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Nonlinearity-controllable all-optical logic gates
based on broadband defect mode
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To avoid the adverse effect of unstable nonlinear progress on the design of all-optical logic gates,
the broadband defect mode of one-dimensional photonic crystal with dual-defects has been studied.
By using transfer matrix method, influences of period number and refractive indices on crystal’s
transmission spectrum are analyzed. It is pointed out that with proper parameters, broadband defect
mode, which could be used to reduce the influence between the nonlinear refractive index and field
distribution, can be gained. Due to this fact, the designed XOR, AND and NOT logic gates can be
steadily controlled with low-threshold and high-contrast.
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1. Introduction

As one of the key components to realize all optical networks [1], all-optical logic gates
(AOLG) have attracted extensive attention for their important applications in optical
computing, clock recovery, optical buffering and signal regeneration. Recently,
several solutions [2—6] have been proposed to realize AOLG, but there are still many
disadvantages in those proposals. For example, AOLG based on nonlinear fiber [2]
are difficult to be miniaturized and integrated, while the spontaneous emission noise
is harmful for the ones based on semi-conductor optical amplifier [3]. Considered that
devices based on photonic crystals (PC) [7, 8] are universally spontaneous emission
suppressing, small in size and easy to be integrated, AOLG based on PC [9-12]
become another research hot-spot in related fields at present.

Compared to two-dimensional or three-dimensional PC, one-dimensional (1D) PC
are studied more sufficiently and maturely. Furthermore, the fabrication of 1D PC has
the advantages of simple design, low cost and high precision, thus achievement in
the research of AOLG was firstly gained based on 1D PC [9—11]. The basic principle
is that PC’s band-gap position could be dynamically shifted due to the changing of
nonlinear refractive index according to the light intensity. But there are two key
problems in that process. One is that the requirements for the nonlinear coefficient of
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Fig. 1. Structure of 1D PC with dual-defects.

material and the intensity of input light are too high to be satisfied. The other one is
that the nonlinear process is unstable. Previous studies did not solve those two
problems, especially the latter one. In this letter, by simulating the transmission
spectrum and field distribution of 1D PC, we propose a solution that uses light
localization in the nonlinear defect layer to enhance the nonlinearity of PC, and realizes
stable control of light intensity on the nonlinear refractive index with broadband defect
mode (BDM) introduced by dual-defects. On those bases, we design AOLG such as
XOR, AND and NOT.

2. Theoretical model

As a model of AOLG, we consider the 1D PC with dual-defects, which is formed by
alternately stacking two dielectrics A and B along the x-direction with two defects D,
and whose structure can be described as (AB) D(BA)" B(AB)VD(BA)®. The refractive
indices of A, B, D are n,, n;, and n,, respectively, while their geometrical thicknesses
are respectively a, b and d. S and N are the period numbers of the AB or BA unit.
Figure 1 shows the structure of 1D PC when S and N are equal to 2.

Transfer matrix method [13] is used for numerical simulation of such 1D PC.
Electromagnetic field in the k-th layer, which is a dual vector, can be expressed as:

o,(x) = Fk(") ] 1)
icB(x)

If a vertical light is incident in the layer, with Maxwell equations, Eq. (1) could be
changed as [14]:

@, (x,_ | +Ax) = [Mk(Ax)Mkfl(dkfl)...Ml(dl)}¢(x0) )
where
cos(%nkAx) —n:sin(%nkAx)
M (Ax) = (3)

. (o [
—nksm(—c—nkAx) cos(—c—nkAx)
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In the two equations above, x; _; is the distance to the left interface of the k-th
layer; d), and n, are the thickness and refractive index of the k-th layer, respectively;
w is the frequency of the input light; ¢ is the speed of light in a vacuum. According to
Eq. (2), the electromagnetic field at the exit facet (x = x4, 4+ 3) could be written as:

DP(Xy54an+3) = |:M4S+4N+ 3(dys s an+3)Magan 2(d4S+4N+2)"'M1(d1)] D(x)

— [Mll M12:| Q('x())
My My, (4)

Thus the reflection coefficient » and transmission coefficient ¢ of the electric field in
PC can be described as:

E, (x) My, =M, - i(M, + My,)

ro= = , (5)
E;(xg) My + My, = i(My, — My,)
E(xq) My + My, —i(My, — My,)

while the reflectivity R and transmittance 7 are given by:
R=r-r* @)
T=t-t" (8)

The field distribution of PC can be calculated by Eq. (1), while the PC’s
transmission spectrum can be obtained by Eq. (8).

3. Results and discussion

3.1. Realization of BDM in 1D PC with dual-defects

As it is known, the introduction of a defect into 1D PC will lead to a narrow
transmission peak, which is called defect mode, appearing in the band-gap. Further
studies have concluded that when we introduced multi-defects, the number of
the transmission peaks will be more than one. It is hoped that BDM can be realized
by tuning the structure and material parameters of 1D PC with multi-defects. Take
the one with dual-defects for example, as shown in Fig. 1, the effect of period number
on transmission spectrum is analyzed firstly.

The refractive indices of A, B and D are assumed to be n,=2.5, n,=1.5, and
ny = 3.5, respectively. The optical thicknesses of A and B are both quarter-wavelength,
while the one of D is half-wavelength, that is an, = bn, = Ay/4, dny; = A,/2, where
Ay 1s the central wavelength assumed to be 1550 nm, and the central frequency is @,
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Fig. 2. Effects of period number on transmission spectrum of 1D PC with dual-defects.

accordingly. In this letter, all the lights are considered to be normally incident upon
the surface of the PC. Under the above-mentioned conditions, the effect of period
number on transmission spectrum of PC is shown in Fig. 2. The horizontal axis
represents the normalized frequency of the input light, and the vertical axis represents
the transmittance of PC. Because the defect modes near the central frequency are what
we are interested in, the range of horizontal axis is chosen from 0.9 to 1.1.

As can be seen in Fig. 2a, there are two defect modes in the transmission spectrum
of 1D PC with dual-defects. These modes become closer to each other until their
overlapping with the decreasing S/N; when S/N decreases to 1, BDM is basically
formed, as shown in Fig. 2b; Fig. 2¢ indicates that the peak value of BDM will decrease
with further reduction of S/N; and it can be concluded that in the condition of S/N =1,
the enlargement of S and N will lead to the narrowing of BDM by comparing Fig. 2d
with Fig. 2b.

The effect of material refractive indices on transmission spectrum of 1D PC with
dual-defects is studied secondly.

Assume that § =N =2, when the other parameters are the same as the ones in
Fig. 2, the effects of refractive indices of A, B and D on PC’s transmission spectrum
are shown in Fig. 3. Figure 3a shows that the broadband transmission peak will become
narrow with the increasing n,, and the transmittance at central frequency maintains
constant; Figure 3b indicates that the broadband transmission peak will become
narrow with the decreasing n,, too, but the transmittance at central frequency becomes
larger. It can be seen in Fig. 3¢ that when the optical thickness of the defect layer
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Fig. 3. Effects of material refractive indices on transmission spectrum of 1D PC with dual-defects,
(a), (b), and (c¢) are corresponding to n,, n,, and n,, respectively.

keeps as half-wavelength, the broadband transmission peak becomes narrow with
the increasing n,, and the transmittance at central frequency maintains constant.

According to the above results, we can realize flattened and completely
transmitting BDM with proper period number and material refractive indices in 1D PC
with the structure of (AB)SD(BA)VB(AB)'D(BA)®. Assuming that S=N=1,
n,=1.5,n,=1.0,n;=3.5,suchBDMisshowninFig. 4. It can be used for a broadband
filter. AOLG discussed in this letter and other applications are based on nonlinear
1D PC.

Transmission

0 1 1 1 1 1 1 1 1 1
0.9 0.92 0.94 0.96 0.98 1.0 1.02 1.04 1.06 1.08 1.1
o/o, Fig. 4. BDM of 1D PC with dual-defects.
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3.2. Field distribution of 1D PC with dual-defects

In 1D PC with dual-defects, input light with the frequency of @, will be localized in
the defect layers. This localization can be used to enhance the nonlinearity of PC if
the defect layer is composed of nonlinear material. Expected field distribution should
have the following features: strong localization of light in defect layer, which is useful
for the lowering of requirements for the nonlinear coefficient of material and
the intensity of input light; symmetric distribution of light in the two defects, which
ensures that the refractive indices increments are the same, so the band-gap position
of PC could be controlled more regularly.

Assuming that S = N = 2, when other parameters are the same as the ones in Fig. 2
and the frequency of input light is @, the field distribution of PC with the structure of
(AB)D(BA)YB(AB)'D(BA)® is shown in Fig. 5, in which the horizontal axis
represents the distance to x; (x,=0) along the x-direction, and the vertical axis
represents the normalized intensity of light. The normalized intensity in defect layers
can also be called the localizing factor G(x). To be seen clearly, the horizontal axis is
divided into several segments to denote the layers of PC in Fig. 5, where the gray
segments represent the defect layers. Though Fig. 5 shows that the light is localized,
the field distribution in two defect layers is not symmetric, and G(x) is not large enough
to be applied. To get better results, the effects of material refractive indices on field
distribution of PC are analyzed. When the other parameters are the same as the ones
in Fig. 5, the effects of n, and n, are respectively shown in Fig. 6a and Fig. 6b. By
comparing these figures, we can conclude that:

i) When n, > n,, the localization of light in defect layers will be stronger if
the difference value between n, and n,, is larger.

ii) With the varying n,,, field distribution in defect layers changes, and the ratio
of the normalized intensity stays constant. Field distribution in defect layers changes
with the varying n, too, but the ratio of localization factors decreases with smaller #,,.
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Fig. 5. Field distribution of 1D PC with dual-defects.
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Fig. 6. Effects of material refractive indices on field distribution of 1D PC with dual-defects, (a) and (b)
are corresponding to n, and n,, respectively, (c¢) shows the field distribution after optimization.

Our further studies indicate that this ratio will reduce to 1 if n, is 1, which means that
the symmetric field distribution is realized in the two defects.

According to the two conclusions above, symmetric field distribution with strong
localization of light in the two defects can be realized by tuning material refractive
indices, as shown in Fig. 6¢, where n, is 5.0, n,, is 1.0, the optical thicknesses of A and
B are quarter-wavelength, the other parameters are the same as the ones in Fig. 5.

It should be pointed out that the bandwidth of BDM and the localization of
the light in defects are on the mutual restrictive relationship by comparing the conclu-
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sions in this section and the ones in the last section. This situation should be considered
in related applications.

3.3. Stable control of nonlinear process

To use the strong localization, the defect layers in 1D PC are composed of Kerr
nonlinear material, whose refractive index can be expressed as:

ng(x) = ngo+ql(x) = nyy+qG(x)I, 9

where n,, is the linear part of the refractive index; ¢ is the nonlinear optical coefficient
related to ¥©®); I(x), which is equal to the product of input light intensity . and
localization factor G(x), is the light intensity in defect layers. Because G(x) varies
with x, each defect layer is regarded as a combination of many sub-layers with
the same thickness in actual calculation. G(x) can be treated as a constant in each
sub-layer if the number of sub-layers is large enough. Considering the results’
precision and the time efficiency, we assumed that the number is 100.

In Section 1, we have mentioned that the nonlinear process in 1D PC with
nonlinear defects is unstable. The reason can be concluded to the interaction between
the refractive index of nonlinear material and the field distribution. On the one hand,
the field distribution of light with the frequency of @, in defect layers is sensitive to
the refractive index of defects and the transmittance of PC at central frequency.
Considering that the defects are composed of nonlinear material, when n,(x)
varies with /;,, the field of light will be redistributed due to the change of n,(x) and
the variation of transmittance at central frequency. On the other hand, n,(x) will change
if G(x) changes according to Eq. (9). Though strong localization can also be realized
in traditional 1D PC with one defect, the bandwidth of the defect mode is pretty narrow,
which means that the transmittance of PC at the frequency of defect mode will change
a lot even if the shifting of the band-gap is tiny.

In the applications based on 1D PC with one nonlinear defect, the localization of
light in defect layer is very strong before the refractive index of nonlinear material
changes. However, when the changing happens, field distribution will change a lot
and G(x) will become very small due to the change of refractive index and especially
the significant variation of PC’s transmittance at the frequency. As a result, the differ-
ence value of refractive index decreases rapidly, and all the properties of PC nearly go
back to their original states. This process will repeat multiple times. Thus it can be
seen that because of the interaction between n,(x) and G(x), the nonlinear process is
unstable, which is not good for nonlinear PC to be applied and should be avoided.

BDM studied in Section 3.1. can be used to solve this problem. Before the refractive
indices of nonlinear material changed, light localizations in the two defect layers are
both very strong. After the changing of refractive indices, the central frequency @, can
still exist in the BDM probably. In this situation, the transmittance at @), will have little
change, adding that not only the absolute variation but also the relative variation of
ny(x) is very small. (They are only of the order of 10~* in the examples in this letter.)
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G(x) will have little change, too. Thus the filed distribution of PC after changing
the nonlinear refractive indices is just the same as the one before the refractive indices
changed, which means the nonlinear process is stable now with the help of BDM.

3.4. Realization of AOLG

According to the analysis of the last two sections, symmetric distribution and strong
localization of the light can be realized in the two nonlinear defect layers in 1D PC
with the structure of (AB)D(BA)VB(AB) D(BA)®. Meanwhile, the nonlinear process
could be stable with the help of BDM. Having solved these two key problems
mentioned in the introduction, to realize AOLG, we still need a frequency point at
which the transmittances before and after the shifting of the band-gap are of
high-contrast. This point can be gained by cascading two PC together. In this condition,
two connected A can be regarded as a new defect, which leads to two narrow
transmission peaks existing in the band-gap beside the BDM. Each one of the peaks
can be chosen as the probe channel.

Expected AOLG can be realized based on the cascading structure. Parameters are
as follows: period numbers S and N are both 2; refractive indices of A and B are 3.45
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Fig. 7. Realization of AOLG. (a) and (b) shows the transmission spectrum and field distribution of
the cascading 1D PC with dual-defects, respectively; (¢) and (d) show the transmission spectrum near @,
and o, with different pump intensities.
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and 1, which are the values of silicon and air, respectively, their thicknesses are
determined by an, = bn, = Ay/4; D is composed of the nonlinear material CuCl,
whose linear part of refractive index is n,, = 1.706 and thickness is determined by
d = (Ay/2)/n . CuCl not only has a large nonlinear coefficient g = 3x1 0~ cm?/kW but
also has a small corresponding time in femto-second area [9]; frequencies of two pump
light beams P1 and P2 are @, =@, =@, and the intensities are Ip; and Ip,,
respectively; frequency of probe light is near the narrow transmission peak
w, = 0.966115a,, its intensity is /.. We introduce a new parameter I, = 10 kW/cm?,
which represents the light intensity of the digital signal 1.

When the intensities of incident pump light beams are both 0, transmission
spectrum of PC and field distribution at the central frequency are shown in Figs. 7a
and 7b, where the BDM, the narrow transmission peaks and the symmetric distributed
field can be seen. The intensity of each beam is either 0 (logic signal 0) or /;, (logic
signal 1). These two beams can be regarded as just one incident light beam P, which
has three logic states: 0, 1 and 2, and the corresponding intensities Ip are 0, I and 2/,
respectively. Figures 7c¢ and 7d show the transmission spectrum near @), and @, with
different pump intensities, where the dotted, solid and dot-dash lines are corresponding
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Fig. 8. Realization of AOLG. (a) and (b) are the simulation results and truth tables corresponding to XOR
gate and AND gate, respectively.
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to [,=0, I, =1, and I, =21, respectively. It can be seen that the pump lights are
always located in BDM in the three situations, though the probe light is located in
narrow transmission peak just when 7, = [,. That is to say, the probe light cannot get
through the PC (the logic output is 0) when the two pump light beams are both at
the state of 0 or 1. Just when one of the beams is at the state of 0 while the other one
is at the state of 1, the probe light can get through (the logic output is 1). So the function
of XOR logic gates has been realized.

It can be seen in Fig. 7d that, because the transmission peak is very narrow, a little
tiny shifting of the band-gap could lead to big change of transmittance at @,, which
means that small deviations in refraction index of D-layers could lead to visible results.
Meanwhile, the transmittance at @, keeps the same due to the BDM. That is why we
choose @, as the frequency of the pump light and pick the transmission peak to filter
the probe light.

Figure 8a clearly describes the realization of XOR logic gates from another
perspective, where horizontal axis represents the normalized intensity of pump
light beams, and vertical axis represents the transmittance of the probe light. With
one of the pump light beams being set at the state of 1 permanently, the output
state will be opposite to the state of the other one. That is the function of NOT gate.
When the frequency of probe light is chosen properly, the PC can also be used as
other logic gates. For example, AND gate can be realized with @, = 0.966066w,,
because the probe light can get through the PC just when the states of two pump light
beams are 1, as shown in Fig. 8b. It can also be seen in Fig. 8 that the transmittances
of state 0 and 1 are of high-contrast, which is useful for the state decision of output
signal.

4. Conclusions

In this letter, we proposed a resolution to realize nonlinearity-controllable all-optical
logic gates based on 1D PC with dual defects. By studying the transmission spectrum
and field distribution with the transfer matrix method, we developed the methods of
realizing BDM near the central frequency, symmetrically distributed field and strong
localization in the two defects. Finally, we used these methods to design XOR, NOT
and AND AOLG, that have more advantages compared with traditional logic gates
based on 1D PC with one defect as follows:

i) Low threshold. Then the intensity of the pump light is 3 orders lower than
the one in [9] due to the light localization in defect layers. What is more, the threshold
can be even lower by choosing material with larger refractive index to compose A.

ii) Stable control. The nonlinear process can be stably controlled by reducing
the influence between the nonlinear refractive index and the field distribution with
BDM, which could be used in other applications of nonlinear 1D PC.

iii) High contrast. Because we chose the narrow transmission peak as the probe
light channel instead of the edge of band-gap, the ratio between the transmittances of



668 B. Liu et al.

state 0 and 1 is much larger than the one in [8]. Based on these advantages, AOLG
proposed in this letter is better while applying in all-optical signal processing.
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