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Abstract. We report nanophotonic silicon-based devices for hybrid integration: 1D photonic
crystal (PhC) on optical fiber, i. e. fiber Bragg grating (FBG) sensing probe integrated in fiber
laser structure for chemical sensors and slotted planar 2D PhC cavity combined with carbon nan-
otube (CNT) towards light nanosources. The experiments have been carried out by integrating 1D
PhC on optical fiber in fiber laser structure. This structure possesses many advantages including
high resolution for wavelength shift, high optical signal-to-noise ratio (OSNR) of about 50 dB, the
small full width at half-maximum (FWHM) of about 0.014 nm therefore its accuracy is enhanced,
as well as the precision and capability are achieved for remote sensing. Low nitrate concentration
in water from 0 to 80 ppm has been used to demonstrate its sensing ability in the experiment.
The proposed sensor can work with good repeatability, rapid response, and its sensitivity can be
obtained of 3.2 x 1073 nm/ppm with the limit of detection (LOD) of 3 ppm. For 2D PhC cavity, en-
hancement of photoluminescence of CNT emission is observed. The semiconducting single-walled
carbon nanotubes (s-SWNTs) solution was prepared by polymer-sorted method and coupled with
the confined modes in silicon slotted PhC cavities. The enhancement ratio of 1.15 is obtained by
comparing between the PL peaks at two confined modes of the cavity. The PL enhancement result
of the integrated system shows the potential for the realization of on-chip nanoscale sources.
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I. INTRODUCTION

Nanophotonics — the study of the behavior of light on the nano scale, and of the inter-
action of nanometer-scale objects with light — has been emerging in many applications, includ-
ing optical interconnects, wavelength division multiplexing (WDM) systems, modulators, light
nanosources, sensing, etc. The progress of technology as well as the development of new ma-
terials are crucial for the realization of nanophotonic structures. The common semiconductors
used in nanophotonics can be listed as III-V direct bandgap semiconductor such as GaAs [1,2]
or group IV semiconductor, e.g. silicon which are well compatible with Complementary Metal-
Oxide-Semiconductor (CMOS) technology. Silicon photonics has now played a dominant role in
photonic technology [3]. In group IV silicon photonics, photonic crystal (PhC) structures [4—6]
have been widely exploited in order to take the benefit from slow-light mode in such a periodic
modulation geometry of the refractive index [7]. With the band gaps from dielectric lattices, PhCs
are of great interest for applications in optical sensors [8], multi/demultiplexers [9], quantum infor-
mation processing [10]. These structures including 1-dimensional (1D), 2-dimensional (2D) and
3-dimensional (3D) PhC have been designed and fabricated in which the width of the band gap
can be manipulated by the modulation geometric parameters, e.g. lattice constant, filling factor,
cladding material.

1D PhC is multilayer dielectric containing two different dielectric constant materials in pe-
riodic arrangement in one direction. Fiber Bragg gratings (FBGs) are spectral filters based on the
principle of Bragg reflection, they typically reflect light over a narrow wavelength range and trans-
mit all other wavelengths. FBGs have been widely used in optical fiber telecommunications [11]
sensing applications [12], are a typical example for 1D PhC structure. 2D PhC is commonly
fabricated by silicon-on-insulator (SOI) platform. Owing to the high refractive index difference
between silicon layer where the devices are constructed and the buried oxide underneath, this
platform enables strong light guiding performance [13, 14]. Nevertheless, in order to serve di-
verse applications, including all-optical signal processing and on-chip sensing [15], it is required
to perform silicon hybrid integration to deal with some disadvantages of silicon. The drawbacks
of silicon come from its intrinsic properties, such as bulk silicon has indirect bandgap, bulk sil-
icon also does not possess second-order nonlinear susceptibility because of its centro-symmetric
crystal structure, and the third-order nonlinear effects are hindered by two-photon absorption at
telecommucation wavelength range. In order to achieve optical integrated functions, some “ac-
tive” materials, e.g. polymers [16—19], graphene [20,21], carbon nanotubes (CNTs) [22-27], II/V
compounds [28-30], quantum dots [31-33] have been integrated in/on silicon. Among those,
semiconducting single-walled CNTs (s-SWNTs) have also drawn much attention because of their
outstanding unique physical properties and chemical stability as well as nonlinear optical behav-
ior [34-36]. Depending on the value of excitation energy, they can emit photoluminescence [37]
accordingly, so s-SWNTs are potential for infrared light nano-emitters. They have been consid-
ered for optical sources [38,39], photodetectors [40], transistors [41] with the ambition to achieve
minimizing opto-electronic devices.

In this work, we focus on photonic crystal silicon-based structures that are at the heart of
nanophotonics to explore interesting applications such as light emission and sensing. We first
report the 1D PhC sensor in Sec. II and then we present SOI slot PhC cavity towards light source
application by integrating it with s-SWNTs in Sec. III. The conclusion is finally summarised.



THI HONG CAM HOANG et al. 483

II. 1D PHOTONIC CRYSTAL SENSOR

Figure 1(a) presents a typical structure of a common etched-FBG. It consists of the Bragg
grating conducted in the fiber core with the refractive index n. and coated by the fiber cladding
with the refractive index of n.; The length of the Bragg grating is denoted with Lg. The radius
of the fiber core is ry The difference between the refractive indices between the fiber core and
cladding creates the mode confinement and normally this fundamental mode is not affected by
the refractive index of surrounding medium However, when the radius of the cladding materials
reduces, the effective refractive index of the fundamental mode will depend on the surrounding
material. The effective refractive index of the etched-FBG depends on the refractive index of the
surrounding medium outside the fiber by a nonlinear behavior which causes a wavelength shift in
the reflection. The value of the effective refractive index in an etched-FBG can be estimated by
numerically solving the dispersion equation of a double-clad fiber model. The Bragg wavelength
Ap is determined from the FBG theory:

AB = negh (1)

in which n. is the effective refractive index and A is the periodic pitch or the grating period of the
FBG.

The simulations show that the bandwidth and the intensity of the reflection peak of FBGs
depend on the grating length and the change of the refractive index. Figure 1 (b) depicts the
reflectance amplitude of a uniform etched-FBG with the following parameters: grating period
A =0.5353 pum, grating length Lg = 4x 10> um, fiber core radius ry =4.5 um, refractive index of
fiber core n. = 1.45, refractive index of fiber cladding n.; = 1.4464, An = 2.5x 1074,
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Fig. 1. (a) Schematic view of an etched-FBG, (b) Reflection spectrum of a typical etched-FBG.
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The etched-FBGs were fabricated by holographic method in which a KrF-Excimer laser
was used to excite the wavelength of 248 nm and Talbot interferometer. A commercial photosen-
sitive germane-silicate single mode fiber was chosen as the optical fiber. The e-FBG was fabricated
by wet chemical etching, the FBG region was dipped in hydrofluoric acid (HF) solution in order
to increase the interaction of the propagating optical field inside the fiber core. Then the wave-
length of the conducted FBG was ranging from 1530 nm to 1550 nm at room temperature and
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the reflectivity was of 75-90% with FWHM of 0.15-0.30 nm and the etched-FBG length was of
15 mm.
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Fig. 2. Schematic diagram of the characterization setup of the proposed chemical sensor
using 1D PhC on optical fiber integrated in fiber laser structure.

Figure 2 shows the characterization setup of the proposed chemical sensor based on 1D
PhC (etched-FBG) on optical fiber sensor. The setup includes the resonator of the fiber laser.
The resonator contains two mirrors, the first mirror was formed by a fiber-optic circulator. This
fiber-optic circulator was utilized to couple light into the cavity. The 10/90 optical coupler helps
to extract 10% of this coupled light to the performance system while 90% of the coupled light
comes back to the cavity. The second mirror is the 1D PhC (etched-FBG) while the 3 m long
erbium-doped silica fiber (Model: EDF-HCO-4000, Core-active, QC, Canada) acts as the optical
gain medium. A 980 mm-laser diode is used to generate the optical pump with the output optical
power of 100 mW in single-mode emission (SDLO-2560-172). The output light is then coupled
to Er** doped silica fiber via a 980/1550 nm WDM to excite the E">* ions. The OSA is employed
to monitor the spectra of the lasing emission. In the other end of the setup, the etched-FBG is
immersed in the test solution. Here, nitrate solution with low concentration has been investigated.
The nitrate is diluted in water with different nitrate concentration: 0, 10 ppm, 20 ppm, 30 ppm, 40
ppm, 50 ppm, 60 ppm, 70 ppm and 80 ppm.

The experimental results of the spectral response on nitrate concentration in water using 1D
PhC on optical fiber sensor are shown in Figure 3.

Figure 3(a) reports the lasing spectral response of the 1D PhC on optical fiber as a function
of the nitrate concentration in water. The optical power in dBm was collected by changing the
nitrate concentration from O to 80 ppm, corresponds to curves 1 to 9. The experiments were
carried out by using the OSA with the resolution of 0.01 nm hence the shifts of the peaks were
clearly recognized. The obtained optical signal-to-noise ratio (OSNR) of this 1D PhC integrated
Er*-doped fiber laser is higher than 40 dB and the spectra have the FWHM of 0.02 nm while
the OSNR and the spectra are about 50 dB and 0.55 nm, respectively, when it is integrated with
fiber laser. There is a red shift of 0.3 nm of the lasing spectra when the concentration of nitrate
in water increases from 0 to 80 ppm. This wavelength shift is analysed by a linear fitting manner
and corresponds to a sensitivity 3.5x 107> nm/ppm and the limit of detection 3 ppm as shown in
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Fig. 3. (a) The spectral response collected from 1D PhC on optical fiber sensor as a
function of nitrate concentration in water (curves 1 to 9); and (b) The experimental result
and linear fitting behavior of Bragg wavelength when modifying the nitrate concentration
in water from O to 80 ppm [42].

Figure 3(b). As this 1D PhC, i.e.etched-FBG integrated in fiber laser, possesses a narrow linewidth
and high OSNR, the proposed chemical sensor can provide high accuracy and high sensitivity in
chemical sensing by monitoring the shift of wavelength peak. Moreover, the collected optical
intensity from the laser after a long length shows the potential for the contribution of this 1D PhC
on optical fiber integrated in fiber laser structure on remote sensing applications.

III. PHOTOLUMINESCENCE ENHANCEMENT OF s-SWNTs IN SLOTTED SILICON
2D PHOTONIC CRYSTAL CAVITY

In this part, the particular behavior of the slotted silicon 2D PhC cavity is reported by
demonstrating the photoluminescence enhancement of the s-SWNTs at around 1300 nm, show-
ing the potentials for applications in producing on-chip nanosources. The slotted silicon 2D PhC
cavity has the ability to confine light in an extremely tight region so it is considered as the nanores-
onator. The cavity is conducted on a SOI wafer in which the silicon layer is of 220 nm thickness,
the silica layer is around 2 m onto the silicon substrate. The radius of the holes perforated in
silicon background is around 105 nm. The approach is to modify the lattice constant in the light
propagation with the length of the PhC region of about 60 um. The mirrors are formed by adia-
batically enlarging the longitudinal PhC lattice constant from 330 nm to 350 nm with the step size
of 5 nm while maintaining the perpendicular one at 330 nm [43], a cladding material of 1.46 re-
fractive index is considered in order to perform the hybrid integration with s-SWNTs solution. We
also notice here that a 100 nm slot is introduced along the propagation direction with the purpose
to enhance the interaction of light-material. This modification guarantees the transverse-electric
(TE) polarized modes to be trapped in the center part of the PhC structure within a small mode
volume and in a long time. The modes have been studied by 3D-finite-difference time-domain
(3D-FDTD) method using Lumerical software before fabrication. The results show that two con-
fined modes can be existed in this cavity. The first one is the fundamental TE-polarized mode with
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the wavelength around 1.280 um and the second mode has the resonance wavelength of about
1.271 pm as shown in Fig. 4. Fig. 4(a) presents the £, component distribution of fundamental
mode at 1284.34 nm with the Q-factor of around 21,000 in a mode volume of 0.024 (1/ n)> while
Fig. 4(b) provides the profile of the second mode with resonance wavelength at 1271.2 nm con-
fined in a volume of 0.11 (1/ n)? and the corresponding Q-factor is about 6000. Figures 4(c) and
4(d) present the Fourier transform of E, component these two modes, which exhibit clearly the
distribution of the mode in wavevector space. The two modes locate symmetrically outside the
leaky area (the light cone is presented by the white circle).
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Fig. 4. The profile of E, component of TE-like polarized resonance modes: (a) The fun-
damental mode at 1284.34 nm, (b) The second mode at 1271.2 nm, and Fourier transforms
in wavevector space of the E, component of these resonance modes are depicted in (c)
and (d) in which the white circle presents the light cone.

As we can see from Fig. 4, the first confined mode is localized in the optical quantum
well in the larger lattice constant region due to the fact that the smaller lattice constant the higher
frequency level in the dispersion diagram. Whereas, the second mode expands broadly inside
the barrier region. However, the mode is confined tightly inside the slot region, the fraction of
the mode energy within the slot can be calculated up to 30%, that promotes strong light-matter
interaction when infiltrating this cavity with s-SWNTs solution.
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Fig. 5. Scanning electron microscope (SEM) images of fabricated slotted silicon 2D PhC
cavity waveguide chip (a) Center PhC part, (b) Over view of the center part of the chip,
(c) Strip-to-slot-mode converter working in 1300 nm region, (d)Transition part from the
slotted silicon waveguide to slotted silicon 2D PhC cavity waveguide [43].

Figure 5 shows SEM images of the fabricated slotted 2D PhC cavity by electron beam
lithography (Nanobeam NB-4 system, 80 kV) and dry etching (inductively coupled plasma with
SF6 gas). The complete chip consists of the PhC part (Fig. 5(a) and Fig. 5(b)) and the strip-to-
slot mode converter (Fig. 5(c)) to properly propagate the mode from strip to slot fashion. The
transition between silicon slot waveguide to PhC region is presented in Fig. 5(d). The quality of
the fabrication process ensures the low insertion loss and efficient light injection from lensed fibers
to the chip output in the total length of around 5 mm.

Figure 6(a) illustrates the schematic diagram of the photoluminescence (PL) setup of the s-
SWNTs integration on the slotted silicon 2D PhC cavity. The s-SWNTs solution was prepared by
using the polymer-sorting technique reported in [44]. A commercial dry SWNT powder (HiPCO
from Unydim) was mixed with the polymer Poly-9,9- di-n-octyl-fluorenyl-2,7-diyl (PFO, Sigma-
Aldrich) and toluene with the ratio of SWNT (5 mg): PFO (20 mg): toluene (30 ml). The mixture
was homogenized by sonication. The supernatant solution was collected after 1 h of ultracentrifu-
gation at 150,000 g. Fig. 6(b) depicts the PL behavior of the fabricated s-SWNTs. It is seen that
the obtained solution contains only semiconducting type with the chirality of (8,6) and (8,7) [44].
In addition, the PL emission happens around 1280 nm for the (8,7) chirality s-SWNTs which
matches well with the resonance wavelength of the cavity. In order to examine the PL character-
istic of fabricated s-SWNTs, the purified SWNT solution was dropped onto the slotted 2D PhC
silicon cavities and then annealing at 180°C in 15 mins in order to obtain the homogeneity of
s-SWNTs onto the chip.

The PL spectra of the integrated system was collected by using the perpendicularly pumping
beam from a Ti:sapphire laser (with a power of 2.6 mW) and an objective with 0.55 NA onto the
top of the center chip, while the output signal was produced at the chip facet with a lensed fiber
after a length of around 2500 pum as depicted in Fig. 6(a). A 320 mm spectrometer with a 950
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lines/mm grating and nitrogen-cooled InGaAs photodetector array were utilized to analyse the
collected signal. The experiments were carried out at room temperature. The excitation laser was
tuned in the range of 710 nm to 780 nm covering the excitonic transition of s-SWNTs. The PL
spectra of integrated system are shown in Fig. 6(c). We obtained two narrow linewidth peaks at
the wavelength of 1271 nm and 1284 nm which correspond to the resonance modes of the slotted
silicon 2D PhC cavity when it was pumped by the laser at 735 nm (red solid curve). Interestingly,
the enhancement ratio of the PL can be estimated of around 1.15 between these two confined
modes. The narrower FWHM of the peak at the fundamental mode compared with the second one
can be explained by the difference of the Q-factor and mode volume of these modes as mentioned
above. In here, the FWHM of the PL peak at 1284 nm is only around 0.34 nm, corresponding to a
quality factor of around 4000.
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Fig. 6. (a) Illustration of PL characterization of the integrated system combining s-
SWNTs and slotted silicon 2D PhC cavity waveguides, (b) PL spectra map of CNT so-
lution with the excitation laser in the range of 710 nm - 840 nm, (c) PL spectra of the
integrated system by pumping on the top of the system: the slotted silicon 2D PhC cavity
at 735 nm (red line), at 765 nm (blue-dash-dot line), and on top of the slotted silicon 2D
PhC waveguide at 735 nm (black-dot-circle line).

However, the PL enhancement of the s-SWNTs only occurs at the localized modes, as
proved from the black-dot-circle line in Fig. 6(c). When the silicon 2D PhC waveguides were
excited by the pumping laser at 735 nm, there is no PL enhancement. This PL enhancement of
PL depends on the value of the excitation wavelength as shown in blue-dash-dot line in Fig. 6(c)
in which the slotted silicon 2D PhC cavity was excited by 765 nm laser. These results exhibit the
important role of the cavity as the nanoresonator to strengthen the light-matter interaction.



THI HONG CAM HOANG et al. 489

The strong interaction between the s-SWNTs and slotted silicon 2D PhC cavity is demon-
strated by the enhancement of PL of the s-SWNTs. This initial result shows the potential to achieve
nanosource which is mechanically robust with the SOI platform.

IV. CONCLUSION

We have demonstrated hybrid integrated nanophotonic silicon-based structures for chemical
sensing and towards light nanosource applications. The 1D PhC sensor with achieved sensitivity
of 3.2 x 1073 nm/ppm and the LOD of 3 ppm, shows many advantages including high resolution
for wavelength shift identification, high OSNR of about 50 dB, FWHM of 0.014 nm therefore
enhancing its accuracy, precision and capability for remote sensing. In another scope, the hollow
core SOI 2D PhC cavity waveguide integrated with s-SWNT has narrowband emission with the
narrow FWHM of 0.34 nm. Interestingly, the PL. enhancement for the two cavity modes differs
1.15 times between the two resonance modes. This result shows the potential to realize the nano
on-chip source in silicon platform.
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