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Dispersive optical bistability in one-dimensional doped photonic band gap structures
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We introduce a Kerr-type nonlinear defect layer in the center of one-dimensional photonic band gap struc-
ture. For linear parts, we use transfer matrix technique, and for the nonlinear layer, we solve the Maxwell
equation numerically. When incident light intensity varies, a typBahape curve of the transmitted light
intensity is obtained. In this case, an optical bistability is produced by dynamic shifting of the defect mode
frequency, not dynamic shifting of the band edge, which is different from the case of periodic nonlinear
superlattices. It is also found that when the linear defect mode frequency moves from the center of the gap to
the edge of the gap, the threshold intensity needed for the bistability increases rapidly.
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PACS numbsdis): 42.25.Bs, 78.66:w, 42.65.Pc

Recently, there has been increasing interest in photonican pass through it with almost no reflection. If the light
band gap(PBG) structureq 1], which have forbidden bands frequencyw is tuned in the gapnot at the defect mode
prohibiting a certain range of frequencies of light wavesfrequency, the field will decrease exponentially in the struc-
from propagating through them. Many theoretical and exture. With a Kerr-type nonlinearity existing in the defect
perimental studies focus on the linear case. When nonlinearayer, the defect mode frequency will now change with the
ity is introduced, it can cause many amusing phenomena, fqpcal light intensity, and hence the incident light intensity.
example, optical limiting and switchinfp], optical diodes  This means if we tune near to the defect mode frequency
[3], and optical bistability4]. The above nonlinear phenom- e qoped structure can produce a positive or negdtiee
ena are caused by the dynamic shifting of the band edge, i. ending on the sign of nonlinearity and whetheis bigger

the incident light frequency is tuned to near the band edg or smaller than the defect mode frequentsedback on the

and when the |r_10|dent l'g.ht intensity changes, it causes cident light. We have known that a bistability can appear in
change of effective refractive index, and hence a change g . . " '
n optical system with a positive feedbd@{, and optical

the band edge too. However, this kind of single distribute(ﬁ. tabilit ¢ h licati E |
feedback DFB) structure needs a large number of periods to IStabriity Systems have many applications. For eéxample,

obtain a sharp and strong resonance. He and C&ldpro- they can be .used as.optical logic eleme'nt.s, memory ele-
posed a combined structure which is composed of a DFENENtS, or optical transistof8,9]. Therefore it is very inter-
structure and a phase-matching layer placed in a FabmytPe esting to investigate the bistability in the doped 1D PBG
(FP) cavity. They developed a nonlinear matrix transferStructure.
method to study optical bistability in the combined DFB-FP ~ We use a quarter-wavelength stack as our 1D PBG struc-
structure at frequencies near the band edge, and found thatitre, which is a multilayer stack of dielectric materials in
can have a much lower threshold value for the bistabilitywhich alternating layers have a lower refractive index
than a single DFB structure with a comparable total thick-(denoted a#\), and a higher refractive indax, (denoted as
ness. B). Thicknesses for the two kinds of layers are such that
When a defect is introduced in the PBG structure, it card;=\q/4n; and d,=\,/4n,, with Ay as the free-space
create a donor or an acceptor mode in the forbidden B@lhd wavelength. This kind of structure can create a band gap
which is similar to the case of a semiconductor. The defeciith center frequency 2c/\,. We now replace the center
mode frequency depends on the refractive index and volumgyer A by another nonlinear laye€ (here,C may have
of the defect. In the one-dimensioraD) case{7], the donor  ifferent thickness fromA). The doped structure has the
mode frequency decreases when the refractive index of thg,  ABABCBABA .. “which can be considered to be

defect layer increases. It has been found that when the defe{‘}{)mposed of three parts linked together by two nearest-
layer has the lowest refractive index, the electric field in it is

) C . ~neighborB layers of the nonlinea€ layer. These three parts
the largest, and nearly 20 times larger than the incident f'eld;re the left and the right linear parts ABABA. . ., and

Thus if the defect has nonlinearity such a structure can er}—he nonlinear laye€. The left linear part is supposed to lie
hance the nonlinear effect greatly. yet.

For a PBG structure doped with linear dielectric materi-" the coordinate space; <z<zy.,. Electric field in the
als, if a light wave is tuned at the defect mode frequency, iS'UCture can be expressed Byz,t)=E(z)e™" with
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sexpikgz) + yexp(—ikgz) if z<z;
E(2)=1 fijexdik;(z—z))]+b;exd —ik;(z—zj1)] if zj<z<zj ;4
texiks(z—zy+ ) ] +rexd —iks(z—2zy41)] if Z>2y4 1,

wherej=1,2,3,..., N is the layer index, the wave vector with x; as a small nonlinear coefficient. Assuming the elec-
kj=2mn;/\o with Ao as the wavelength of incident light in tromagnetic field has the fora(z)e™', the Maxwell equa-
free space, and; is the position of thgth interface. Both  tion becomes

f; andb; are the coefficients in thigh layer to be determined )

by the boundary conditions that the tangential components of dE(2) _ e 24 vs|E(2)|21E 6
E(z) and its derivative over should be continuous at the a2 - @lhot xslE@ITIE@). )
boundary. Therefore we have the recurrence relations

Here c is the light velocity in free space. Introducing the

fi al. al.llf. dimensionless coordinate=z/\ 3, with A as the light wave-
j—1 11 12 j . .
= : , (1)  length in free space, we can rewrite Ef) as follows:
bj—1] [ah aby|b 5
d°E(§) o 2 )
in Eq. (1), for 1<j<N, g~ AT [N+ x3lE(&)|7]E(&). @
1 n, Discretizing Eq.(7), we get
ahy=5exp(—ikj_1d;1) 1+n—'),
=1 E(§—68)=2E(§) —E(§+ 68)
1 n; + 662 — 4mnd+ x3|E(&)|2]E
a112=§exp(—ikj_1dj_1)<1— , ) £~ 4m’[ng+ x3 E()|PIE(9)}
Nj-1 +0(583). (8)
P ] n; Using the boundary conditions, we can link the left and
az1= 5 explikj_1dj-1)| 1— N1/’ right linear parts and the nonlinear layer together. For a
given transmitted field, using E¢4), we can first obtain the
1 n. field transmitted through and reflected on the right boundary
ajzzziexqikjfldjfl) 1+ r‘l) 2 of the nonlinear layer. Then using Eqg) and (8), we can

finally obtain the field incident on the doped structure.

] ] ] We taken;=1.5,n,=2.0,n3=1.0983,d; (the thickness
with dj=z;,,—2; as the thickness of th¢th layer. For ot qefect layer =3.1d;, w=0.236(in units of 2rc/n,d,),
j=1, we havefo=s, bo=y, do=2,, andn, as the refractive ,__0 01, and the number of total layers is dar the linear
index in the semi-infinite space<z,. Finally when ot N=19). The numerical calculation result for the rela-
J=N+1, we havefy,,=t, by.,=r for the left linear part,  ion petween the incidentl{) and transmitted intensity

andny , is the refractive index in the spage-zy 1. lou) is shown in Fig. 1, from which aB-shape response of
Considering correspondence between the 1D Maxwelf,o doped 1D structure can be seen clearly. Wherin-

and Schrdinger equations, we can define the total transfer.o,5eg slowly from zerd,,, first increases slowly, and
matrix for N layer films[10], when;, reaches a threshold valug (about 4.7),1 o, will
jump to a higher value. Then, it increases slowly again with

N+1 s .
] 3 increasing ofl;,. Whenl,, decreases slowly from a value

[

=1

al, al,
My= higher thanl,, 1, decreases slowly from the high value.
When |, reachesl, |, will not jump back to the lower
which links electric fields outside the structure, value, but continues to decrease slowly uhfjireaches an-
other threshold, (about 0.17), at which,,; jumps back to a

i i
ay; axp

s My Myt lower value. Then, it decreases slowly with decreasing of
= } . (4) lin. Thus it is obvious that the doped 1D stack can produce
vl [M21 Mg an optical bistability.

In the beginning, evemw is tuned to near the linear defect
The same procedure can be done for the right linear pag,gde frequency, [determined only by tha, in Eq. (5)];
except that there exists no reflected wave in the right outsidge transmission coefficient is still smaller sirggis lower.
of it, i.e., ther=0 in Eq. (4) right now. The details can be it increasing of ,, the nonlinear effect that happened in
found in Ref.[11]. _ the doped layer changes the defect mode frequéhcgnd
Now, we consider the nonlinear layer. For a Kerr-type  makes it move tav (positive feedback which increases the
nonlinearity, the effective index of refraction is transmission coefficient slowly. On¢g reached ;, the non-
— ) linear effect makeg) almost equal tavw, and so the trans-
n“=ng+ x3|E(2)|?, (5 mission coefficient has a steplike increase. After that, further
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FIG. 1. The normalized transmitted light intensity varies with
the normalized incident light intensity.

increasing ofl;, will cause Q) to slowly move away from
w. This negative feedback will hol@ in the vicinity of w.

So thel ,; will increase slowly with increasing of thig,. In
this region ofl;,, the doped structure works as an optical
limiter. Oppositely, wherl;, decreases from a value higher
thanl 4, since the structure has a higher transmission coeffi
cient now, the field in the nonlinear layer is also high, and
the nonlinear effect keepQ in the vicinity of o until I;,
decreases to another threshold valyewhich is lower than
I1. At this time, the nonlinear effect cannot hofdl in the

vicinity of @ any more, so the transmission coefficient drops

to a lower value.
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FIG. 2. The normalized light intensity in the nonlinear layer for
the case of increasing the normalized incident light intenkjty
Solid and dashed lines correspondl{o<Il; andl;,>1,, respec-
tively. Difference of incident light intensities in both cases is
Al;;=0.004 72.
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FIG. 3. The normalized threshold values vary with the incident
light frequency(in units of 2zrc/n;d;). The circles and triangles
represent the threshold valuesand |, respectively.(a) For the
doped structurefb) for the single DFB structure.

To explain our discussion above more clearly, we plot the
light intensity in the nonlinear laye€ in Fig. 2. The solid
(dashedl line represents the light intensity in the nonlinear
layer whenl;, is close to, but smalleflargep thanl,. The
difference Ql;,) of the two incident light intensities corre-
sponding to the case of solid and dashed lines is very small,
Al,,~0.00472. From Fig. 2, we can see that the light inten-
sity in the nonlinear layer has a bigger increase whgn
increases a\l;,, and so the effective refractive indices in
Eq. (5) are much different from each other. Theis still far
from w for the solid line case, but it is almost equalddfor
the dashed line case, which means the doped structure is in
different states, high or small transmission state.

Now, we investigate variation of the threshold value
andl, with . In Fig. 3a), we sed ,; increases rapidly when
 is tuned away from(}y, while I, remains almost un-
changed, which can be naturally explained as follows. Let us
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0.14 the nonlinear effect is larger, and only a smallgiis needed
to keep() almost equal taw. This phenomenon is indepen-
>012f dent of how far awayw deviates from(},. So, |, stays
@ smaller and is almost invariable with changingf
ol For comparison, we have also investigated the optical bi-
-E 010 stability in a single DFB structure with a total of 40 layers
S having alternate linearn() and nonlinear 1,) refractive
§ 0.08 |- indices. In our calculation, we have taken,=1.5,
£ n3=(2.0)>+0.01E|?, and the numerical result is shown in
3 0.06 - Fig. 3(b). It is found that the threshold values of the bistabil-
N ity at different frequencies now become much higher than
2 004t that of the doped structure.
S It is interesting to study dependence of the bistability on
z 0.02 the variation ofQ). It is found that the threshold value in-
creases with)g moving from the center of the gap to the
| | | L L |

edge of the gapFig. 4), which is obviously related to the
lower field enhancement in the case(®§ moving.

We have studied the nonlinear effect in a doped 1D PBG
_ _ ) ~ structure. We found that when a Kerr-type nonlinearity ex-

FIG. 4. The normalized threshold intensity needed for switchingjsts the doped structure will exhibit a bistability. In this case,
varies with the linear defect mode frequen€yy (in units of  the gptical bistability is caused by the dynamic shifting of
2me/nydy). Q, not the conventional dynamic shifting of the band edge.

From a comparison between the band edge resonance and

first look at the variation of;. Whenl;, increases from zero our defect mode, it is known that there is no essential differ-
to I, because the transmission coefficient is smaller, thence between these two methods of realizing the optical bi-
electric field intensity E(£)|? in the nonlinear layer is small  stability. The threshold value of the bistability for the doped
too, and the nonlinear effect due to E§) cannot become structure is much lower than that for the single DFB struc-
stronger. Thus ifw deviates much fron1), a largerl;,, ture, but compatible with that for the combined DFB-FP
according to Eq(5), should be needed to produce a nonlin-structure proposed by He and Cadd. In our calculation,
ear effect that is stronger enough to mdkemove to near we use the Kerr-type nonlinearity with positive sign. For a
w. That, of course, means a larderis needed. However, the Kerr-type nonlinearity with negative sign, we just need to
situation is completely different for, because in this case, tune the incident light frequency at the other side(kf
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Linear defect mode frequency
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