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Resonant transmission of light waves in dielectric heterostructures
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We investigate the propagation of electromagnetic wave through dielectric heterostructures with
transfer-matrix method. It is shown that if a dimerlike positional correlati®RC) is introduced to

the heterostructure, resonant transmission of light waves will definitely take place. The resonant
transmissions are characterized by perfect transmission peaks in the photonic band gap, which is
demonstrated by the electric-field distribution at corresponding resonant modes. The numerical
calculations are in good agreement with the analytical predictions. Furthermore, by applying the
SiO,/Si heterostructure with DPC, resonant modes can appear within the photonic band gap at the
telecommunication wavelengths of 1.55 and Ar8. This finding is expected to have potential
applications in wavelength division multiplexing system.2805 American Institute of Physics

[DOI: 10.1063/1.1929847

I. INTRODUCTION normal incidence and polarization parallel to multilayer sur-

) N 2 faces, the transmission through the interfage- A; is given
Motivated by the work of Yablonovitchand Johrf, there by the transfer matrix

has been increasing interest in the studies of dielectric mate-
rials with the photonic band gagPBGs9, such as photonic
crystal§* and quasicrystafs.The propagation of photons T--—(l 0 ) @
with energies in PBGs is forbidden, which makes it possible Mo n/n; /)
to control photons in dielectric microstructures similar to
manipulating electrons in solids. Up to now, great efforts-l-he light propagation within the layeh, is described by
have been devoted to the manipulation of PBGs in crystals i'Fhatrix T !
order to make photon a real alternative of electron as the "
information carrief™® Practically it is necessary to achieve a
tunable PBG material to select photons of certain frequencies _ (‘3035. —sing; )
and to obtain high transmittivity at the desired frequencies. "\ sin 8 cosé /)’

In this paper, we report the optical transmission in a
specially designed dielectric heterostructure. It is found tha\t/vhere 5=knd, is the phase shiftk=2m/\ is the vacuum
once the dimerlike positional correlatigpPC) exists in the : L . .

o . wave vector\ is the optical wavelength in the vacuum, and

structure, perfect transmission peaks appear in the PBG. Thg is the thickness of the layefy. Therefore, the whole
resonant modes can be expressed analytically. As an ex: - '

ample, for the heterostructure of Si®i with DPC, resonant multilayer is represented by a product matkixrelating the

: : i?cident and reflection waves to the transmission wave. The
modes occur in the photonic band gap at the wavelengths Qfial transmission matrikl has the form

1.55 and 1.3um, which are the wavelengths currently used
for telecommunication. This feature may have potential ap-

(2)

plication in the wavelength division multiplexing system. M = (mll mlz) 3)
My M/
Il. THE THEORETICAL MODEL AND THE Using the unitary condition dil|=1, the transmission co-
ANALYTICAL ANALYSIS efficient of the multilayer can be written as
Consider the optical propagation through a dielectric
multilayer S5={A1A,, ... A, ... ,An1An}, Where there aren T= L_ (4)
dielectric layersA;,A,, ... A, ... Ay, with their refractive 2 )
indices {n;} and thickness{d,}, respectively. We use the 2—1 mj +2
transfer-matrix method, and follow the description of the h=
electric field in the report of Kohmotet al® In the case of Now we consider a dielectric heterostructure with two

substructures. By defining the right substructure &s

3Author to whom correspondence should be addressed; electronic maifr <o (S is described aboyeand the left SUbStrU(_:ture as
rwpeng@nju.edu.cn S={AAL AL AALL we construct the dielectric
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heterostructuré&:
SZSL U SR = {A:}?AI’n—l’ e ’Ai” e ,AéA”AlAz, ’Ai’ ’Am—lAm}'
———
g (5)
The total transmission matrix through the heterostruc8ican be represented by
M= {Tm’Tm’—],m” ,T[/’[r+1T[/Ti1_1’[I, e 9T2’T1’,2’9T1'} . {T1T2’1,T2, cee 7Ti,i—lTiTi+l,i? ’Tm,m—le}'
(6)
|
In order to show that DPC may induce the resonant trans- T(9=1 (10)

mission, we consider the simple settingy The dielectric

layersA; and A/ are the same dielectric material, that is to It can be clearly seen that the dimeksA; in the dielectric

say, they have the same refractive indexbut their layer heterostructure can eventually lead to perfect resonant trans-
thicknesses ard; andd;, respectively(ii) In the right sub-  mission.

structure S, the phase shift is identical, i.e.d; Now we focus on the resonant modes in the dielectric
=(2m/IN\gnidj=3g (i=1,2,...m); While in the left sub- heterostructures with DPC. First, according to the above
structure S, the phase shift is identical too, i.eda; analysis, the resonant transmission will happen at the wave-

=(2@/N)md/ =48, (i=1,2,... m). This condition can be ex- lengths satisfying.=(\_+\g)/2p (p is an integex. It is easy
perimentally satisfied by tuning the thickness of each dielecto prove the following special case$) The resonant trans-
tric layer. Now looking at the center & [shown in Eq(6)],  mission will happen at the wavelength af if 7=1/(2q

the pair of matrices related to the dim&fA, is -1), where 7 is the ratio of the central wavelength in two
substructures, i.e.p=\g/\., and q is an integer.(ii)) The
coss, —siné, resonant transmission will happen at the wavelength, af
My=Ty Ty = (sin 5 coss > (7)  5=2g-1. Second, we consider the case that the substructure
C C

in the dielectric heterostructure also has a DPC, for example,
the two substructures possess mirror symmetry. Carrying out
the similar analysis in the substructure as shown in Egs.
(5)—(10), we find that the resonant modes appear at the wave-
lengths satisfyingn=(A\g+X\)/2p or A=min{Ag,\.}, in the

case that the ratio of the central wavelengths in two substruc-

where §.= 4, + 5z. If we define the central wavelengths of
substructures asg=4nid; in Sz and A =4nidi in S (i, ]
=1,2,...m), we haved=[w(\ +\g)]/2\, where\ is the
wavelength of incident light in the vacuum. Obviously in the

case of tures is an integer, i.ep=q. Here miq\g,\ } represents the
minimum of A and \| . Repeating the same operation, we
A=+ MR)/2P, (8) can make the subsubstructure a DPC, and so on. Finally, it
can be expected that more and more resonant modes generate
we have in the dielectric heterostructures. In this way, perfect trans-
missions can be designated at specific wavelengths.
My=(=DPI,

. . . . . . I1l. THE NUMERICAL CALCULATIONS
wherel is a unit matrix andp is an integer. Meanwhile, the

most central part oM is simplified as the product of matri- Based on Eqq1)—(4), the transmission of light waves in
cesTy o - Tp 1, Which is again a unit matrix, i.eTy, »-T,;  the dielectric heterostructure can be numerically calculated.
=1. On this basis, the second pair of matiix T, [which  In order to exhibit the geometrical effect in the dielectric
corresponds to the dimégA, in Eq. (5)] comes to the center heterostructure with DPC, we give a simple setting in the
of M, as shown in Eq(6). Again, if \=(\_ +\g)/2p is sat-  following calculation. We select two dielectric materials, sili-
isfied, M=T,/T,=(-1)PI holds. Repeating the same pairing con dioxide(SiO,) and silicon(Si). Silicon dioxide is used
procedure, and following the rules @i, ; -T;;=I and M; as dielectric materiah (or A’) and silicon as dielectric ma-
=T Tj=(=1)PI (which corresponds to thgh pair of dimer terial B (or B'). Their refractive indices ar@u=nso,
AA)), the total transfer matrix through the heterostructiire =1.46 andngg/=ng;=3.5, respectively.

IS The dielectric heterostructure with two substructures is
constructed as follows. Firstly, we define the left substructure
M=(=1)"P|. (9 asG,=(AB)", wheren is the repeated number 88, and the
right substructure asl,=(B’A’)". Then, the dielectric het-
According to Eq.(4), the transmission coefficient is erostructure can be expresseds=G,UH,. Here bothA
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FIG. 1. The transmission coefficiefitas a function of the optical wave- FE|G. 2. The transmission coefficieiit as a function of the optical wave-
length \ for the SiQ/Si multilayers with the structure &g) the periodic  |ength\ for the SiQ/Si multilayers with the heterostructure @ SH, (16
structureH, (8 layers; (b) the periodic structur&, (8 layers; and(c) the  |ayers; (b) SG, (16 layers; and (c) SU,=SG,U SH, (32 layers. Here the
heterostructuré&),=G,UH, (16 layers. Here the central wavelength of the central wavelength of the substructure Xg=800 nm in SH, and \,
substructure i9g=800 nm inH, and\ =600 nm inG,. =1600 nm inSG,.

and A" are silicon dioxide(SiO,), and bothB andB" are  and  the right substructure as SH,=H,UH;!
silicon (Si). The thicknesses of these dielectric materials are- (A'B")"(B'A’)". Then we obtain the following heterostruc-
dag =A/4npg in material A (or B) and da@)  ture SU,=SG,USH, in which two substructures have a
=\g/4np g in material A’ (or B'), respectivelyh, andAg  DPC, i.e., a mirror symmetry. As an example, we have
are the central wavelengths in the substructures. According
to Eq.(5), DPC can be identified itv,. For example, in the SG,={ABABABAB |[BABABABA },
case ofn=4, we have
G, = {ABABABAB, SH,={A'B’A’'B’A’'B’A'B'|B'A’'B’'A’'B'A’B’A’},

H,={B’A’'B’A'B'A'B'A'}, (11) SU;=SG U SH,

={ABABABABBABABABA
u,=G,UH,={ABABABAB |B'A'B'A’'B'A'B'A’},
A'B'A'B'A'B'A'B'|B'A'B’A'B'A'B'A’} (12

Figures 1a)-1(c) show the transmission coefficients as a
function of optical wavelength in the Si0Si films with the  for the case oh=4. Figures 2a)—2(c) show the transmission
substructure$l, andG,4, and the heterostructuté,, respec-  coefficients as a function of the optical wavelength in the
tively. The central wavelength of the substructureNis  SiO,/Si films with the substructureSH, and SG, and the
=600 nm forG, and A\g=800 nm forH,. It is obvious that heterostructur&U,, respectively. The central wavelength of
the dielectric heterostructure can enlarge the photonic banslubstructure i3, =1600 nm inSG, andAg=800 nm inSH,.
gap(PBG) (as shown in Fig. L The PBG of the heterostruc- As shown in Fig. 2c), perfect transmission peaks in the PBG
ture U, covers the wavelength from 500 to 1050 hsimown  of the heterostructur8U,=SG,U SH, exist at the following
in Fig. 1(c)], which is wider than the PBG inG, wavelengths: (i) X\;=(\_+Ag)/(2p)=(800+1600 nnv2
(500-760 nm and that inH, (650—1020 nm The perfect =1200 nm, where p=1. (i) \,=(\_*+Agr)/(2p)=(800
transmission peak appears exactly at=(A\ +Ag)/2  +1600 nm/4=600 nm, wher@=2. As discussed in Sec. Il,
=700 nm in the PBG of the dielectric heterostructiwg  these two resonant modes come from DPC between the left
This resonant mode originates from the dim&ss andBB’ substructure SG, and the right one SH, (i) A3
in Uy, as discussed in Sec. Il. =min(\_,Ag)=min(1600,800 np=800 nm. This mode

More resonant transmissions will occur in the dielectriccomes from DPC in the substructugH,. The numerical
heterostructure if the substructure also possesses a DPC. Wealculation is indeed in good agreement with the analytical
define the left substructure m=GnUG;1=(AB)"(BA)“ analysis in Sec. .
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200 @ correlation in the whole structur8U,, and the resonant
1504 model; from the positional correlation in the right substruc-
1 ture SH,.
100
K AVATATARIR
0 /\/\ L Y IV. RESONANT MODES AT THE WAVELENGTHS
200 500 1000 1500 2000 2500 FOR TELECOMMUNICATION
. (b)
150 - According to the above analysis, the resonant transmis-
N 100 sion takes place when DPC exists in the dielectric hetero-
E_ ] structure. The resonant transmission can be tuned to the spe-
50 cific wavelength by introducing special “dimers” in the
0 _/\/\/\/l\l\/\/\l\/\ ' . TR, M structure. To obtain the high-quality perfect transmissions at
0 500 1000 1500 2000 2500 the wavelengths for telecommunication, we construct the fol-
400 © lowing heterostructures:
300
200 SV, = (AB)’AABA)Z(A’B")?A’A’(B'A")?, (13)
11 SV, = (AB*(BAI|(A'B')*(B'A")°,
0 T T I I T
0 500 1000 1500 2000 2500 3 B A I Bt A 3
X ( ) S\, = (AB)’AA(BA)Y|(A'B")°A’A’(B'A’)®,

FIG. 3. The electric-field distributions in the Si(Bi heterostructur&Uu,
=SG,U SH, at the resonant modéa) \;=1200 nm,(b) \,=600 nm, andc)
\3=800 nm, respectively.

In order to demonstrate the resonant transmissions in th€he central

SV4: (AB)4(BA)4||(A’B')4(B’A’)4.

Figure 4 shows the transmission spectra of 238) films
with the structures aSV;, S\,, S\;, and SV, respectively.
wavelength isA; =1550 nmx 2-1300 nm

heterostructure with DPC, we have calculated the electricat 1800 nm in the left substructure ang=1300 nm in the
field distribution in the structure. Figure 3 shows the electric-right substructure. As shown in Figs(a4(d), within the

field distribution

in the SiQ/Si

heterostructure SU,

=SGUSH, at three resonant modek;=1200 nm, A,
=600 nm, and\;=800 nm, which have been described and the quality factor of these two transmission peaks in-
above. It is found that the electric fields of the modgs
=1200 nm anc\,=600 nm are almost extended through theerostructure. The quality factof3 are as high as 680 at the
whole heterostructur8U, [as shown in Figs. @) and 3b)].

The electric field of the modk;=800 nm locates at the right
substructuré&SH, [as shown in Fig. @)]. Therefore, the reso-
nant modes\, and \, indeed originate from the positional

same PBG, resonant transmissions take place at the wave-
lengths of 1.55 and 1.3pm, respectively. The transmittivity

crease gradually as increasing the layer number in the het-

mode ofA=1.30 um and 2512 at the mode aF=1.55um in

the heterostructur&\, [as shown in Fig. @&l)]. These two
wavelengths are exactly the ones currently used for telecom-
munication.
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= 0.5 o5 | Bm
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