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Interface states in photonic crystal heterostructures
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We study the interface states formed in a heterostructure composed of two semi-infinite two-dimensional
photonic crystals with different filling fractions. Photonic band structure calculations by means of a supercell
technique show that localized interface states are absent in this simple heterostructure; they can be created
either by lateral lattice slipping or by increasing the interface separation.

DOI: 10.1103/PhysRevB.63.033310 PACS nuniber68.65—k, 42.79.Gn, 41.20.Jb

Photonic crystals are artificial periodic structures thattwo lattices is the filling fraction of cylinders, denoted fas
have attracted extensive research interest in the lastnd f,, respectively. In the simplest case, all cylinders lie
decadé3 As in conventional crystals, the Bragg scatteringexactly at the sites of an infinite square lattice. In addition,
of electromagnetidEM) waves will give rise to photonic the two crystals can be slipped relative to each other in both
band structures and band gaps. The existence of photoniengitudinal (01) and perpendiculaf10) directions, generat-
band gaps may bring about some unusual physical phenori2d two other kinds of more complex heterostructures. These
ena such as inhibition of spontaneous emissfanith poten-  heterostructures can be readily fabricated by the microlithog-
tial applications in wide scientific and technical aréas. raphy technique. One can also assume that a structure is

One of the promising applications of a photonic crystal isformed by the touching of two photonic crystal samples.
in molding the flow of light in some defect structures intro- ~ The photonic problem for this 2D heterostructure can be
duced in an otherwise perfect lattice. The characteristic of &0lved numerically by the plane-wave expansion method in
highly-efficient photonic crystal waveguide is well estab- combination with a supercell technique. The supercell tech-
lished both theoretically and experimentdiy?® and this hique has 7of_ten been utilized to investigate Wal\fgwde
waveguide is expected to hold the key to future all-opticaiStructures,”” disordered systeniS,and surface wave&™*in
circuits. So far, the photonic crystal waveguide has been crg2hotonic crystals. In our numerical scheme, we consider the
ated inside an infinite lattice as a line defect by removal oﬁ0||0V¥éqg wave equation satisfied by the magnetic field
one or several rows of atoms. The waveguide can equivad(r)™
lently be assumed as an interface between two identical
semi-infinite lattices, which are of the same lattice type, size, L oux Hn)
atom shape, and crystalline directions. The interface can, in €(r)
principle, form between two different lattices with different
physical or geometrical parameters, which can be called Wheree(r) is the periodic dielectric function of the 2D lat-
heterostructure, similar to those in semiconductor physicdice. The photonic band structures for 2D photonic crystals in
This interface is very common in realistic three-dimensionalthe TM (with the electric field along the cylinder axiand
photonic crystals in optical wavelengths, which, because of E (with the magnetic field along the cylinder axisolar-
the limits of modern microfabrication techniques, are essenization modes can be solved based on this formula with the
tially polycrystalline structures composed of many smalluse of the plane-wave expansion method?
single-crystalline grains. For example, there appear many The heterostructure is essentially aperiodic; however, as a
cracks and dislocations in a typical inverse-opal photonic@0od approximation, we can still use the plane-wave expan-
crystall! On the other hand, there is a long-standing interession method provided that it is combined with a supercell
in the states at a photonic crystal surfaée:* This surface is  technique. The supercell should be large enough to guarantee
an extreme example of a heterostructure, composed of oriBat the coupling effect between neighboring supercells is
semi-infinite photonic crystal and one semi-infinite homoge-hegligible. For the heterostructure considered here, the su-
neous medium. It is therefore interesting to see what happergrcell is a rectangle containingx1 unit cells in each of
to the interface state between two different photonic crystalsthe two lattices. In our calculations, we take=4. Then the

In this report, we confine ourselves to a simple heteroprimary vectors of this supercell a@=(2m,0)a and a,
structure consisting of two different two-dimensiori@D)  =(0,1)a, where a is the lattice constant of the original
semi-infinite lattices. As schematically shown by Fig. 1, thesquare lattices. The corresponding reciprocal vectordare
two lattices are both composed of square lattices of dielectrie= (1/2m,0)2w/a and b,=(0,1)2=/a. The first Brillouin
cylinders in a homogeneous background medium, and thzone is also a rectangle. The four high-symmetry points are
interface is parallel to the lattice axjé01) direction. The I'=(0,0), X;=(1/2m,0)m/a, X,=(0,1)m/a, and M
only difference in geometrical and physical parameters of the= (1/2m,1)m/a. The photonic band gap of the heterostruc-
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guided modes is equal to the overlapping band gap of two

h
O C)fz O O lattices, within the accuracy of numerical calculatigabout
1%).

—_

f
O O O O To further verify the lack of localized interface states in
O O O O O O O O these heterostructures, we solve the bulk band structure of
the heterostructure, considering waves propagating along
O O O O O O O O other directions, and calculate the photon DOS of the system.
The DOS’s are obtained by solving over 4000 points of
O O O O O O O O Bloch wave vectors that are uniformly distributed in the first
Brillouin zone of the original lattice. It is found that the first
O O O O OOO O and second band gaps lie at the frequencieq00228—
0.284(27rc/a) and (0.412-0.49%2=c/a) for the hetero-
O O O O O O O O structure. The band gap of the heterostructure is just the
t overlap of the band gaps for the two composite crystals. No
O O O O O O O O state is found within the overlapping band gap. This means
that no localized interface state is created along any direction
O O O O O O O O inside the heterostructure. We have considered other filling
fractions, and found the same results; no localized interface
O O O O O O O O state is present.
We then consider another heterostructure composed of
w O O O O two semi-infinite square lattices of air cylinders embedded in
Interface a homogeneous dielectric background witk- 3.6, where
a a also only the filling fraction is different for the two lattices.

. . : Here we usd =0.6 and 0.65. For these crystals, there exists
FIG. 1. Schematic configuration of heterostructure formed b L .
two semi-infinite square Iatgces with different filling fractions ofya significant band gap for both the TM and thg TE modes in
the low-frequency bands. The TM band gap liesGR17—
0.240(2mc/a) and (0.222-0.25)(2wc/a), respectively,
] ) ] ) while the TE band gap opens @.384—-0.45%2c/a) and
ture is determined by calculation of the photon density of(g 404-0.472rc/a). Calculations of the band structure
states(DOS), which is performed only in the irreducible for the guided mode and the whole DOS along all directions
Brillouin zone of the supercell lattice. in these heterostructures show the same result as in the het-
Our calculation starts from the simplest heterostructuresrostructure of dielectric cylinders. When all the cylinders
where all the cylinders lie in the sites of a square lattice. Weare centered at the square lattice sites, no localized guided
first consider structures composed of dielectric cylinders irmode and interface state are present; the band gap is exactly
air. According to previous photonic band structure equal to the overlap of the band gaps of the two composite
calculations-*8-2%such a crystal structure has two significant crystals.
band gaps between the 1-2 bands and the 3-4 bands in the To understand more clearly why the simple heterostruc-
TM mode. At a refractive index of the cylinder of=3.6, the  tures above do not support localized interface states and
ground band gap lies at the frequency ¢0.228— guided modes, we look at two extreme systems: One is the
0.310 (2wc/a) and(0.219-0.28%2wc/a) for filling frac-  homostructure withf, =f5; the other hasf,=0 while f,
tions of f=0.25 and 0.3, respectively. The corresponding= f: i-€., one semi-infinite crystal with a surface. The former
second band gap opens #0.410-0.51%2mc/a) and structure is a p_erfec_t crystal and surely no interface state
(0.385-0.49X(27rcla), respectively. One might assume that exists. The Ipcallzed mterfgce states or gwded modes can be
the heterostructure interface between these two lattices cou ngratgd e|tr_1er by removing rows O.f cylinders or by relative
serve as a waveguide for EM waves. In fact, recent studie ngitudinal displacement of two lattices. In these cases, the

showed that waveguides could be created by removing eithe'rne defect resembles somewhat the characteristic of a reso-

one or several rows of cvlinders in photonic crvsis-10 nant cavity, which can support localized cavity eigenmodes
. : T cy P y " inside the band gap. In the case of a 2D photonic crystal with
or by relative lattice displacements along the waveguide ex

on directio Th h tert a surface, recent theoretical and experimental sttfdiEs
tension directiort.” These homostructure interfaces can sup-gnowed that localized surface states could not be found for a

port guided modes whose EM fields are localized in the lateysta| terminated by complete cylinders, yet, when the crys-
eral direction of the interface. To see whether localizedg| was terminated with a surface layer of cylinders cut in
guided modes are present in our heterostructure interface, wgyf (hemicylinders, surface states could be observed. Our
have calculated the band structure of photon modes Witheterostructure considered above is essentially similar to the
wave vectors along the waveguide. In this direction, the sysattice with a surface terminated by complete cylinders;
tem is translationally invariant with a period af We do not  therefore it is no surprise that no localized interface state is
find any localized guided mode in this heterostructurepresent. Following this simple physical viewpoint, we could
namely, no state exists with its frequency within either thecreate localized interface states in more complex heterostruc-
ground or higher band gaps. Furthermore, the band gap fdures, for example, structures where rows of cylinders at the

cylinders.
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FIG. 2. Band structures for TM guided modes in two different
heterostructures created by lattice displacement alang0l) di- FIG. 3. Band structures for TM guided modes in two different
rection, (b) (10) direction. The system is composed of dielectric heterostructures created by lattice displacement aleng0ol) di-
cylinders in air withf,;=0.3 andf,=0.25. Horizontal dashed lines rection,(b) (10) direction. The system is composed of air cylinders
represent edges of the overlapping band gap of two composite latp dielectric withf,=0.6 andf,=0.65.
tices. Modes inside the band gap are localized interface states.

similar results. The creation of localized interface states in
interface are removed, or two lattices are slipped relative tdeterostructures with relative lattice slipping can be further
each other along the interface direction, or two lattices ar@inderstood as follows. In the case of perpendic(léy slip-
pulled closer to each other to allow cylinders at the interfaceping, the interface space is increased, and provides a wide
to touch. enough potential well at the interface to lower the energy of
Indeed, things change greatly when we consider other

kinds of more complex heterostructure, one created by slip- T . . T
ping two semi-infinite lattices relative to each other along the (a)
(01) direction by half a lattice constant, and the other gener-
ated by increasing the interface separation by one lattice con
stant. The corresponding band structures of the guided mod
for the system composed of dielectric cylinders in air are
displayed in Figs. @) and 2Zb), respectively. Here, horizon-
tal dashed lines represent the edges of the overlapping bang
gap of two composite lattices. Only several bands around the
band gap are shown. The parameters of the systenf,are S
=0.3, f,=0.25, andh=3.6, and EM waves are assumed to o050k y ' ' y 7
be polarized in the TM mode. In the calculation, the super-§ (b)
cell technique is also employed. The results for the systen”?-;
composed of air cylinders in a dielectric background are,;
shown in Fig. 3 and Fig. 4 for the TM and TE modes, re-
spectively. Here the other parameters are the saime,
=0.6, f,=0.65, andh=3.6. In contrast with the simple het-

. . . S 040FE=c - - — o ——— == —— -
erostructure with no lattice displacement, we find in these

complex heterostructures many guided modes inside the T T~

overlapping band gaps for two composite crystals, implying

045F == == ===z ---------------

Band Gap
T R e e -

0.35 i

(IR e ol
Band Gap

the existence of localized interface states. The exception oc %336 02 04 06 08 1.0

curs in the heterostructure corresponding to Fi@).2These Wave Vector (ka/x)

features are similar to those appearing in photonic crystal

homostructure$35-10 FIG. 4. Band structures for TE guided modes for heterostruc-

We have investigated other filling fractions, and foundtures corresponding to those shown in Fig. 3.
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the ground state so that this energy falls inside the potentiah photonic crystals is long rang@ia EM wave radiatioh
well. If the interface is too narrow, the energy of the groundand the localization take places through multireflection and
eigenmode will lie beyond the potential well, and naturally multiscattering effects; however, in semiconductor hetero-
no localized interface state is present. In the case of laterafructure the ionic and electronic interactions are both short
(01) lattice slipping for a distance of (&5 one can find a range and are strong enough to affect neighboring atoms.
cavitylike void surrounded by the three nearest cylindersrherefore, it is more likely for electrorsvith static maspto
around th(_—} interface. When the size pf thg cylinders is larggocalize inside some potential wells than for photdns
enough, like the structures shown in Figga)3and 48  static massto localize in heterostructure interfaces.

(nearly close packegdthe cavity is closed enough to create a |, summary, we have studied simple heterostructures in
cavity mode, a localized interface state. In contrast, the cavapy photonic crystals that are composed of two semi-infinite
ity formeq n the hgterostructure shown in Figapis almost' lattices with different filling fractions of cylinders. The
open at filling fractiond =0.3 and 0.25; therefore, no cavity lane-wave expansion method in combination with a super-
mode is present. This can explain the different characteristic ell technique is employed to solve the photonic band struc-

found in Figs. 2a), 3(a), and 4a). It is thus evident that the tures and the DOS's of the heterostructures. Localized inter-

geometrical configuration of the cavity, its separation Niace states are absent in simple heterostuructures with all

space, tﬁ}”dltheli‘;"rg'?ﬂ‘ir"’r‘;'on Oft tt‘e edge, play a key role iy jinders lying in original lattice sites. Relative lattice dis-
SUFI)tp?ni hgt t?:ai‘nt;restine ?gemsaieesz; comparison with Con_placements along the longitudinal and perpendicular direc-
9 9 P tions can create the appropriate geometrical configuration of

ventional semiconductor heterostruc}uz'r.éSn many Semi- - e cavity for resonant wave oscillation to produce localized
conductor heterostructures, the atortianic and electronic ‘nterface states

interaction between two lattices will produce a deep potential
well at the interface, and an electron gas is localized in this The authors gratefully acknowledge financial support
well. It is much easier to form a localized interface state tharfrom the National Natural Science Foundation of China,
in photonic crystal heterostructures. The essential origin oHong Kong RGC Grant No. HKUST 6160/99P, and from the
this difference might be that the electromagnetic interactiorAlfred P. Sloan Foundation.
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