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Abstract: In this study, nanoscale integrated all-optical 
XNOR, XOR, and NAND logic gates were realized based 
on all-optical tunable on-chip plasmon-induced transpar-
ency in plasmonic circuits. A large nonlinear enhance-
ment was achieved with an organic composite cover layer 
based on the resonant excitation-enhancing nonlinearity 
effect, slow light effect, and field confinement effect pro-
vided by the plasmonic nanocavity mode, which ensured 
a low excitation power of 200 μW that is three orders of 
magnitude lower than the values in previous reports. A 
feature size below 600 nm was achieved, which is a one 
order of magnitude lower compared to previous reports. 
The contrast ratio between the output logic states “1” 
and “0” reached 29 dB, which is among the highest val-
ues reported to date. Our results not only provide an on-
chip platform for the study of nonlinear and quantum 
optics but also open up the possibility for the realization 
of nanophotonic processing chips based on nonlinear 
plasmonics.

Keywords: all-optical logic gates; plasmon-induced trans-
parency; third-order optical nonlinearity.
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1  Introduction

Recently, nanoscale all-optical logic gate devices have 
attracted enormous attention because of their important 
applications in the fields of optical computing systems 
and optical interconnection networks. All-optical logic 
gates can be divided into basic logic gates (AND, OR, and 
NOT gates) and complex logic gates (XNOR, NOR, NAND, 
and XOR gates) [1, 2]. The fundamental concept for realiz-
ing basic all-optical logic gates is to use the magneto-optic 
effect in bulk ferromagnetic crystals [3, 4], the electro-
optic effect in bulk periodically poled lithium niobate crys-
tals [5], and the linear interference of light propagating in 
photonic microstructures [6–9]. However, the large size 
of the bulk ferromagnetic and lithium niobate crystals, of 
the order of several millimeters, is unsuitable for practi-
cal chip-integrated applications [10, 11]. Various schemes 
have been proposed to demonstrate all-optical basic logic 
gates based on linear interference mechanisms (or third-
order nonlinear optical effects) in photonic microstruc-
tures and plasmonic nanostructures, such as photonic 
crystals [12–23], microring resonators [24–30], nano-
bridges [31], graphene-oxide films [32, 33], photonic and 
plasmonic nanowires [34–36], metamaterials [37–39], and 
semiconductor optical amplifiers [40, 41]. The extremely 
high requirements placed on the light paths for the linear 
interference mechanism and relatively small third-order 
nonlinear susceptibility of conventional materials result 
in a low output logic state contrast of <10  dB and high 
signal intensities of several GW/cm2 for basic all-optical 
logic gates. Fu et al. have pointed out that it is possible to 
realize cascaded complex all-optical logic devices based 
on third-order nonlinear optical effects [42]. However, 
to date, there has been little experimental progress in 
achieving complex logic gates based on nonlinear optical 
effects; the limitations of current nonlinear materials are 
the bottleneck in this process [43, 44]. Zhou et  al. real-
ized OR and NOR logic gates based on a four-wave mixing 
process with an incident signal light intensity of 1 GW/cm2 
[45]. Additionally, Fu et al. reported all-optical XNOR and 
XOR gates in nanoscale plasmonic slot waveguides with a 
high-intensity contrast ratio of 24 dB between the output 
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logic states “1” and “0”; however, this process requires 
complicated and extremely precise microfabrications [42]. 
It is therefore still a significant challenge to realize ultra-
compact complex logic gates with high contrast ratios 
between the output logic states “1” and “0” based on 
third-order nonlinear optical effects.

Here, we realized nanoscale integrated all-optical 
XNOR, XOR, and NAND logic gates in plasmonic nano-
structures based on the incident light-induced shift of 
plasmonic nanocavity modes and the plasmon-induced 
transparency (PIT) window by directly using the third-
order nonlinear optical Kerr effect in plasmonic circuits. 
The plasmonic nanostructure consisted of a plasmonic 
waveguide side-coupled to a single plasmonic nanocavity 
(or two plasmonic asymmetric nanocavities) covered with 
a nonlinear organic composite layer made of poly[2-meth-
oxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] doped 
with laser dye IR140 (MEH-PPV:IR140). The PIT window 
was formed via interference coupling between two excita-
tion pathways (i.e. by exciting the nanocavity C1 and C2 
modes) by the surface plasmon polariton (SPP) propagat-
ing in the plasmonic waveguide [46, 47]. A large nonlin-
ear enhancement is achieved with the organic composite 
MEH-PPV:IR140 cover layer based on the resonant excita-
tion-enhancing nonlinearity effect, slow light effect, and 
field confinement effect provided by the plasmonic nano-
cavity mode, which ensures a low excitation power of 
200 μW. A feature size below 600 nm was achieved, which 
is one order of magnitude lower compared to previously 
reported values. The contrast ratio between the output 
logic states “1” and “0” reached 20 dB, which is among 
the highest values reported so far. Thus, our results can be 
used to not only provide an on-chip platform for the study 
of nonlinear and quantum optics but also open up the 
possibility for the realization of nanophotonic processing 
chips based on nonlinear plasmonics.

2  �Results and discussion
The schematic structure of the plasmonic nanostructure, 
which consists of a plasmonic waveguide side-coupled to 
plasmonic nanocavity C1, is shown in Figure 1A without 
the MEH-PPV:IR140 cover layer. The plasmonic waveguide 
was constructed from an air nanogroove with a width of 
150 nm and a depth of 150 nm etched in a 300-nm-thick 
gold film deposited on a silicon dioxide substrate. The 
plasmonic nanocavity C1 was formed by a nanogroove 
with length, width, and depth of 350, 150, and 150  nm 
etched in the 300-nm-thick gold film. The 300-nm-thick 

gold films were fabricated using a laser molecular beam 
epitaxy growth system (Model LMBE 450; SKY Company, 
China). The beam (with a wavelength of 248 nm, pulse 
width of 25 ns, and pulse repetition rate of 5 Hz) output 
from an excimer laser system (Model COMPexPro 205; 
Coherent Company, USA) was focused on a gold target 
mounted on a rotating holder, situated 17 mm away from 
the silicon dioxide substrates. The typical energy density 
of the excitation laser was 430 mJ/cm2. Then, a focused 
ion beam etching system (Model Helios NanoLab 600; FEI 
Company, USA) was used to prepare the logic gate pat-
terns. To excite and collect the needed SPP mode, we also 
etched a coupling grating connected with an air groove 
with a triangular configuration at the input port of each 
plasmonic slot waveguide. We also etched a grating in 
the output port to help couple the SPP mode to free space 
for the purpose of the measurement. A scanning electron 
microscopy (SEM) image of the plasmonic nanostructure, 
which consisted of a plasmonic waveguide side-coupled 
to plasmonic nanocavity C1, is shown in Figure 1B without 
the MEH-PPV:IR140 cover layer. Finally, spin coating was 
used to fabricate the 100-nm-thick MEH-PPV:IR140 cover 
layer on the surface of the plasmonic nanostructure. We 
measured the linear spectrum of the plasmonic wave-
guide, which was side-coupled to plasmonic nanocav-
ity C1 and had an MEH-PPV:IR140 cover layer, using a 
nanospectroscopy measurement system [47]; the meas-
ured results are shown in Figure 1C. In our experiment, 
a p-polarized CW Ti:sapphire laser system (Model Mira 
900F; Coherent Company, USA) was used as the light 
source. The line width of the laser spectrum of an 800 nm 
incident CW laser was only 1.6 nm, which guaranteed that 
only the desired quasi-monochromatic SPP mode could 
be excited in the plasmonic waveguide. The coupling 
grating was normally illuminated from the back side. The 
optically thick gold film prohibited direct transmission 
of the incident light. The SPP mode propagating through 
the plasmonic waveguide was scattered by the decou-
pling grating. The scattered light was collected using a 
long working distance objective (Mitutoyo 20; NA = 0.58) 
and then detected by a charge-coupled device (CCD). The 
measured transmission was normalized with respect to a 
reference waveguide that had the same structural para-
meters but was not coupled to the plasmonic nanocavity 
C1. This is the normal method widely used to study the 
transmission properties of plasmonic nanostructures [47].

It is very clear from Figure 1C that a transmission 
dip appeared in the linear transmission spectrum. The 
wavelength of the minimum transmission (900 nm) corre-
sponds to the resonant wavelength of the plasmonic nano-
cavity C1 [47]. The measured results are in agreement with 
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Figure 1: Characterization of the plasmonic nanocavity sample and the optical nonlinearity of MEH-PPV:IR140.
(A) Schematic structure of the plasmonic waveguide side-coupled to plasmonic nanocavity C1 without the MEH-PPV:IR140 cover layer. (B) SEM 
image of the plasmonic waveguide side-coupled to a plasmonic nanocavity and the reference waveguide without the MEH-PPV:IR140 cover layer. 
Measured (C) and calculated (D) linear spectra of plasmonic waveguide side-coupled to plasmonic nanocavity C1 with the MEH-PPV:IR140 cover 
layer. (E) Calculated power density profile of the SPP mode in nanocavity C1 excited by an 800 nm incident light. (F) Measured linear absorption 
spectrum of 100-nm-thick MEH-PPV:IR140 film. (G) Measured transmission changes of an 830 nm 120 fs incident light propagating through the 
plasmonic waveguide side-coupled to plasmonic nanocavity C1 with the MEH-PPV:IR140 cover layer as a function of the incident power. (H) SEM 
image of the plasmonic sample without coating the MEH-PPV:IR140 cover layer for the performance of all-optical XNOR logic gate function. (I) 
Measured closed-aperture Z-scan curve of a 100-nm-thick MEH-PPV:IR140 film under excitation of an 830 nm 120 fs 86 MHz laser beam.
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the ones calculated via the finite element method (using 
the commercial software package COMSOL Multiphysics) 
[47], as shown in Figure 1D. The complex dielectric func-
tion of gold was taken from results reported by Johnson 
and Christy [48]. We also calculated the power density 
profile of the SPP mode in the nanocavity C1 excited 
by incident light with a wavelength of 800 nm, and the 
calculated result is shown in Figure 1E. The guided SPP 
mode was mainly confined in the nanogroove region, 
although it also extended into the upper MEH-PPV:IR140 
cover layer, which is in agreement with the calculations 
of Li et al. [49]. This indicates that the resonance proper-
ties of the plasmonic nanocavity C1 were very sensitive to 
the refractive index change of the MEH-PPV:IR140 cover 
layer. We also measured the linear absorption spectrum 
of a 100-nm-thick MEH-PPV:IR140 composite film using a 
visible-near-infrared absorption spectrum measurement 
system (LABRAM-HR800, Horiba, Japan), and the meas-
ured results are shown in Figure 1F. They show a broad 
linear absorption band ranging from 700 to 900  nm, 
which originates from the linear absorption of IR140. 
Therefore, for an incident signal light whose wavelength 
is located near 800 nm, the third-order nonlinearity of 
the MEH-PPV:IR140 cover layer can be greatly enhanced 
using the resonant excitation-enhancing nonlinearity 
effect and the field reinforcement effect provided by the 
plasmonic nanocavity mode. To confirm the all-optical 
tunability of the plasmonic nanocavity C1, we measured 
the transmission changes of a 120-fs-long 830  nm inci-
dent light pulse propagating through the plasmonic wave-
guide side-coupled to plasmonic nanocavity C1 (with the 
MEH-PPV:IR140 cover layer) as a function of the incident 
power using the nanospectroscopy measurement system. 
With increasing incident power, the transmission of the 
830 nm signal light decreased. The wavelength of 830 nm 
was located at the edge of the pass band in the linear 
transmission spectrum of the plasmonic waveguide side-
coupled to nanocavity C1, as shown in Figure 1C and D. 
Jiang et  al. have pointed out that the organic composite 
MEH-PPV:IR140 has a negative nonlinear refractive index 
under resonant excitation [50], which causes the refrac-
tive index of the organic composite MEH-PPV:IR140 to 
decrease with increasing incident power levels. As a 
result, the resonant wavelength of the nanocavity C1 
mode shifts toward shorter wavelengths, and the trans-
mission at 830  nm decreases. When the incident power 
was increased to 125 μW, the transmission at 830  nm 
decreased to 10%. Additionally, when the incident power 
was increased to 125 μW, the resonant wavelength of the 
nanocavity C1 shifted to 830 nm. When the incident power 
was above 130 μW, the transmission at 830 nm increased, 

and the resonant wavelength of the nanocavity C1 shifted 
to wavelengths lower than 830 nm. This indicates that the 
plasmonic nanocavity C1 has excellent all-optical tunabil-
ity. The nonlinear enhancement factor for the SPP cavity 
could be estimated from the power density profile of the 
SPP mode in nanocavity C1 excited by incident light of 
800 nm wavelength, as shown in Figure 1E. It is very clear 
that the power density distribution in the upper surface of 
the gold film around the SPP cavity was enhanced 70-fold 
compared to that of the region away from the SPP cavity. 
Therefore, a 70-fold nonlinear enhancement was obtained 
with the organic composite MEH-PPV:IR140 layer because 
of the field confinement effect provided by the plasmonic 
nanocavity mode. The quality factor Q of the SPP nano-
cavity mainly depended on the losses of the SPP nanocav-
ity, including the intrinsic large ohmic losses of gold, the 
surface roughness of the fabricated SPP nanocavity, and 
the imperfectly etched nanocavity structure, which results 
in a relatively small quality factor Q of 10 for the SPP nano-
cavity, as shown in Figure 1C. This has been confirmed by 
measurements by Han et al. [51] and Chen et al. [52]. The 
Purcell factor FP can be calculated using the following 
relation [53]:
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where Q is the quality factor of the optical cavity, V is the 
mode volume of the optical cavity, λ is the spontaneous 
emission wavelength, and n is the refractive index of the 
material the optical cavity is made of. For the SPP nano-
cavity used in our experiment, the Purcell factor FP was 
calculated to be 760. To check the feasibility of the nonlin-
ear effect, we measured the closed-aperture Z-scan curve 
of a 100-nm-thick MEH-PPV:IR140 film under excitation of 
a 120-fs-long 830 nm 86 MHz laser beam, and the meas-
ured results are shown in Figure 1I. The measured nonlin-
ear refractive index was −2.9 × 10−6 cm2/kW, which is five 
orders of magnitude higher compared to that of MEH-PPV 
under excitation of a 120-fs-long 830  nm 86  MHz laser 
beam (−7.2 × 10−11 cm2/kW) [54]. This confirms the feasi-
bility of using the nonlinear effect of organic composite 
MEH-PPV:IR140. The physical mechanism of the all-opti-
cal logic function was realized based on the intensity-
dependent resonance shift of a nonlinear material-loaded 
plasmonic nanocavity.

The plasmonic nanostructure sample for evaluating 
the performance of the all-optical XNOR logic gate function 
had three incident waveguides A, B, and C, one plasmonic 
nanocavity C1 side-coupled to a bus plasmonic wave-
guide, and an output plasmonic waveguide O, as shown 
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in Figure 1H. Waveguide C was used as the reference wave-
guide, which maintained the signal light input during the 
performance of the logic gate operation. To perform the 
logic operation “0 XNOR 0 = 1”, we etched only the input-
coupling grating into reference waveguide C, as shown in 
Figure 2A. The measured CCD image under excitation of a 
120-fs-long 830 nm 200 μW laser is shown in Figure 2B. A 
strongly scattered signal with an intensity of 90 arbitrary 
units (au) was obtained from the CCD image, which cor-
responds to the output logic signal “1”. This is confirmed 
by the results calculated using the finite element method, 
as shown in Figure 2C. To perform the logic operation “1 
XNOR 0 = 0”, we etched only the input-coupling grating 
into reference waveguide C and incident waveguide A, as 
shown in Figure 2D. The measured CCD image under exci-
tation of a 120-fs-long 830 nm 200 μW laser is shown in 
Figure 2E. The signal showed no signs of scattering and 
had an intensity of 0.12 au (obtained from the CCD image); 
this signal strength corresponds to the output logic signal 
“0”. This is confirmed by the results calculated using the 
finite element method, as shown in Figure 2F. To perform 
the logic operation of “0 XNOR 1 = 0”, we etched only the 
input-coupling grating into the reference waveguide C and 
incident waveguide B, as shown in Figure 2G. The meas-
ured CCD image under excitation of a 120-fs-long 830 nm 
200 μW laser is shown in Figure 2H. The signal showed no 
signs of scattering and had an intensity of 0.12 au (obtained 
from the CCD image); this intensity corresponds to the 
output logic signal “0”. This is confirmed by the results 
calculated using the finite element method, as shown in 
Figure 2I. To perform the logic operation of “1 XNOR 1 = 1”, 
we etched the input-coupling grating into reference wave-
guide C and incident waveguides A and B, as shown in 
Figure 2J. The measured CCD image under excitation of a 
120-fs-long 830 nm 200 μW laser is shown in Figure 2K. 
The signal showed no signs of scattering and had an 
intensity of 113 (obtained from the CCD image), which cor-
responds to the output logic signal “1”. This is confirmed 
by the results calculated using the finite element method, 
as shown in Figure  2L. Therefore, the output logic state 
contrast between “1” and “0” reached 29.7 dB, which is 
among the highest value reported to date [42–45]. The 
incident light intensity was 7.8 MW/cm2, which is three 
orders of magnitude lower compared to previous reports 
[42–45]. To understand the physical mechanism, we cal-
culated the linear transmission spectrum of the plasmonic 
waveguide side-coupled to plasmonic nanocavity C1 with 
the MEH-PPV:IR140 cover layer under different excitation 
conditions; the calculated results are shown in Figure 2M. 
According to our calculations, under excitation of signal 
light that propagated through reference waveguide C, the 

position of C in the linear transmission spectrum shifted 
to 830 nm, which meant that a high transmission could be 
obtained at 830 nm. While under excitation of the signal 
light propagating through reference waveguide C and inci-
dent waveguide A (or B), the transmission minimum in 
the linear transmission spectrum shifted to 830 nm, which 
meant that a very low transmission could be obtained at 
830 nm. Although under excitation of the signal light 
propagating through reference waveguide C and incident 
waveguides A and B, the position of C + A + B in the linear 
transmission spectrum shifted to 830 nm, which meant 
that a high transmission could once again be obtained at 
830 nm.

The schematic structure of the plasmonic nanostruc-
ture consisting of the plasmonic waveguide side-coupled 
to plasmonic nanocavities C1 and C2 without the MEH-
PPV:IR140 cover layer is shown in Figure 3A. The plas-
monic nanocavity C2 was formed by a nanogroove with 
length, width, and depth of 300, 170, and 150 nm etched 
into the 300-nm-thick gold film. There was a distance of 
290 nm between nanocavities C1 and C2. Figure 3C shows 
the measured linear transmission spectrum of the plas-
monic waveguide side-coupled to plasmonic nanocavities 
C1 and C2 (with the MEH-PPV:IR140 cover layer), as shown 
in Figure 3B. A transmission peak appeared in the trans-
mission forbidden band, which indicates the formation of 
PIT. The central wavelength and transmission of the trans-
parency window were 850 nm and 82%, which is in agree-
ment with the results calculated using the finite element 
method, as shown in Figure 3D. The PIT window originates 
from the interference coupling between two excitation 
pathways (excitation of the nanocavity C1 and C2 modes) 
by the SPP propagating in the plasmonic waveguide [46, 
47]. The plasmonic nanostructure consisting of the plas-
monic waveguide side-coupled to plasmonic nanocavities 
C1 and C2 with the MEH-PPV:IR140 cover layer could be 
used to demonstrate the operation of the XOR logic gate. 
The plasmonic nanostructure sample had two input plas-
monic waveguides A and B, one bus plasmonic waveguide 
side-coupled to nanocavities C1 and C2, and one output 
plasmonic waveguide O, as shown in Figure 3E. The inci-
dent signal wavelength was set to 850 nm. To perform the 
logic operation “1 XOR 0 = 1”, we etched only the input-
coupling grating into input waveguide A, as shown in 
Figure 3F. The measured CCD image under excitation of 
a 120-fs-long 850 nm 180 μW laser is shown in Figure 2G. 
A strongly scattered signal with an intensity of 80 au was 
obtained from the CCD image, which corresponds to the 
output logic signal “1”. This is confirmed by the results 
calculated using the finite element method, as shown 
in Figure 3H. To perform the logic operation of “0 XOR 
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Figure 2: Logic operation of XNOR gate.
SEM image of plasmonic sample without coating the MEH-PPV:IR140 cover layer (A), measured CCD image under excitation of an 830 nm 
120 fs laser (B), calculated results (C), and measured CCD image of the control sample (D) for the logic operation of “0 XNOR 0 = 1”. SEM 
image of plasmonic sample without coating the MEH-PPV:IR140 cover layer (E), measured CCD image under excitation of an 830 nm 120 fs 
laser (F), calculated results (G), and measured CCD image of the control sample (H) for the logic operation of “1 XNOR 0 = 0”. SEM image of 
plasmonic sample without coating the MEH-PPV:IR140 cover layer (I), measured CCD image under excitation of an 830 nm 120 fs laser (J), 
calculated results (K), and measured CCD image of the control sample (L) for the logic operation of “0 XNOR 1 = 0”. SEM image of plasmonic 
sample without coating the MEH-PPV:IR140 cover layer (M), measured CCD image under excitation of an 830 nm 120 fs laser (N), calculated 
results (O), and measured CCD image of the control sample (P) for the logic operation of “1 XNOR 1 = 1”. The red dashed circle indicates the 
position of the decoupling grating. (Q) Calculated linear transmission spectrum of a plasmonic waveguide side-coupled to plasmonic nano-
cavity C1 with the MEH-PPV:IR140 cover layer under different excitation cases. Crosses indicate which points shift to the position of 830 nm.
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1 = 1”, we etched only the input-coupling grating into 
input waveguide B, as shown in Figure 3I. The meas-
ured CCD image under excitation of a 120-fs-long 850 nm 
180 μW laser is shown in Figure 2J. A strongly scattered 
signal with an intensity of 83 au was obtained from the 
CCD image, which corresponds to the output logic signal 
“1”. This is confirmed by the results calculated using the 
finite element method, as shown in Figure 3K. To perform 
the logic operation of “1 XOR 1 = 0”, we etched the input-
coupling grating into input waveguides A and B, as shown 
in Figure 3L. The measured CCD image under excitation 
of a 120-fs-long 850 nm 180 μW laser is shown in Figure 
2M. A very weakly scattered signal with an intensity of 
0.14 au was obtained from the CCD image, which corre-
sponds to the output logic signal “0”. This is confirmed by 
the results calculated using the finite element method, as 
shown in Figure 3N. Therefore, the output logic state con-
trast between “1” and “0” reached 27.7 dB. To understand 
the physical mechanism, we calculated the linear trans-
mission spectrum of the plasmonic waveguide side-cou-
pled to nanocavities C1 and C2 with the MEH-PPV:IR140 
cover layer under different excitation conditions; the cal-
culated results are shown in Figure 3O. According to our 
calculations, under excitation of the signal light propa-
gating through the incident waveguide A (or B), the wave-
length of 850 nm still fell within the transparency window 
region, which ensured that there was a high transmission 
at 850 nm. Although under excitation of the signal light 
propagating through the incident waveguides A and B, the 
position of the transmission minimum in the linear trans-
mission spectrum shifted to the position of 850 nm, which 
causes a low transmission at 850 nm.

The plasmonic nanostructure consisting of the plas-
monic waveguide side-coupled to plasmonic nanocavities 
C1 and C2 with the MEH-PPV:IR140 cover layer could also 
be used to demonstrate the operation of the NAND logic 
gate. The plasmonic nanostructure sample had two input 
plasmonic waveguides A and B, one reference waveguide 
C, one bus plasmonic waveguide side-coupled to nano-
cavities C1 and C2, and one output plasmonic waveguide 
O, as shown in Figure 4A. The incident signal wavelength 
was set to 815 nm. To perform the logic operation of “0 
NAND 0 = 1”, we etched only the input-coupling grating 
into reference waveguide C, as shown in Figure  4B. The 
measured CCD image under excitation of a 120-fs-long 
815  nm 180 μW laser is shown in Figure 4C. A strongly 
scattered signal with an intensity of 85 au was obtained 
from the CCD image, which corresponds to the output 
logic signal “1”. This is confirmed by the results calcu-
lated using the finite element method, as shown in Figure 
4D. To perform the logic operation of “1 NAND 0 = 1”, we 

etched only the input-coupling grating in reference wave-
guide C and incident waveguide A, as shown in Figure 
4E. The measured CCD image under excitation of a 120-
fs-long 815  nm 180 μW laser is shown in Figure 4F. A 
strongly scattered signal with an intensity of 83 au was 
obtained from the CCD image, which corresponds to the 
output logic signal “1”. This is confirmed by the results 
calculated using the finite element method, as shown in 
Figure 4G. To perform the logic operation of “0 NAND 
1 = 1”, we etched only the input-coupling grating into ref-
erence waveguide C and incident waveguide B, as shown 
in Figure 4H. The measured CCD image under excitation 
of a 120-fs-long 815 nm 180 μW laser is shown in Figure 4I. 
A strongly scattered signal with an intensity of 84 au was 
obtained from the CCD image, which corresponds to the 
output logic signal “1”. This is confirmed by the results 
calculated using the finite element method, as shown 
in Figure 4J. To perform the logic operation of “1 NAND 
1 = 0”, we etched the input-coupling grating into reference 
waveguide C and incident waveguides A and B, as shown 
in Figure 4K. The measured CCD image under excitation 
of a 120-fs-long 815 nm 180 μW laser is shown in Figure 
4L. Very weakly scattered signal with an intensity of 0.15 
au was obtained from the CCD image, which corresponds 
to the output logic signal “0”. This is confirmed by the 
results calculated using the finite element method, as 
shown in Figure 4M. Therefore, the output logic state con-
trast between “1” and “0” reached 27.5 dB. To understand 
the physical mechanism, we calculated the linear trans-
mission spectrum of a plasmonic waveguide side-coupled 
to a plasmonic nanocavity with an MEH-PPV:IR140 cover 
layer under different excitation conditions, and the calcu-
lated results are shown in Figure 4N. According to our cal-
culations, under excitation of the signal light propagating 
through reference waveguide C, the transparency window 
center shifted to 815 nm, which means that a high trans-
mission can be obtained at 815 nm. Although under exci-
tation of the signal light propagating through reference 
waveguide C and incident waveguide A (or B), the wave-
length of 815 nm still fell within the transparency window 
region, which ensured a high transmission at 815 nm. 
Although under excitation of the signal light propagating 
through reference waveguide C and incident waveguides 
A and B, the transmission minimum in the linear trans-
mission spectrum was shifted to 815 nm, which caused a 
low transmission at 815 nm. Hahn et al. have pointed out 
that, for an organic composite made of IR140 dye-doped 
polymer film, the bleaching of IR140 could be neglected 
for a weak excitation light source with an intensity far 
below 1 MW/cm2, as the bleaching of IR140 occurs when 
the excitation light intensity is larger than 4 MW/cm2 [55]. 
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Figure 3: Logic operation of XOR gate.
(A) Schematic structure of the plasmonic waveguide side-coupled to plasmonic nanocavities C1 and C2 without the MEH-PPV:IR140 cover 
layer. (B) SEM image of the plasmonic waveguide side-coupled to plasmonic nanocavities C1 and C2 and the reference waveguide without 
the MEH-PPV:IR140 cover layer. Measured (C) and calculated (D) linear spectra of the plasmonic waveguide side-coupled to plasmonic nano-
cavities C1 and C2 with the MEH-PPV:IR140 cover layer. (E) SEM image of the plasmonic sample without coating the MEH-PPV:IR140 cover 
layer for the performance of all-optical XOR logic gate function. SEM image of plasmonic sample without coating the MEH-PPV:IR140 cover 
layer (F), measured CCD image under excitation of an 850 nm 120 fs laser (G), calculated results (H), and measured CCD image of the control 
sample (I) for the logic operation of “1 XOR 0 = 1”. SEM image of plasmonic sample without coating the MEH-PPV:IR140 cover layer (J), 
measured CCD image under excitation of an 850 nm 120 fs laser (K), calculated results (L), and measured CCD image of the control sample 
(M) for the logic operation of “0 XOR 1 = 1”. SEM image of plasmonic sample without coating the MEH-PPV:IR140 cover layer (N), measured 
CCD image under excitation of an 850 nm 120 fs laser (O), calculated results (P), and measured CCD image of the control sample (Q) for the 
logic operation of “1 XOR 1 = 0”. The red dashed circle indicates the position of the decoupling grating. (R) Calculated linear transmission 
spectrum of a plasmonic waveguide side-coupled to plasmonic nanocavity with the MEH-PPV:IR140 cover layer under different excitation 
cases. Crosses indicate which points shift to the position of 850 nm.
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Figure 4: Logic operation of NAND gate.
(A) SEM image of the plasmonic sample without coating the MEH-PPV:IR140 cover layer for the performance of all-optical NAND logic gate 
function. SEM image of plasmonic sample without coating the MEH-PPV:IR140 cover layer (B), measured CCD image under excitation of an 
815 nm 120 fs laser (C), calculated results (D), and measured CCD image of the control sample (E) for the logic operation of “0 NAND 0 = 1”. 
SEM image of plasmonic sample without coating the MEH-PPV:IR140 cover layer (F), measured CCD image under excitation of an 815 nm 120 
fs laser (G), calculated results (H), and measured CCD image of the control sample (I) for the logic operation of “1 NAND 0 = 1”. SEM image of 
plasmonic sample without coating the MEH-PPV:IR140 cover layer (J), measured CCD image under excitation of an 815 nm 120 fs laser (K), 
calculated results (L), and measured CCD image of the control sample (M) for the logic operation of “0 NAND 1 = 1”. SEM image of plasmonic 
sample without coating the MEH-PPV:IR140 cover layer (N), measured CCD image under excitation of an 815 nm 120 fs laser (O), calculated 
results (P), and measured CCD image of the control sample (Q) for the logic operation of “1 NAND 1 = 0”. The red dashed circle indicates the 
position of the decoupling grating. (R) Calculated linear transmission spectrum of a plasmonic waveguide side-coupled to a plasmonic  
nanocavity with the MEH-PPV:IR140 cover layer under different excitation cases. Crosses indicate which points shift to the position of 815 nm.

In our experiment, the maximum signal light intensity 
reaching the position of the plasmonic nanocavities was 
about 700 kW/cm2 because of the low input-coupling effi-
ciency (<10%) of the input-coupling gratings in the input 
port of the plasmonic waveguides. Moreover, the experi-
mental measurements of the sample lasted for 1 month, 
and perfect logic operations were obtained. Therefore, the 
bleaching of the laser dye IR140 could be neglected. The 
input grating couplers control whether light was coupled 
into the respective waveguide arm. There existed the 
cross-coupling for a case where the input grating coupler 
was omitted in the input waveguides. This only weakened 
the signal light intensity reaching the plasmonic nanocav-
ities, and perfect logic operations were achieved accord-
ing to our calculations and experiment measurements, as 
shown in the calculated logic operations in Figures 2–4. 
Because all the input grating couplers had the same struc-
tural parameters, and all the input grating couplers were 
evenly excited, the coupling into the waveguide from each 
input grating coupler was excited similarly.

3  �Conclusion
In conclusion, we have experimentally realized ultracom-
pact chip-integrated all-optical XNOR, XOR, and NAND 
logic gates in plasmonic circuits. A low threshold power 
of 200 μW, a small feature size of <600 nm, and a high 
contrast ratio between the output logic states “1” and “0” 
of 29 dB were obtained simultaneously. This not only pro-
vides an on-chip platform for the study of nonlinear and 
quantum optics but also opens up the possibility for the 
realization of nanophotonic processing chips based on 
nonlinear plasmonics.
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