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a b s t r a c t

A higher-order photonic crystal (PC) based nanofluidic sensor, which worked at 532 nm, was designed
and demonstrated. A systematical and detailed method for sculpturing a PC sensor for a given peak
wavelength value (PWV) and specified materials was illuminated. It was the first time that the higher
order mode was used to design PC based nanofluidic sensor, and the refractive index (RI) sensitivity of
this sensor had been verified with FDTD simulation software from Lumerical. The enhanced electrical
field of higher order mode structure was mostly confined in the channel area, where the enhance field is
wholly interacting with the analytes in the channels. The comparison of RI sensitivity between funda-
mental mode and higher order mode shows the RI variation of higher order mode is 124.5 nm/RIU which
is much larger than the fundamental mode. The proposed PC based nanofluidic structure pioneering a
novel style for future optofluidic design.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

PC (Photonic crystal) is a periodic grating structure, with high
refractive index guided layer surrounded by lower refractive index
layers. Since the initial work of Yablonovitch [1], PCs have at-
tracted increasing interest due to their intrinsic advantages, such
as low cost [2], large electrical field enhancement [3], and high
sensitivity [4–7]. PCs are usually designed to couple strongly with
special optical wavelength according to the materials and the
modulated grating period. When matched with the wavelength of
resonance, light will be confined strongly to the guided layer and
results in an electric field related to the PC many times larger than
the field of incident light [8,9]. Since the changing of the ambient
medium parameters can induce resonance wavelength shift due to
the effective RI variation of the PC, it can vary the distribution of
the related evanescent filed. As a result, PC has been used in many
different fields including label-free biosensing [10,11], lasing [12],
PCEF (photonic crystal enhanced fluorescence) [13], PCEM (pho-
tonic crystal enhanced microscopy) [14], and PC micro-fluidics
[15,16]. Recently, PC have been utilized to sense ambient refractive
index [17,18], protein detection [19], and antibody in the micro
fluidic [15] and cell imaging [20]. However, nearly all the reported
sensing schemes adopt the detecting area on the surface of guided
layer, and the enhanced electromagnetic field is located inside or
on the corner of the guided layer [8–20]. In the past, researchers

were emphasized on confining the guided layer thin enough to
suppress the arising of higher-order mode [21–23]. Even high va-
lue of enhanced electrical field value can be acquired, the dis-
tribution of the enhanced field is not good enough. Also, PCs have
certain up limits in the field of sensing since a large fraction of the
optical power is coupled into the guided layer instead of propa-
gates in the evanescent field outside the physical boundary of the
guided layer. By this way, the enhanced electrical field is separated
from the analytes on the surface and cannot make a wholly con-
tribution to the sensor. As the enhancement factor of evanescent
field is exponentially decay on the above of PC surface [20,24], the
sensing area of traditional PCs is very limited.

Meanwhile, microfluidic PC structures have been used for Re-
flective index sensing related area, like the detection of dissolved
avidin concentrations on slotted photonic crystal cavities [25], mea-
surement of the kinetic binding interaction of protein A with IgG
molecules on polymer microfluidic channels [26], and microfluidic
refractive index sensors [27] in the past few years. As far as we know,
all these PC based microfluidics in the above references [24–27] are
worked on the fundamental mode of resonance, in which the en-
hanced evanescent field will be mostly distributed on the edge of the
grating angle or inside the guided layer, and cannot interact sig-
nificantly with the detection sample. Nowadays, nanofluidic sensors,
which can be used for biochemical, medical and life science detec-
tion, have been investigated worldwide [28]. Most of these nano-
fluidic sensors are fabricated as a single fluidic channel, and the
analytes inside the channel need to be detected with aided tags, such
as fluorescence [29], current [30]. To design a nanofluidic sensor that
can test analytes with its own characteristics is of key importance.
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In this paper, a novel PC based nanofluidic sensor has been
presented, which can work on the higher-order mode and has a
detection area set inside the PC. To the best of our knowledge,
there has been no publish to date of PC based nanofluidic sensor
which is working on higher-order mode with liquid channel inside
the PC structure. A well designed structure has been proposed,
which is working on the 532 nm wavelength on resonance. The
resonance peak induced by the higher-order mode is used to sense
ambient RI (refractive index), instead of the fundamental mode,
and the electric field distributes on the center of detection area
while working in higher-order mode. The proposed PC based na-
nofluidic sensor possesses high sensitivity, compact size, and multi
channels which can be used to detect different samples at the
same time. This paper gives detailed method about how to design
a PC sensor and optimize the related parameters to obtain the
ideal structure. Based on FDTD simulation results, the superior
performance of higher-order TE01 mode had been analyzed and
demonstrated by simulation results. A brief way of how to fabri-
cate this sensor was given. Also, the upcoming issues when pas-
sing from the theoretical part to the experiments were discussed.
In the future, we will focus on fabricating and testing its perfor-
mance with experiments.

2. Physical principle and device scheme

The physical phenomenon behind the narrowband reflection
from PC has been described previously [31,32] as the periodic
index differences enabling the exciting of guided mode resonance.
The resonance wavelength occurs when the incident light satisfies
the phase matching condition [33]:
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2 is the propagation wave vector in the PC structure, and
neff is the effective index.

The PC based nanofluidic sensor in this research has a Si3N4
based periodic structure built on the Pyrex substrate and covered
by glass, while the nanofluidic channel is made by the gap be-
tween gratings. The grating period (Λ) and grating depth (d) of the
sensor structure are depicted in Fig. 1. Since the gap between the
Si3N4 based periodic structures will be used as nanofluidic
channels, we plan to set it in a reasonable way, which means the
size of the channel should be possible to fabricate with normal
cleanroom equipment. For this PC based nanofluidic sensor, the
detection of light is under normal incidence (θ¼0) on the PC
plane, and the targeted resonance wavelength will be 532 nm.
Thus, θ¼0, and we can rewrite the formula (1) as follows:

λ Λ= ( )m n 2eff

For a certain period, when there is a PWV according to the
effective index changes resulting from ambient RI perturbation,
we can get:

λ ΛΔ = Δ ( )m n 3eff

From (2) and (3), we can deduce that the sensitivity of PC based
nanofluidic sensor is decided by the perturbation of effective in-
dex, which is mainly due to the interaction between the electrical
field and the nanofluidic channels, as we can calculate from Eq. (4).

The resonance wave couples into the guided layer due to the
perturbation of the grating structure. The ambient refractive index

vary leads to redistribution of electric field and concomitant
spectral changes of the reflected far fields which can be detected
by a spectrometer. The effective index can be regard as the average
of the refractive indices of the materials at resonance mode, and
can be written as [34]:
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where ε(x, y) is the dielectric permittivity, and E(x, y) is the elec-
trical field intensity.

In order to improve the sensitivity of the sensor, the enhanced
electrical field need to be confined mostly in the channel, where
the interaction is exist.

3. Design method and results analysis

In this section, an analysis method for optimizing the electrical
field enhancement within the channels in the sensor and pre-
dicting the absolute resonance wavelength at 532 nm have been
proposed and discussed.

3.1. Design method

For a certain period, there is only fundamental mode when the
grating depth is very thin. Whereas the higher-order mode occurs
as the grating layer is thick enough. For any specific PC, there are
two types of input parameters: structure-determined parameters
and user-intent parameters [35]. The structure-determined para-
meter include grating depth d, refractive index of the cladding
layer nc, grating layer ng, substrate ns, and test sample area ntest,
grating period Λ and fillfactor f which are determined by the
structure of PC. The user-intent parameters include resonance
wavelength value λ, incident angle θ, and polarization (TE, TM),
which can be tuned by designer after the PC structure have been
fabricated. In this paper, the structure-determined parameters
were used to design the PC for PWV at 532 nm, and the user-intent

Fig. 1. PC based nanofluidic design comprised on a Pyrex substrate, a Si3N4 grating
layer, and a SiO2 superstrate. (a) PC based nanofluidic sensor schematic diagram;
(b) Parameters and refractive indexes (RI) of PC based nanofluidic sensor; d: grating
depth, ng: RI of Si3N4, ntest: RI of test analyte (e.g. water), ns: RI of substrate Pyrex,
nc: RI of cladding layer, SiO2.
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