive refraction in the slab and negative

. . .refraction in the PC. However the separation between the
the one at which the beam propagates perpendicular to the PC in- . . . .
terface inside the PC. Adg4,=0 (that is, the waveguide terminates f:enter axis of beams qorrespondlng to different frequgnues
directly in front of the PC interfage the beam is significantly IS proportlor\al to the Slz.e of the_ PC. Thus the resolution of
broadened inside the PC. At the optimuly,, the diffractions in- the superprism Scale_s with the Sizé OT the l_)UIk part of the PC.
side the slab and inside the PC compensate each other and the be&fff @ 10um separatiorisame as in Fig. Janduced by a 1
has its minimum width at the PC output interface. nm wavelength difference, the necessary width can be evalu-
ated to be 2K 60/1=1620um. This number is an overesti-
section, the diffraction of the beam inside the PC is describe¢hate as we scaled the bulk part of the PC and the adiabatic
by an effective indexipc=—0.3 that is much smaller than the transition region by the same factor. In fact, beam steering is
index of the silicon slaling,,=3.43. As a consequence, the very weak in the small hole region, and we do not need to
beam needs to propagate a longer distance in the slab thaniimcrease the width of the adiabatic region, so that the neces-
the PC in order for the diffraction in the slab and in the PC tosary PC size is probably more on the order of 106@
compensate each other. However, due to the fact that the The calculations made in this paper were all 2D FDTD.
beam propagates inside the slab along a slanted direction, ties such they do not take into account that PC modes can be
distance between the waveguide edge and the edge of the R8sy in a planar photonic crystéi.e., defined in a finite
[655 co$A)=318 um] is of the same order as the width of thickness slahif they are inside the light cone. If the reduced
the PC(300 um). k vector of a Bloch mode has a smaller magnitude than

Position (rem)

1 T T T ; v T 1

e
~
a

0.75¢

Poynting vector (arb. units)
Poynting vector (arb. units)

05}
025} 025}
X & . e : . 0 ) JJ. L/ ’:"( - e
=520 40 60 80 100 120 0 20 40 60 80 100 120
Position (pm) Position (um)
(a) (b)

FIG. 10. In(a) a transform-limited beanfleftmost beamis launched inside the PC. The shape of the beam at the output of the PC is
shown for the free-space wavelengths fu®, 1.54 um, and 1.48um (left to right). (b) shows the same data for a beam that has been
propagated 8um inside the slab before being coupled to the PC. The leftmost beam is the cross section of the beam at the input edge of
the PC after propagation through the slab. In this case, the beam is approximately transform-limited at the output of the P() Boih in

in (b), the relative positions of the output beams are correct, but the input beams have been separated out, so as not to overlay too many plots.
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27MNgjadging N, WhEre Nejaqqing iS the refractive index of the an adiabatic transition along the 1] direction in a super-

cladding material surrounding the planar photonic crystalyism with interfaces along thil 2] direction. This solves
(typically Sthz fc_)(; a ic r?_acieéréa Si memblr@ntme Fourlert_ the light insertion problem with a robust design, because the
component inside the firs can couple 1o propaga Ingbnly necessary condition is a slow transition; variations in

cladding modes, which leads to a loss mechanism. For ex- : . . .
tended devices such as the superprism where light has Ohotomc crystal design and slab index should be easily ac-

propagate for a significant distance through the crystal, thi 82)T°dateqd Also it y'ilgs msertl_o n (;glglenues n T:Z(cess of
leads to very large losses, if not to a complete signal loss. W&"”° ora wide rangeé of irequencies ectors, making It

investigated some band diagrams and found that a PC lattic&"quely suited to the superprism effect. The second im-
with a=480 nm and /a=0.3 defined in a Si membrane clad Provement consists in using a quasinegative index of refrac-
with SiO, is a good candidate. THe band is just below the tion to remove one of the limitations on frequency resolu-
light line and the corresponding Bloch modes have no intrinfion. By ensuring that beams exiting the superprism are
sic losses. We chose to work as close as possible to the lighiansform-limited, cross-talk is suppressed. Those two im-
line because the shape of the equifrequency contour is vefffovements may pave the way for the superprism to be used
close to the one investigated in this paper. The lattice conln practical wavelength demultiplexers.

stant of the PC is slightly bigger to compensate for the higher

volume ratio of low index materiglSiO, cladding the finite
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