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Resonant and localized electromagnetic modes in finite superlattices
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The existence and behavior of surface and interface optical waves are studied in a substrate—finite-
superlattice—air system. These modes appear as well-defined peaks in the density of states as well as in the
magnitudes and phase times of the reflection and transmission coefficients. We investigate the effect of surface
termination on the formation of surface modes and their interaction with the superlattice-substrate interface
modes. The plot of the spatial distribution of the modes shows different possibilities of the guidance through
the localized and confined modes.

Excitations in superlattice6SL’s) with various stacking encounter both surface and interface modes as well as con-
order, such as periodic, quasiperiodic, and random SL'sfined modes in the finite superlattice. Moreover, these modes
have been investigated extensively during the past decade. fan interact together and give rise, for instance, to an anti-
these artificial media, composed of alternating layers of dif-crossing between a pair of surface and interface dispersion
ferent materials with thicknesses of approximately 1-50ccurves with a transfer of character from one branch to the
nm, the collective excitations that define their physical prop-other. On the other hand, we shall show that the thickness of
erties (phonons, plasmons, polaritons, magnoase now the cap layer deposited on the superlattice will strongly in-
very well studied phenomerjraf‘ Their fabrication has been fluence the existence and behavior of surface modes and
performed by use of modern crystal-growth technigisesh their interaction with interface and confined modes.
as molecular-beam epitaxyand because of their unusual ~ The localized and resonant modes manifest themselves
properties, SL’s are widely used in the design of optical andhrough the density of states as well as through the rates and
optoelectronic devices such as band-pass filters, mirrors, arithase times of the transmission and reflection coefficients.
quantum-well lasers. Among different mathematical approaches, the Green-

The SL’s actually grown are not ideal and they usua”yfunction method is quite suitable for studying the spectral
possess both natural and artificial defects. In particular, aRroperties of these composite materials; in particular, it en-
inhomogeneity embedded in a SL with defect periodicity@bles us to calculate the local and total density of states
(e.g., a defect layer or a free surfade shown to cause (DOS) in which the resonant modes appear as well-defined
localized modes within the frequency gaps induced by thdeaks. Simultaneously, the Green-function approach allows
periodicity of the SL>~7 The existence of the electromag- US also to determine the transmission and reflection rates as
netic modes localized at the surface of a SL was also prewell as the corresponding phase times. The phase times are
dicted almost two decades afjGubsequently, experiments consideret’ to be relevant physical times to describe the
in a periodic layer structure which consisted of 12 pairs ofmotion of wave packets which are narrow in wave-number
alternating layers of GaAs and AlGa gAs on a GaAs Space. We show that the positions of the resonances obtained
substraté'® and in ZnS/cryolite SL'SRef. 11 proved their ~from the DOS coincide with those given by phase times and
existence. On the theoretical side, it is also known that théransmission rates. The half-width of the peaks in the DOS
presence of a Sl/air interfate’ and SL/substrate

interfacé” gives rise to localized states inside the gaps. The P,
localized electromagnetic modes due to defect layers have 4| o Y

also been studied for both infinite- and finite-size SL
systems~’ These properties started also to be investigated in
two-dimensional(2D) and 3D photonic crystaf$~*® These
localized modes in the forbidden band can be used to manu- Substrate 12l 8 |als | 1alel ai
facture semiconductor microlasers with almost perfect quan-
tum efficiency and extremely low threshdfdl.

In this paper, we study the existence and behavior of the
localized and resonant waves in the realistic geometry of a
finite superlattice bounded by a substrate and the vacuum.
The surface of the superlattice may be covered by a cap layer — —
as in usual experimental situatioisee Fig. 1 From the n=t n=N
methodological point of view, this paper contains an exten- F|G. 1. Schematic representation of the system consisting of a
sion of a previous work? dealing with semiinfinite superlat- substrate and a finite periodic superlattice with alternate stacking of
tices, to the case of a finite superlattice. However, in thisa andB layers and capped with&layer.N denotes the number of
more general and realistic situation, one can simultaneouslyells.
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and phase times are related to the lifetime of the resonant y(D)=U(D)—U(M)G }(MM)G(MD)

modes. While the amplitudes and phase factors of the reflec-

tion and transmission coefficients can be measured experi- +U(M)G™HMM)g(MM)G~H(MM)G(MD).

mentally, the DOS contains information about the spatial dis- (4)

tribution of the modes and their localization behavior, for

example they allow us to specify the surface, interface, con- This equation enables one also to calculate all the waves

fined, or mixed character of the modes. reflected and transmitted by the interfaces as well as the re-
The Green’s functioffrom which the total DOS, local flection and transmission coefficients of the composite sys-

DOS (LDOS), phase times, and reflection and transmissiortem. One can deduce the photon phase times, which are de-

rates are deducéds calculated by using the interface re- fined in the stationary phase approximationby

sponse theoR in composite materials in which the solution

is first searched in the restricted space of the interfaces be- _daR _daT

fore being extended to the whole material. We avoid the R 00 %" T de’ ®)

detail of the analysis, which is similar to, although more )
cumbersome than, that for a semi-infinite €iThe complete where g and 6 are, respectively, the phases of the reflected
and  transmitted amplitude of photons scattered off the

Green'’s functions can also be used to derive any other physf -

cal property of the system at hand. They play a central role iFuPstrate/SL/air. _ _

the theories of light scatteringboth Brillouin and Raman The idea of the phase timétogether with other charac-

as well as in various other physical phenom@ha. teristic timeg has been |r_1trod_uced inconnection with the
The Green’s function is calculated by using the interfaceduestion of how much time it takes a particle to tunnel

response theory in composite materials and is givéh as ~ &cross—or to be reflected from—a barriérit has been
shown that the phase times defined in E5j.are well suited

g(DD)=G(DD)-G(DM)G Y MM)G(MD) to describe the delay time for the arrival of the maximum of
the transmitted or reflected wave packet® Furthermore,
+G(DM)G Y{(MM)g(MM)G 1 MM)G(MD),  the time-independent Schtinger equation and the Helm-
1) holtz wave equation describing the propagation of mono-
chromatic electromagnetic waves are formally equivatént.
whereD and M are, respectively, the whole space and theTherefore, the electronic tunnel effect and the frustrated op-
space of the interfaces in the composite mater@(@D) is tical transmission phenomena were shown to be refdt&t.
the block-diagonal matrix in which each blodg; corre- These quantitieszgr and 71, are of great interest because
sponds to the bulk Green function of the subsysiem our  they are measurable quantities and furthermore they can be
case, the SL is composed of slabs of materiatsA,B. related to the density of states, which is a central quantity in
g(MM) are the interface elements of the Green’s function ofthe understanding of many phenomena in different physical
the composite system. The inverge!(MM) of g(MM) is  systems. More precisely, following the demonstration by
obtained for any points in the space of interfaces as a supeAvishai et al,?° one can easily show in our syst&hthat the
position of the different gfl(MiMi), inverse of the transmission phase time and the density of states are directly
gi(M;M,) for each constitueritof the composite system. In related through
the geometry of the SL, the elements of the Green’s function
take the formg(w,k,/x3,x3), wherew is the frequency of Tr=mAN. ©

the electromagnetic wavk, the modulus of the wave vector Here An is the density of states of our system, from which
parallel to the interface, anxi; indicates the position along the contributions of the substrate alone and the vacuum have
the SL axis. been subtracted. Then, it is not surprising that the same fea-
Knowing the Green’s function, one can obtain for a giventures appear both in the density of states and in the transmis-
value ofk; the local and total density of states. The local sion phase time, except that the transmission coefficient can
density of states on the plana,{,x3) is given by only be defined when the frequency of the incident wave
falls above the vacuum light line. On the other hand, there is
not, in general, a simple relationship between the reflection
phase time and the density of states, although in practice, in
(2)  most of the situations, the peaks in the density of states also
appear as well-defined featuresg.
where However, let us notié:)e that; andAn are directly related
. . in two particular cases, as follows: (i) for a symmetric
9" (0?)= lim[g(w?+iD)], 3 systemFi.e., a symmetric superlattice bounded )k/)y the same
r-o .
substrate on both sidgs

c.
n(w?ky;n,i,Xg)=— ﬂ_—(':zlm gt (0K ;n,i,X3;0,i,X3),

c is the speed of lightp the index of the cell of the SL, and

¢; the dielectric function of the medium The total density

of states for a given value d is obtained by integrating (ji) in the case of total reflectiotwhich means that the fre-

overxz and summing oven andi the local density of states. quency of the incident wave falls below the vacuum light
Moreover, ifU(D) represents an eigenvector of the ref- |ing),

erence system, E¢4) enables one to calculate the eigenvec-

torsu(D) of the composite materiafs, TR=2mAN. (8)

TR=T7=TAN; (7)
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FIG. 2. Dispersion of electromagnetic modes associated with a 0 1 2 3 4 5 6
finite SL sandwiched between a substrate and air. The SL contains ®D/c
N=6 cells. The dashed-dottdtlll) heavy line corresponds to the
substratdair) velocity line, separating the confined modes inthe SL  FIG. 3. Variation of the density of statém units of D/c) cor-
from their extension as resonant modes into the substrate bulk bantesponding to the case depicted in Fig. 2,Kdd =4 (a), 6 (b), and
The full lines give the dispersion of the SL minibands. The dotted7 (c). B(B,) refers to thes function of weight— appearing at the
lines give the localizedl(;) and resonantR;) modes inside the SL  bottom of the substrat@ir) bulk band.R; andL; refer to the reso-
gaps. nant and localized modes.

In what follows, we shall focus on a few applications of tains N=6 layers of a dielectricA andN—1=5 layers of
these results. Specific results will be given for a finite SLdielectricB and is capped with & dielectric layer of thick-
constituted of alternating TiQand InGaAsP layers with a nessdc. The numerical calculations are performed &y
surface InGaAsP cap layer of different thickness and sand=2d,=2D/3 andd-=0.5". In this work, we concern our-
wiched between a substrate of Siénd air. Let us mention selves with the TE waves. The treatment of the TM waves is
that the TiQ/SiO, materials were recently used in the con- similar. The results that we shall discuss provide the general
struction of a Fibonacci quasiperiodic superlatficéwhere  qualitative behavior of the localized and resonant modes that
the dispersion relation was investigated by an interferometrigve also found in calculations with other constitutive materi-
process; they were also used as a tunnel barrier to study tlas for the SL.
tunneling of optical pulses through the photonic band Figure 2 gives the dispersion curv&dimensionless fre-
gaps?®31320n the other hand, calculations were performedquencyD/c versus the reduced wave vectqD) for TE
for a Au/SiG,/InGaAsP/InP periodic optical waveguide to waves in the structure depicted above. The localized and
observe the eigenvalue modes of photons propagatingesonant discrete modes are induced by the substrate—finite-
through such a systefi.In our calculation, we use the val- SL-cap-layer—air interactions and they are very sensitive to
ues of the dielectric constants given in the above worksthe thicknesses and to the nature of the SL layers. They are
namelye,=5.5225,e5=12.39,65=2.1316, ance,=1 for  obtained from the maxima of the peaks in the total DO&
TiO,, InGaAsP, SiQ and air, respectively. Actually, these Fig. 3. In Fig. 2, we plot two light lines: the air light line
dielectric constants are complex quantities which also dis¢heavy ling given by the equatiok,D=wD \&o/c, and the
play some variation with the frequency of the light. Thesesubstrate light linéheavy dashed linggiven by the equation
dispersion and absorption effects can formally be included irk,D = wD Jedc. These lines delimit the oscillatory and the
our calculation for a quantitative purpose; however, in thisdecaying behavior of the field in air or in the substrate. The
paper we limit ourselves to a more qualitative description oforanches situated below the substrate light line correspond
the behavior of the surface and interface electromagnetigither to the confined modes in the finite SL region or to the
waves, and therefore we assume the dielectric constants to hstalized modes at the boundaries of the SL; they decay ex-
real and independent of the frequency. The materials used onentially both into the substrate and into air. The extension
our calculation correspond to a relatively high dielectric con-of these curves into the substrate baedntinuum repre-
trast (eg/eo=5.8), which insures the existence of relatively sents resonant modes associated with the deposition of the
large minigaps. The geometrical parameters of the superlafinite SL on the top of the substrate.
tice are defined in the following way. The thicknesses of the The branches represented by the full lines correspond to
layers are denoted, anddg, andD is the period of the the confined modes of the finite SL; their number increases
superlatticeD =d,+dg . For the sake of clarity, the SL con- with the numbem of periods in the SL, leading to the bulk
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bands of the infinite SL in the limiN—«. The branches Substrate Superlattice Air  (a)
represented by the dotted lines, and falling in the minigaps of L Cap layer
the SL, are localized and resonant modes; they are mainly
localized at the SL-substrate or SL-air interfaces. In the fol-
lowing, we shall concentrate on the discussion of the latter
modes, which are very sensitive to the physical parameters of
the SL layers but also to the SL termination and more espe-
cially to the position of the SL surfadee., SL/air interfacg

In Fig. 2, there are six branchédotted lines of localized
modes situated below the substrate bulk band and falling
inside the gaps of the SL. The localization properties of these
modes will be discussed below. The lowest localized branch
(L4) is a surface mode which emerges from the first mini-
band of the SL ak,D~3.5; in the same manner, the surface
localized branchl(,) appears on the top of the second mini-
band whenk,D=2.5. Similarly, the lowest branch of the J
third SL miniband becomes the localized mode;)( when
k,D=4.5. The two localized modes, and L5 existing in-
side the third minigap of the SL are associated with one
surface mode and one interface mode, which strongly inter-
act aroundk,D~6 giving rise to an anticrossing in the dis-

\ oDle=1975
(b)

kmD/c:Zé‘)O

(c)

=6.)

5,k,D

(d)

LuD/c=3.635

Local DOS (N

persion curves. Finally, the branches falling above the sub- ©
strate light line correspond to resonant modes as they can
propagate in the substrate.
A few examples of the behavior in the variation of the
DOS of the resonant modes are illustrated in Fig. 3, for M,J\/\/\/WM
kiD=4 (a), 6 (b), and 7(c). Let us notice that thé peaks —_— AN annana AW Y\ 0D/e=3653

lying below B4 are enlarged by adding a small imaginary 3 2 4 0 1 2 3 4 5 6 7 8 9
part to the frequencw. The peaks that lie beloB repre- D

sent confined modes inside the SL or localized modeps &t X3
the interfaces of the SL, and decay on both sides of the SL;

those lying betweeBs andB, may propagate in both the_ SL responding to the case depicted in Fig. 2, kgD =6 and for dif-
and the substrate and those falling ab8yeare propagating ferent reduced frequenciesD/c=1.975 (a), wD/c=2.69 (b),
in the whole composite systerR; andL; refer to the reso-  ,p/c=3.39(c), wD/c=3.635(d), and wD/c=23.655(e).
nant and localized modes in the system. Let us rétdiht
the & peaks of weight—; appearing at the bottom of the layer interfaces. Due to the interaction between these two
substrate and air bands correspond to the variations in th@odes, their wave functions are distributed on both sides of
total DOS when these media are going from infirftelk) to  the SL with a slightly bigger weight at the substrate/SL in-
semi-infinite. terface. Furthermore, using the LDOS, we note that as far as
Depending on their frequencies, the optical modes ink D=6, the branchek, andLs correspond, respectively, to
duced by the finite SL may propagate along sedirection  a mode localized in the SL/cap layer and a mode localized at
perpendicular to the interfaces in the SL, the cap layer, an¢he substrate/SL interface; after their interaction at the anti-
the substrate, they may propagate in one and decay in thgossing point arounkl,D =6, they change their localization
other, or finally they may decay on both sides of the SL/character and become, respectively, localized at the
substrate and SL/air interfaces. To illustrate these differengubstrate/SL and the SL/cap-layer interfaces. At the anti-
types of behavior, we have plotted in Figsay-4(e) the  crossing point, there is a transfer between the character of the
local densities of statgsDOS) as a function of the; space  modes. In the same manner, with the help of the LDOS, we
position for kD=6 and for different reduced frequencies can notice that the branches andLg in Fig. 2 correspond
wD/c=1.975(a), wD/c=2.69 (b), «D/c=3.39(c), oD/c  to modes localized at the substrate/SL interface as their
=3.635(d), and wD/c=3.655(e). The LDOS reflects the LDOS decay exponentially from this interface.
spatial behavior of the square modulus of the electric field. Next, we discuss the comparison between the DOS and
In the first two casefFigs. 4a) and 4b)], the frequencies the transmission and reflection phase times. Figure 5 presents
correspond, respectively, to, andL, in Fig. 2. They reflect the frequency dependence of the variation of the D@S
guided modes of the cap layer, which decay outside thishe transmission rat), the transmission phase tin@, and
layer, with a small penetration into the SL. In the césg  the reflection phase timéd), for k,\D=3.2. The incident
the frequency falls inside a miniband of the SL while beingwave from the substrate is represented by a plane wave. The
below the substrate bulk band; therefore, this corresponds facident photons are scattered from the interfaces between
a confined mode inside the finite SL. The last two casks the dissimilar layers constituting the system. The transmis-
and (e) correspond, respectively, to the modesandLs in sion rate]Fig. 5(b)] shows sharp peaks with frequency posi-
Figs. 2 and &). The corresponding LDOS show a decayingtions corresponding to the peaks in the D{FR). 5@)]. The
behavior inside the SL from both substrate/SL and SL/captransmission drops exponentially in the gap of the SL and

FIG. 4. Spatial representation of the local density of states cor-
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o 300 7 =6. The SL containdN=6 layers of dielectricA andN=5 layers
200 — of dielectricB and is capped with a dielectr layer of thickness
100 d.. The heavy dashed line indicates the velocity line of the sub-
strate.
0 T

N=6 layers of dielectri’A andN—1=5 layers of dielectric
wD/c B and capped with 8 dielectric layer of thicknesd... Fig-
FIG. 5. Frequency dependence of the D@ the transmission  Ur€ 6 shows the frequency of the optical modes as a function

coefficient(b), the transmission phase tin@, and reflection phase of d; for kD=6 the localized modes are represented by

time (d) for k,D=3.2 The geometrical parameters are the same aQQtted square lines. The horizontal brangh situated in the
in Fig. 2. third gap of the SL corresponds to the localized modes at the

substrate/SL interface. This mode remains insensitive to the

this decay becomes more important by increasing the numvariation of the surface layer and keeps a constant value for
ber N of cells in the SL. It is worth noting that belo®,,  different values ofl;. The other branches situated inside the
there is no transmission and therefore the transmission coedlifferent SL gaps and below the substrate light line corre-
ficient is zero. Let us notice that the sum of the reflection anéspond to localized modes at the SL/air interface. They
transmission rates is equal to 1 for any value of the freemerge from a SL bulk band for given valuesdgf. A study
quency, as it should be. An analysis of the phase times of thef the local density of states shows that these modes are
transmitted and reflected photon from the [Fligs. 5c) and  confined in the vicinity of the surface layer fdg>dg. In
5(d)] shows that the transmitted and reflected phase timethe limit of d/D— o, their asymptotic value i®D \eg/c.
have the same behavior as the DOS for frequencies lyinget us mention that, for any given frequenayin Fig. 6,
aboveB, . It is interesting to notice that, contrary to the there is a periodic repetition of the resonant and of the sur-
transmission rate and the transmitted phase time, the refletace modes as a function df . We can also note that when
tion phase time enables us to observe the resonance peaksincreases, the frequencies of the existing localiged
lying betweenB and B,,, where the phenomenon of total spectively resonapimodes decrease until the corresponding
reflection takes place. To illustrate the order of magnitude obranches merge into the lower miniband of the SL and be-
the phase times, one can consider the case of a superlatticeme confined modes of the SL. Moreover, we observe in
with period D=300A. The most significant resonance in the third gap anticrossings at certain valuesdgfbetween
Fig. 5 displays phase times of the order of 100 to 500 in unitshe branches corresponding to the substrate/SL and SL/air
of D/c, which meansr=10-50fs, and falls in the range of interface modes. At these anticrossing points, there is an in-
the available experimental techniqués>2 However, the teraction between the surface and interface modes with a
phase times associated with other resonances, in particultransfer between the localization character of the two
those corresponding to the confined modes of the superlabranches; at these anticrossing points, the weights of the two
tice, are in general too short to be accessed by experimentnodes are distributed on both sides of the SL. Two examples

Finally, we investigate how the position of the SL surfaceof anticrossings atl,/D~0.57 and 0.85 are presented in the
(i.e., SL/air interfacg affects the localized mode eigenfre- inset of Fig. 6.
guencies. We consider here the case of the finite SL with In summary, we have found well-defined peaks in the
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DOS and phase times associated with resonant modes intarmination of the SL layer, with the possibility of an anti-
TiO,-InGaAsP superlattice, even though these modes are icrossing between a surface and interface mode. When the

resonance with the bulk modes of the Si€ubstrate. The

thickness of the surface layer varies, the interface modes

intensity of the peaks in the DOS and phase times dependaove across the gaps from one SL band to the other.

strongly on the numbeN of the SL cells and on the width

Note added in proofRecently, the surface and guided

and nature of the SL layers. The intensity of the peaks in th@jectromagnetic waves have been determined experimentally
phase time describes the time needed for electromagnetigy gifferent values of the wave vector in a TUSiO, super-

waves to complete the reflection or transmission processgitice (15 celly deposited on a glass substrite.
while the DOS gives the weight of the resonances. We have

also presented a study of the effect of the finite dielectric SL One of us(M.L.H.L.) gratefully acknowledges the hospi-
termination on the formation of the localized and resonantality of the Laboratoire de Dynamique et Structures des Ma-
modes. It has been found that the occurrence, the positioteriaux Moleculaires, Universitede Lille 1. His work was
and the localization properties of electromagnetic modes inpartially supported by Facultdes Sciences, Universita.
side photonic band gaps are very sensitive to the surfacEssaadi, T®uan, Morocco.
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