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In this paper, we demonstrate and theoretically investigate a compact two-dimensional (2D) photonic
crystal biosensor implemented by a waveguide and cavity. Biomaterials such as DNAmolecules and pro-
teins trapped inside a hole cause resonant wavelength shifting at the output terminal. The quality factor
and sensitivity were obtained at about 4000 and 1.63 nm∕fg, respectively. Also, we investigated this
structure as a bulk refractive index sensor with a sensitivity of about 165.45 nm∕RIU (refractive index
units). Then, we modified the structure as a multichannel biosensor. This biosensor has the capability of
highly parallel operation because of special architecture that was obtained by lattice shifting of a single
hole around the cavity. Each channel had a different resonant cavity wavelength and the filling of analyte
in selected holes caused resonant wavelength shifting, independently. Plane wave expansion (PWE)
and finite difference time domain (FDTD) methods were used to analyze and compute the sensor
characteristics. © 2013 Optical Society of America
OCIS codes: (280.1415) Biological sensing and sensors; (170.3890) Medical optics instrumentation;

(160.1435) Biomaterials.
http://dx.doi.org/10.1364/AO.52.007206

1. Introduction

Photonic crystals are periodic dielectric materials in
two or three directions that have the capability to
manipulate light propagation. The introduction of a
group of air pores into a silicon slab forms a forbidden
frequency range, which is called the photonic band
gap (PBG) [1–4]. Among all of the applications of
photonic crystal structures, sensors for detecting
vast numbers of physical properties have attracted
the most attention [5–14]. By introducing defects in
photonic crystals, locally confined optical states that
are important for sensing applications emerge [15].

There are two basic sensing methods used with
optical biosensors: fluorescent-based sensing and
label-free sensing [16–19]. In the fluorescent method,
first the target molecules are labeled by fluorescence
and then the intensity of the fluorescence is used to

represent the presence of molecules. In label-free
detection, biomolecules are not labeled, but the
mechanism of binding causes refractive index varia-
tion near the active sensing surface that can be used
as a way to measure the concentration of biomole-
cules [20,21]. Photonic crystals based on the second
method are utilized for measuring refractive index
variation due to the high manipulation of light
propagation.

By using defects such as micro or nanocavities
based on photonic crystal resonators, various sensi-
tive and high quality factor sensors can be achieved
[22]. The photonic crystal structures are utilized for
localizing strong fields within low refractive index
holes, which makes the biosensor sensitive to refrac-
tive index changes. The presence of analyte inside
the holes is detectable by measuring the output spec-
trum shift, especially when usingmicro and nanocav-
ities with a high quality factor. The presence of a
biochemical inside the selected holes, especially
defects, causes spectral shifting that is monitored
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by a detector. The advantage of a nano/microcavity
resonator is its smaller sensor area with a very small
volume of analyte, which leads to locally strong light
confinement and a high quality factor with better
light–analyte interactions [23]. Direct-write dip-pen
nanolithography (DPN), which can immobilize an
analyte like DNA in a very small hole, is a sufficient
technology for considering the single hole binding
mechanism [24].

Dorfner et al. [25] have proposed a sensor with
bulk refractive index sensing that has a sensitivity of
about 103 nm∕RIU (refractive index units) in the
range of n � 1 to n � 1.33 with a detection limit
(DL) of 2.4� 0.1 × 10−3 RIU. By investigating pho-
tonic crystal biosensors based on simulations, the de-
sign of structures with improved sensing properties
can be achieved. For example, Passaro et al. [26] in-
vestigated a microstructure Bragg fiber as a bio-
sensor for detecting the DNA hybridization
process. A nanophotonic sensor based on a microcan-
tilever that was integrated in a fluidic channel has
been used to detect target molecules [27]. Lee and
Fauchet [28] have demonstrated a biosensor based
on a microcavity in a two-dimensional (2D) photonic
crystal for protein and DNA molecules with a mini-
mum detectable mass of about 2.5 fg. Hsiao and Lee
[29] investigated a photonic crystal nanoring resona-
tor as a biochemical sensor with a quality factor of
about 2000. Then, in other work, they presented a
biosensor with a Q-value of 3000 and a sensitivity
of 0.5 nm∕fg for DNA molecules and protein with a
minimum detectable weight of 0.2 fg [22]. Dar et al.
[30] have demonstrated a biosensor based on a ring
resonator for DNA hybridization, theoretically. Sim-
ilarly, in our research, the proposed structure was
computationally studied. We applied a refractive in-
dex �RI� � 1.45 in our present research based on
computational [22] and experimental [28] research
done in photonic crystal biosensor analyses for
DNA molecules.

Different methods, such as reducing or increasing
the radius of selected holes, are used to create the
cavity resonances [31]. However, in the present work,
by omitting and displacing selected holes, a high
quality factor and independent cavities in a single
platform originated that were important for bioma-
terial detection.

In this paper, a 2D photonic crystal biosensor
including the cavity and waveguide in a hexagonal
lattice of holes in a silicon-on-insulator (SOI) slab is
proposed. The target analyte that is trapped inside a
single hole binds to bio-recognition molecules and
because of this binding, the effective refractive index
(ERI) of a selected hole is changed; as a result,
the resonant wavelength shifts at the end of the
waveguide, which is coupled via a cavity [32]. In this
research, we designed the structure considering
improved parameters. The proposed structure in
both biosensing and refractive index sensing applica-
tions was investigated. Also, to overcome the single
purpose performance of the sensor, a multichannel

biosensor was designed. In Ref. [33], which is based
on simulations, the results are shown for special
refractive indices, such as n � 1.5, 1.75, 2, and 2.25
by introducing microcavities and waveguides. Dis-
placing special holes in appropriate positions to
select different resonant cavity structures in order to
achieve new wavelengths is compatible with our pur-
pose for designing a novel multichannel biosensor.

Mostly in this research, we focused on designing
an ultra small size biosensor by studying both the
physical design and parameter optimization using
the approach of a single hole binding mechanism.
By investigating these items in a compact structure,
biomaterials in units of fentograms can be measured,
which is a positive and remarkable feature of this
work.

2. Materials and Methods

The structure of the photonic crystal with a hexago-
nal lattice is composed of a 230 nm thick layer of
SOI wafer. The proposed structure shown in Fig. 1(a)
was created by introducing line and point defects.
The line and point defects were obtained by removing
a group of holes and one hole, respectively. In this
biosensor, the input of the waveguide was utilized
for applying a Gaussian pulse in order to actuate the
resonant mode of the cavity. Also, the output terminal
was used for monitoring the trapped mode in order to
calculate the quality factor and sensitivity [34].

The ERI and 2D finite difference time domain
(FDTD) and plane wave expansion (PWE) approaches
were used for analyzing this sensor. At first, the
Gaussian pulse was applied to the input of the wave-
guide, and at the end of the waveguide, the output
signal was recorded by a photodetector. Intonti et al.
[35] demonstrated a spectral tuning mechanism for a
photonic crystal microresonator wherein high quality
resonators were rendered by flowing water within
one or more holes around the cavity area. Consecu-
tively, localized diversification of holes in the surface
state withwater in a 2D photonic crystal is technically
feasible [35]. Also in biosensing applications, the pres-
ence of an aqueous surrounding is obtained by filling
the entire surface of the structure with water in order
to use this structure when it is embedded in a micro-
fluidic channel. So in this structure, we considered
that the holes were filled with water. The lattice con-
stant and radius of the holes were 350 and 110 nm,
respectively. The ERI of the dielectric and holes were
considered as 2.825 and 1.33, respectively. The PBG
for TE modes were obtained by the PWE method.
According to Fig. 1(b), the PBG was in the range of
0.25455–0.3017.

3. Results and Discussion

A. Evaluation of Biosensing Characteristics

In this section, we demonstrate the structure analy-
sis for biosensing applications based on a single
hole binding mechanism. In biosensing applications,
it is important to emphasize that the device cannot
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be utilized for measuring bulk refractive index
variations around ambient conditions, whereas it
can be used for measuring local refractive index var-
iations. Hence, changing the RI of the hole around
the cavity denotes that the target molecules bind to
molecular probes, which have been predeposited
[36]. Through the flowing of analyte within the sens-
ing hole, the ERI of a selected hole is changed by
the binding mechanism phenomenon. The binding
mechanism is provided by an antigen and antibody,
which traps the flowing analyte inside the selected
hole. When the sensing hole is filled with this kind
of material, the ERI is changed. Hence, the output
spectrum can be obtained. As a result, spectral shift-
ing is afforded because of ERI variations of the defect.

In this part, the structure has been optimized for
obtaining a high quality factor and sensitivity. In
the main structure where the holes are filled with
water, the resonant wavelength is as shown in
Fig. 2(a). Some holes around the cavity are labeled

H1, H2, H3, H4, H5, and H6 in Fig. 2(b) and these were
investigated by considering changes in the ERI. On
the other hand, any of these holes can be considered
as a hole that is filled by biomolecules. As mentioned,
in this research the ERI of a hole that is completely
filled by biomolecules is considered as n � 1.45.

The central wavelength, Q-value, wavelength
shift, and ΔλFWHM are listed for holes located around
the cavity in Table 1, considering n � 1.45. According
to Table 1, H1, H2, and H3 have values that are ap-
proximately the same as H6, H5, and H4, respectively,
because of symmetry. As concluded from Table 1, H1
could be selected as an optimized hole because of its
high Q-value and sensitivity parameters. According
to Table 1, the effect of the resonance wavelength
shift and light confinement was mainly dominated
by holes H1 and H6. In Fig. 3, the output spectrum
of each hole around the cavity with its symmetric
hole is shown for RI � 1.45. The data show that the
output spectra of H2 and H3 are completely identical

Fig. 1. 2D photonic crystal biosensor (a) structure and (b) band gap.

Fig. 2. (a) Transmission with respect to the wavelength and resonant wavelength of the photonic crystal biosensor and (b) layout of
cavity and labeled holes around the cavity.
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with H5 and H4, respectively, which have the same
Q-value and sensitivity. However, the output spec-
trum of hole H1 was not completely identical with
hole H6. According to the results, H6 had wider
ΔλFWHM in comparison with its symmetric hole, which
was caused by a coupling condition between the wave-
guide and cavity. The light is coupled from the wave-
guide to the cavity by holes located in the coupling
distance. Hence, the hole H6 is more exposed in the
coupling path (light–analyte interaction) than hole
H1, and the group velocity �∂ω∕∂k� in H6 is increased,
which decreases the Q-value. In contrast, the other
holes are not located in the coupling distance and just
the coupled light is circulated in the cavity so that
symmetric holes get the same portion of light.

In Fig. 4(a), the resonant wavelength shifts for H1,
H2, and H3 with a RI of n � 1.45 from the reference

state (i.e., no analyte filled within the hole) are de-
picted. According to Fig. 4(a), H1 showed a longer
wavelength shift for n � 1.45 (and consequently
more sensitivity) in comparison to the other holes.

In Fig. 4(b), the relation of refractive index varia-
tions and wavelength shifting is shown for three
holes: H1, H2, and H3 in the range of n � 1.33 to n �
1.45 with increments of 0.02. The slopes of the lines
in Fig. 4(b) show the sensitivity. It can be concluded
that the sensitivity and linearity for H1 are larger
than H2 and H3. Also in Table 2, we list the amount
of resonant wavelength (λ0) and its deviation from
the reference state (Δλ) for H1, H2, and H3.

The effect of coupling distance was also studied in
our analyses. The change of coupling distance to 1, 2,
or 3 periods revealed that with the increment of
distance set to 3 periods, the quality factor increased
but the sensitivity decreased; also, the output inten-
sity was very low. Considering the distance to 1
period, the Q-value decreased and the sensitivity
increased because of improved interactions of the
analyte and light. Even with the obtained results,
by considering 2 periods between the cavity and
waveguide, we can achieve a reasonable Q-value
and sensitivity that is depicted in our simulations.

According to the analysis done in the previous
section for the designed structure, H1 was selected
as an optimized hole for a RI of n � 1.45 (DNA mol-
ecules), which had a high Q-value and sensitivity in

Table 1. Simulation Results of the Designed Biosensor for RI � 1.45

Sensing
Hole

Wavelength
Shift [nm]

Quality
Factor

Resonant
Wavelength [nm]

ΔλFWHM
[nm]

Reference 0.0 4260.33 1278.1 0.3
H1 2.2 4267.67 1280.3 0.3
H2 0.4 4261.67 1278.5 0.3
H3 0.9 2558.00 1279.0 0.5
H4 0.9 2558.00 1279.0 0.5
H5 0.4 4261.67 1278.5 0.3
H6 2.2 3200.75 1280.3 0.4

Fig. 3. Output spectrum of (a) H2, (b) H3, and (c) H1 around the cavity with their symmetric holes for RI � 1.45.

10 October 2013 / Vol. 52, No. 29 / APPLIED OPTICS 7209



comparison with the other holes. When we suppose
the ERI of a hole as n � 1.45, this means that the
hole is filled completely by biomolecules. The average
density of DNA molecules is 0.15 pg∕μm3 [22,37].
So in our structure, the obtained weight for DNA
molecules will be 1.35 fg. The sensitivity, which is
defined as the wavelength shift per the weight of
the biomolecule in units of fentograms, is equal to
S � 1.63 nm∕fg (Δλ � 2.2 nm for n � 1.45). Now as-
suming the resolution of the measurement tools is

0.1 nm, the DL is 0.061 fg, which shows remarkable
improvement in comparison to previous reports
[22,28].

B. Sensor Characteristics in Bulk Refractive Index
Sensing

In order to investigate the optical properties of the
designed structure in bulk refractive index sensing
applications, we analyzed the simulation results
with increasing the refractive index of holes from
air (n � 1) to water (n � 1.33) or isopropanol (IPA)
(n � 1.377). According to Fig. 5, increasing the re-
fractive index of the holes shifts the resonant wave-
length to a larger value. For n � 1; 1.33, and 1.377,
we obtained λair � 1223.5 nm, Q � 6117.5, λwater �
1278.1 nm, Q � 4260.33, and λIPA � 1287.1 nm,
Q � 3219, respectively. Therefore, we can calculate
the sensitivity that is defined as the wavelength
shift per refractive index unit (Δλ∕Δn). The values
of sensitivity were 165.45 nm∕RIU for refractive
indices between n � 1–1.33 and 170.02 nm∕RIU for
n � 1–1.377.

The DL (Δn) between n � 1 and n � 1.33 for one
linewidth (Δλ � λair∕Qair) was obtained as
DL � 1.2 × 103 RIU, which indicates an effective im-
provement in the sensitivity and DL compared to
[25]. As a result, with the increment of holes in
the refractive index, the resonant wavelength shifts
to longer wavelengths but the Q-value decreases be-
cause of the reflectivity reduction that emerges from
weaker vertical confinement.

C. Expanding Structure of the Multichannel Biosensor

Designing a multichannel biosensor is the purpose of
this section. In contrast to other structures that can
be utilized for sensing biomolecules with one specific
refractive index in a certain time, the designed bio-
sensor in this section can be used for sensing three
specific refractive indices simultaneously.

By creating a new resonant cavity structure, we
can achieve a new wavelength by displacing the
defect hole in an appropriate position. In our design

Fig. 4. (a) Transmission spectra of the designed biosensor with
RI � 1.45 and (b) the resonant wavelength shift as a function of
the refractive index in the range of 1.33–1.45 for three holes
H1, H2, and H3.

Table 2. Simulation Results for RI in the Range of n � 1.33 to n � 1.45
for Three Holes Around the Cavity

λ0 [nm]
H1

Δλ [nm]
H1

λ0 [nm]
H2

Δλ [nm]
H2

λ0 [nm]
H3

Δλ [nm]
H3

n � 1.33 1278.1 0.0 1278.1 0.0 1278.1 0.0
n � 1.35 1278.5 0.4 1278.2 0.1 1278.4 0.3
n � 1.37 1278.8 0.7 1278.3 0.2 1278.4 0.3
n � 1.39 1279.0 0.9 1278.4 0.3 1278.7 0.6
n � 1.41 1279.3 1.2 1278.4 0.3 1278.8 0.7
n � 1.43 1279.9 1.6 1278.4 0.3 1279.1 1.0
n � 1.45 1280.3 2.2 1278.5 0.4 1279.1 1.0

Fig. 5. Transmission spectra of the sensor in the refractive index
sensing application.
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of a multichannel biosensor, hole H1 was shifted (d)
in the direction shown in Fig. 6(a). The transmission
spectrum resulting from the shift of d between 0
and 0.3 μm with increments of 0.05 μm is shown
in Fig. 6(b). According to Fig. 6(c), after shifting the
hole H1 from 0 to 0.3 μm, the structure gave a new
resonant wavelength. We used this feature to design
a multichannel biosensor. As shown in Fig. 6(c), after
d � 0.1 μm, the resonant wavelength was in linear
proportion to d variations.

The designed biosensor shown in Fig. 7(a) was
created by modifying three parts as follows. First,
a row of holes was removed to create the main wave-
guide that was utilized for applying a Gaussian
pulse, actuating the resonant modes of each cavity,
and monitoring the output transmission. Then, three
cavities were created by omitting some holes that
were used for trapping special wavelengths, as
shown in Fig. 7(a). Finally, hole H1 was shifted
slightly in the direction shown to design a new res-
onant cavity structure.

In channel 1, the cavity was obtained by omitting a
hole. For channels 2 and 3, besides omitting a hole,

Fig. 6. (a) Layout of d variation and the effect of d variation on
the (b) transmission spectra and (c) resonant wavelength in the
range of 0–0.3 μm.

Fig. 7. (a) Structure and (b) transmission spectra of the designed
multichannel biosensor.
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lattice shifts of approximately 0.2 and 0.3 μm were
applied, respectively, to create new channels. So for
channels 2 and 3, the amount of d was 0.2 and 0.3 μm,
respectively, to have enough channel wavelength spac-
ing from each other. For channels 1, 2, and 3, the res-
onant wavelengths obtained were λ1 � 1.2781 μm,
λ2 � 1.2866 μm, and λ3 � 1.2961 μm, respectively
[Fig. 7(b)]. It is obvious that the structure exhibited
three narrow dips in the output transmission spec-
trum that were due to creation of three resonant
cavities coupled to the waveguide. The quality factors
for channels 1, 2, and 3 were 5000.0, 6433.0, and
2592.2, respectively. According to the analysis ex-
plained in the previous section for a single sensor
structure, H1 had been selected as an optimized hole
for a RI of 1.33–1.45 because it had a highQ-value and
sensitivity in comparison to the other holes. So in each
new channel, H1 is considered as the sensing hole.

A microfluidic system with incorporated micro-
holes may be embedded in the designed biosensor
structure to induct the analytes to the selected
holes. When the analytes flow through these holes,
the refractive indices of the holes are changed and
the transmission spectra are varied. In order to val-
idate the method of operation of the designed sensor,
we show the effects of RI change from 1.33 to 1.45 for
channel 3 in Fig. 8(a). Consequently, the resonant
wavelength of channel 3 was changed, while the
two others remained unchanged. According to the
results, the refractive index variation of channel 3,
which was caused by binding of the target with
bio-recognition molecules, shifted the transmission
spectrum to longer wavelengths. In Fig. 8(b), the
dependency between the refractive index variation
in the range of 1.33–1.45 and resonant wavelength
shifting for channel 3 is depicted. In this range, the
regression coefficient was 0.9961, which is indicative
of good linearity.

By supposing an ERI for the hole of channel 3 as
n � 1.45 for DNA molecules, the sensitivity and
DL obtained were S � 1.185 nm∕fg (Δλ � 1.6 nm
for n � 1.45) and 0.084 fg, respectively, which showed
improvement in respect to other reports such as the
one by Hsiao and Lee [22].

According to Ref. [33], the results shown are for
special refractive indices, such as n � 1.5, 1.75, 2,
and 2.25. But in this paper, for increasing the useful-
ness of the designed device, the refractive index used
in the simulation was as far as possible consistent
with the refractive index of actual objects. Also, the
designed microcavities in the above mentioned
reference did not have independent resonant wave-
lengths. All of them had approximately the same
resonant wavelengths. Because the resonant wave-
lengths were dependent with each other, the resolu-
tion of the calculations was reduced.

Guillermain and Fauchet [38] have designed and
fabricated a double-channel sensor. In future work,
we plan to fabricate our proposed structure and to
compare the simulation and experimental results.
The purpose of this paper was to design a novel

compact biosensor for measuring DNA molecules
and to optimize the quality factor and sensitivity.
Expanding the structure as amultichannel biosensor
by displacing special holes in appropriate positions to
select for different resonant cavity structures was in-
vestigated, and the results showed improved linear-
ity. Additionally, the sensor had the capability of
highly parallel operation because of its special archi-
tecture that was obtained by lattice shifting of the
sensing hole around the cavity.

4. Conclusions

In this paper, we described a biosensor based on a 2D
photonic crystal structure with a hexagonal lattice
of holes in a SOI slab. The biosensor was obtained
by introducing point and line defects. The structure
was assumed to be embedded in a microfluidic chan-
nel and the holes filled with water. The biosensing
mechanism was based on the ERI change of a single
hole. Biomolecules like DNA and proteins filled
in the special hole around the cavity cause ERI

Fig. 8. (a) Transmission spectra and (b) resonant wavelength
shift as a function of the refractive index in the range of 1.33–
1.45 for channel 3 of the multichannel biosensor.
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variation of the hole because of the binding mecha-
nism. Hence, the resonant wavelength in the output
terminal shifts to a larger value. In this research, we
achieved a quality factor of about 4000 and a
sensitivity of 1.63 nm∕fg, (the DL was 0.061 fg).
The results showed that the resonance wavelength
shifting and output intensity were dependent on
the positions of the sensing holes. Also, this structure
was investigated for use in bulk RI sensing. A sensi-
tivity and DL of 165.45 nm∕RIU and 1.2 × 10−3 RIU
were obtained, respectively. To overcome the single
purpose performance of the sensor and the amount
of detected target molecules, a multichannel bio-
sensor has been designed. The lattice shift of selected
holes was an effective method to design a novel
multichannel biosensor with a sensitivity of
1.185 nm∕fg and a DL of 0.084 fg.
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