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Abstract: This article demonstrates theoretical design of ultracompact all-
optical AND, NAND, OR, and NOR gates with two-dimensional nonlinear
photonic crystal slabs. Compound Ag-polymer film with a low refractive
index and large third-order nonlinearity is adopted as our nonlinear material
and photonic crystal cavities with a relatively high quality factor of about
2000 is designed on this polymer slab. Numerical simulations show that all-
optical logic gates with low pump-power in the order of tens of MW/cm?
can be achieved. These design results may provide very useful schemes and
approaches for the realization of all-optical logic gates with low-cost, low-
pump-power, high-contrast and ultrafast response-time.
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1. Introduction

In recent years, all-optical logic gates, which can fulfill various logical function operations,
have received much attention for their potential applications in ultrafast information
processing [1,2], all-optical computing systems [3,4], and so on. There are several methods to
realize all-optical logic functions, such as semiconductor optical amplifier (SOA) [5], optical
interference effect [6,7], and third-order nonlinear effect [8-10]. Nowadays, all-optical logic
gates based on the third-order nonlinear effect of photonic crystal (PhC) structures have
received increasing attention. Various PhC structures have been designed and discussed [11—
15]. For example, Zhang et. al. proposed optical logic OR and XOR gates based on the
interference of reflected and transmitted self-collimated beams in a two-dimensional (2D)
PhC waveguide [16]. Anadalib et. al. proposed ultra-compact photonic crystal “AND” gate
[17] and “NOR” gate [18] theoretically based on PhC nonlinear ring resonators. Bai et. al.
demonstrated photonic NOT and NOR gates based on a single compact PhC ring resonator
[19].
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However, we notice that most works of PhC all-optical logic gates focus on 2D PhC
structures, where the thickness of PhCs is regarded as infinite. When considering their
practical applications, ultracompact all-optical logic gates realized in 2D PhC slabs are more
prospective. Such 2D PhC slabs provide confinement of light in the vertical direction by total
internal reflection and allow control of light with the PhC in the plane of the slab. This type of
PhCs is much simpler for fabrication than three-dimensional (3D) PhCs and has great
potentiality as ultracompact integrated optical devices. So, in this article, we focus on the
design of all-optical logic gates in the platform of 2D PhC slabs.

As is known, the characteristics of all-optical PhC logic gates mainly depend on the
properties of the selected nonlinear material. Two kinds of nonlinear materials are widely
used. One is the semiconductor materials, such as GaAs [20,21], Si [22,23], and InP [24,25].
The nonlinearity originates from the two-photon absorption (TPA) effect of free carrier in
semiconductors. These semiconductor materials possess a relatively high refractive index
(higher than 2.0), which can provide complete photonic band gaps and good confinement of
photons in the cavities. However, the third-order nonlinear optical susceptibility of these
semiconductor inorganic materials is relatively low (in the order of 107 esu) and their
nonlinear response time is relatively long (in the order of nanoseconds), which restrict their
practical applications on low pump power and ultrafast response time all-optical devices.
Another popular nonlinear material is the m-conjugation organic polymer materials, which
have more prominent nonlinear optical properties, such as large third-order nonlinear optical
susceptibility (in the order of 10~ esu) and ultrafast nonlinear response time (in the order of
femtoseconds). Furthermore, recent studies show that a larger third-order nonlinear
susceptibility (in the order of 107® to 10~ esu) can be easily obtained by adding some metal
nanoparticles [26,27] or dye molecules [28] into the organic films, and this allows one to
reduce the pump power of all-optical devices efficiently. At the same time, these organic
materials may possess ultrafast nonlinear response time in the order of several picoseconds
[29] or even femtoseconds [30-32]. In this article, we adopt compound Ag-polymer film as
our nonlinear material, whose linear refractive index is 1.59 and third-order nonlinear

susceptibility is set at 1.0x107 esu. The polymer is polystyrene, which has a large third-
order nonlinearity and ultrafast nonlinear optical response speed down to several
femtoseconds [30-32].

This article is arranged as follows. In Sec. 2 we first design PhC cavities with a relatively
high quality factor on 2D low-index Ag-polymer PhC slabs. Different PhC cavities are
analyzed and discussed. PhC cavities with a modest quality factor around 2000 are adopted
for the design of all-optical logic gates on consideration of the precision and repeatability in
the fabrication of these structures. The nonlinear optical properties of these PhC cavities are
investigated. In Sec. 3 we discuss the principles of various all-optical logic gates based on
PhC structures with double cavities. The detailed scheme of the design results of all-optical
AND, NAND, OR, and NOR gates with PhC cavities on the 2D Ag-polymer slab are
presented and discussed. In Sec. 4 we conclude this article.

2. Design and nonlinear properties of 2D PhC slab cavities in Ag-polymer films

For realizing low pump power and ultrafast response time all-optical logic gates, PhC cavities
with a relatively high quality factor are necessary. Our PhC structure is formed by etching
periodical air holes on the Ag-polymer film, and the cavities are obtained by removing some
air-holes at suitable positions, see Fig. 1(a). The linear refractive index of the film is 1.59.
Because of the low refractive index contrast between the film and air, it is not a good
candidate for the design of PhC structures with a complete band gap [33-35], and the cavity
here is mainly based on the directional photonic band gap confinement of light. That is to say,
in our structure, an eigenmode with the frequency in the band gap along the I'—X direction
may become leaky along the I'—M direction, which makes the point defect not suitable for
the design of high quality factor (high-Q) cavities. Based on this consideration, we adopt the
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“line defect” cavity, which is formed by removing several air holes along the longitudinal
direction (y-axis) in the middle of this structure.
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Fig. 1. (a) The PhC “line defect” cavity on a 2D PhC slab; (b) The corresponding band gap
along I'—X direction.

Let us consider the PhC structure as shown in Fig. 1(a). The air-bridge 2D PhC film
formed by etching periodical square lattice of air holes is adopted. The radius of the air holes
is 0.25a, where a is the lattice constant. The thickness of this slab is 1.5a . The “line defect”
is formed by removing the center seven air holes along the y-axis. In this article, MEEP which
is a free finite-difference time-domain software package developed by MIT photonic crystal
group is adopted as our simulation tool [36]. Firstly, we calculate the transmission spectrum
along the I' - X direction by the 3D finite-difference time-domain (FDTD) method, and the
result is shown in Fig. 1(b). In the simulation, an area light source located at the left end of the
PhC structure [marked with red line in Fig. 1(a)] is used, and the incident light is propagating
along the I' — X direction. At the right end of the PhC structure, a receiver plane [marked with
green line in Fig. 1(a)] is adopted to record the transmission power and measure the
transmission spectrum. Both the lengths along y- and z- axes of the receiver plane are twice as
long as those of the source plane. And the receiver area is 4 times as large as the source area
so that all the transmission powers, including those that are scattered and diverge away from
the T"—X direction are collected. From this result, we can find a defect mode appears near the
high-frequency band gap edge (marked with the black arrow in Fig. 1(b)). This mode will
interact with the band edge mode, and the interaction results in a very low quality factor of
about 20.

In order to improve the quality factor of this cavity, we make some optimization of this
structure following the scheme as shown in Fig. 2(a). The optimization approach is almost the
same with the high-Q cavity design on Si-based PhC slabs [37]. Only the geometry
parameters of the air holes nearby the cavity are changed. The air holes of the nearest
neighboring two rows (labeled with “a” holes) are shifted away with 0.2a, and the air holes
of the second nearest neighboring two rows (labeled with “b” holes) are shifted away with
0.1a. At the same time, the radius of these four rows of air holes is changed from 0.25a to
0.2a . We calculate the transmission spectrum of this structure, and the result is shown in Fig.
2(c). By fine tuning the geometry parameters of the PhC cavity in the above manner, the
defect mode has been shifted to the middle of band gap, which can improve the quality factor
of the cavity. The electric field distribution of this optimized PhC cavity with the incidence of

resonance frequency is shown in Fig. 2(b). Here, the normalized electric field amplitude (|E|)

is considered. We can find that due to the low-refractive-index of the substrate, the mode
volume of this cavity mode is relatively large, whose length is about 14a along the x-axis. So,
in the following design of all-optical logic gates, if the distance between the input / output
waveguides and the cavity is longer than 15a, the introduction of the waveguide will not
influence the mode profile of the cavity mode. Figure 2(d) shows the frequency spectrum of
this cavity mode, from which we can find that the quality factor reaches 1558. Here the
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transmission spectrum has been normalized with respect to its peak value. Although this
quality factor is not very large, considering the experimental precision and repeatability in the
sample fabrication, such a cavity is suitable for the practical experiment analysis. Therefore,
in the following we will adopt the cavity with a quality factor around 2000 for the design of
all-optical logic gates.

0.25
~ 050
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(0)
04
07 Q=1558
g -104 l — 081 »c=0.38008
5 2
8 201 €
5 g
§ -304 =
=
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0.2 0.3 0.4 05 0.6 0.379 0.380 0.381 (d)
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Fig. 2. (a) The schematic structure of optimized PhC cavity. (b) The electric field distribution at
the resonant frequency of the optimized PhC cavity. (c)The calculated transmission spectrum.
(d) The optimized cavity mode. The normalized resonant frequency is 0.38008, and the quality
factor is 1558.

Furthermore, we find that the properties of the PhC cavities are associated with their
lengths along the y-axis. Here, we show the change of the normalized frequency and quality
factor for different cavities in Table 1. The “Lm” cavity corresponds to a cavity whose length
along the y-axis is m times the lattice constant. From these results, we find that the normalized
frequency of cavity shifts to lower frequency and the quality factor gets larger with the
increase of the cavity length along the y-axis. This result will be very useful for the design of
multiple cavities to realize all-optical logic gates with various functions.

Table 1. The influence on the frequency and quality factor with different lengths along
the y-axis of cavities.

Cavity type Normalized frequency Quiality factor
L3 0.38451 638
L5 0.38135 1287
L6 0.38060 1367
L7 0.38008 1558
L8 0.37971 1765
L9 0.37943 1936

Next, we discuss the nonlinear properties of this cavity mode under the excitation of
external pump light. With the incident pump light, the refractive index of the Ag-polymer film
will be changed. In our case, the third-order nonlinear susceptibility of Ag-polymer film is set
at 1.0x107" esu, so with the pump light, the refractive index will increase and the defect
mode will shift to lower frequency. Figure 3 shows the shift of the defect mode of a L7-type
cavity with and without the pump light. When the pump power is 45 MW/cm?, the normalized
resonant frequency of the defect mode shifts from 0.38008 to 0.37932 (2zc/a), where C is
the speed of light in vacuum and a is the lattice constant of the PhC. Here the transmission
spectrum has also been normalized with respect to its peak value. If the lattice constant is
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a=>590 nm, the corresponding wavelength shifts from 1552.3 nm to 1555.4 nm. Due to the
relatively high quality factor of this cavity (Q = 1558), the spectrum width of the defect mode
is very narrow (about 1 nm), which make high transmission contrast with and without pump
light.

1.04 |— 0 Mw/cm’
—— 45 MW/cm®

0.8+

0.6

0.4+

0.2

0.0+

Normalized Transmission

0.3'77 0.3:78 0.3:79 O.éBO 0.3:81 0.3:82
Frequency (2nc/a)
Fig. 3. The shift of defect mode under pump light. The black line corresponds to the linear

case, and the red line represents the nonlinear case with the pump power of 45 MW/cm?. The
transmission is normalized to its peak value.

3. Principle and realization of all-optical logic gates

Until now, we have designed relatively high-Q PhC cavities on the low refractive index Ag-
polymer film, and discussed the nonlinear optical properties of these PhC cavities. In the
following, we show the principle of all-optical logic gates and demonstrate the design results
for various all-optical logic gates.

The 2D PhC slab we studied for all-optical logic gates is shown in Fig. 4. For realizing
various logic functions, this structure contains two cavities. The input signal light is divided
into two paths by an input Y-type waveguide, and then interacts with the two cavities. At last,
they are coupled to an output Y-type waveguide together. At the same time, two pump lights
I, and I, are incident onto the upper surface of the PhC structure normally. Considering the

experimental conditions that the area of PhC structures is less than 400 um?and the focus
radius of pump light is about 10 um, both of the pump lights will interact with the two

cavities. In our designs here, the input signal is a continuous wave with the power of
0.5 kW/cm?, while the pump lights are picosecond ultrashort pulses whose average pulse
powers are in the order of 10 MW/cm?. The following designs of all-optical logic gates are all
based on this consideration. Notice that polystyrene has an optical response time on the order
of several femtoseconds, which is much faster than the pump pulse duration time (on the order
of picoseconds) [30-32]. Furthermore, the cavity quality factor is only modest (about 2000),
so that the lifetime of the cavity is also on the order of picoseconds. This means that the
switching rate of each nonlinear cavity and the logic gates should be mainly determined by the
duration of the picosecond pump pulses. Therefore, the switching rate should also be on the
order of picoseconds.
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Fig. 4. Schematic structure of 2D PhC slab for all-optical logic gates.

By suitable selection of the resonant frequencies of these two cavities, we can realize all-
optical logic gates with different logic functions. Here, at each path, the distance between the
input or output waveguide and the cavity is 16a, and the existence of waveguides will not
influence the properties of the cavity mode. The frequency of the input probe light is denoted
as fo, while the resonant frequencies of the two cavities are f; and f,, respectively. Table 2
shows the principles of all-optical AND, NAND, OR, and NOR gates, respectively.

Table 2. The principles of all-optical AND, NAND, OR, and NOR gates

Logic gate Initialization [ I, L&l
AND flifo flif() flif() f1 = f0
(fL=1)) logic 0 logic 0 logic 0 logic 1
NAND f,="o fi=fo fi=fo fu#fo, fotfo
(Ff2) logic 1 logic 1 logic 1 logic 0
OR fifo, %o fo=fo fo="o fi="f
(f12f,) logic 0 logic 1 logic 1 logic 1
NOR fl = fO f1¢fo f1¢fo f1¢fo
(=", logic 1 logic 0 logic 0 logic 0

For the AND gate, both of the two cavities are selected as the L7-type cavity, whose
quality factor is about 1558, and the normalized resonant frequency is f; = f, = 0.38008. The
normalized frequency of the input signal light is set at f, = 0.37932. At first, due to the
frequency deflection between the input signal light and the cavity mode, the signal light is
localized at the forbidden gap, and its transmission is as low as 1.9%. With the incidence of
single pump light I, or I, the refractive index of Ag-polymer increases, and the resonant
frequency of cavity will shift to lower frequency. When the pump power is 22.5 MW/cm?,
which makes the refractive index change by 0.2%, the nonlinear resonant frequency shifts to
0.3797. In this case, although the frequency deflection between the input signal light and the
cavity mode become less, due to the narrow spectrum width, the transmission is still low,
which is about 9.5%. Under the excitation of both pump lights I, and I, the frequency of
defect mode shifts to the frequency of the input signal light exactly, and the transmission
reaches to 100%. Table 3 shows the truth table of the AND gate. Here, we should notice that
in our design of all-optical logic gates, the transmission in each case is monitored at the output
waveguide and calculated by Pade approximate method. And the transmission here is
normalized to its peak value, not to the input signal light.

Table 3. Truth table of the AND gate

pumpl pump2 Output
Power Logic level Power Logic level Transmission Logic level
(MW/cm?) (MW/cm?) (%)
0 0 0 0 1.9 0
225 1 0 0 9.5 0
0 0 225 1 9.5 0
225 1 225 1 100 1
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Let us turn to the NAND gate. Here, the two cavities are L7-type (f; = 0.38008, Q = 1558)
and L8-type (f, = 0.37971, Q = 1765), respectively. The normalized frequency of the signal
light is set at f; = 0.37971, which is just the same with the resonant frequency of cavity 2.
Without the pump lights, the input signal light will be coupled with cavity 2, and the
transmission is nearly 100%. With single pump light I, or 1,, the resonant cavity mode will
shift to lower frequency. As a result, the resonant frequency of cavity 2 will deflect away from
the frequency of the signal light, but the resonant frequency of cavity 1 will be nearer to the
frequency of the signal light. When the pump power is 22 MW/cm?, the signal light will be
coupled with cavity 1, and the transmission can also be 100%. If both of the pump lights I,
and 1, interact with the PhC structure, the resonant frequency of cavities will deflect the
frequency of the signal light again, which makes the transmission decrease remarkably. The
truth table of the NAND gate is shown in Table 4.

Table 4. Truth table of NAND gate

pumpl pump?2 Qutput
Power Logic level Power Logic level Transmission Logic level
(MW/cm?) (MW/cm?) (%)
0 0 0 0 100 1
22 1 0 0 100 1
0 0 22 1 100 1
22 1 22 1 7.1 0
Table 5. Truth table of the OR gate
pumpl pump?2 Output
Power Logic level Power Logic level Transmission Logic level
(MW/cm?) (MW/cm?) (%)
0 0 0 0 1.9 0
425 1 0 0 90.1 1
0 0 42.5 1 90.1 1
425 1 425 1 100 1

Next, the OR gate is designed with the structure shown in Fig. 4. Two kinds of cavities
with L6-type (f; = 0.3806, Q = 1367) and L7-type (f, = 0.38008, Q = 1558) are adopted. The
frequency of the signal light is f, = 0.37932, which is not resonant with any cavity. So, at first,
the transmission of signal light is very low, only 1.9%, corresponding to the logic “0” of the
OR gate. Under the excitation of single pump light whose power is 42.5 MW/cm? the
frequency of cavity 2 (f,) will shift to the frequency of the signal light (f, = 0.37932), and the
transmission is 90.1%. With the incidence of two pump lights, the resonant frequency of
cavity 1 (f,) shifts to f,, and the transmission from the output reaches 100%. The truth table of
the OR gate is shown in Table 5.

Table 6. Truth table of the NOR gate

pumpl pump2 Output
Power Logic level Power Logic level Transmission Logic level
(MW/cm?) (MW/cm?) (%)
0 0 0 0 100 1
22.5 1 0 0 8.1 0
0 0 225 1 8.1 0
22.5 1 22.5 1 1.9 0

Finally, we show the design results of the NOR gate. In this case, both of the two cavities
are selected as the L7-type cavity (f; = f, = 0.38008, Q = 1558). The frequency of the input
signal light is set at f, = 0.38008, which is the same with the resonant frequency of the
cavities. The transmission is as high as 100% without pump lights. Under the pump light, the
resonant frequency of cavity will shift to lower frequency, and far away from the frequency of
the signal light. When the pump power is 22.5 MW/cm? the resonant frequency of the
cavities shifts to 0.3797, and the transmission is 8.1% with single pump light excitation. The
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transmission will be lower with the interaction of two pump lights. Table 6 shows the truth
table of the NOR gate.

4, Conclusion

In summary, we have presented design of all-optical logic gates with different functions by
means of PhC cavities that are built in the platform of low refractive index nonlinear Ag-
polymer films. We have accomplished design of relatively high-Q cavities whose quality
factor is around 2000 on the 2D low refractive index square-lattice PhC slab. We find that the
resonant frequency of the “line defect” cavities can be adjusted with the cavity length, which
makes possible the design of various all-optical logic gates.

By combining two “line defect” cavities and imposing appropriate conditions on the
resonant frequency of cavities and the pump power, we have demonstrated all-optical AND,
NAND, OR, and NOR gates in 2D Ag-polymer PhC slabs. The pump power as low as tens of
MW/cm? has been sufficiently large to pump the logic gates. More logic function devices can
be designed by our PhC structures. Because of the prominent nonlinear optical properties
(large third-order optical nonlinear susceptibility and ultrafast nonlinear response time) and
low-cost of compound Ag-polymer films, this work may be useful for designing and realizing
devices that can find practical applications in all-optical integration, all-optical information
processing and optical computing.
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