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Planar Photonic Crystals Biosensor Applications of TiO2
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We examine quality factor and sensitivity change depending on the resonant wavelength changing re-
fractive index of surrounding liquid for TiO2 photonic crystal slab structure. Photonic crystal slab structure
is used widely for biological materials such as proteins, antigens, DNA, cells, virus particles and bacteria.
Mentioned photonic crystal slabs are usable with large-area biosensor designs. They permit direct access to
externally incident optical beams in a micro�uidic device. Model calculations are based on two-dimensional
periodic crystal structure. Photonic crystal slab consists of a square lattice of air holes in a �nite-thickness dielec-
tric slab. The time domain simulations were implemented by software MIT Electromagnetic Equation Propagation.

PACS: 78.67.Pt, 42.70.Qs, 07.07.Df, 42.79.Pw

1. Introduction

The rapid development of analytical equipment for
characterizing molecular interactions has been driven
over the last two decades by the increasing demand for a
better understanding of the speci�c interactions among
biomolecules, which provide insights into fundamental bi-
ological processes and serve as the cornerstones of life
science research, pharmaceutical discovery, medical diag-
nosis, food/water safety assurance, environmental moni-
toring and biomolecular detection (protein, DNA, small
molecules, viruses, cells, bacteria) and homeland secu-
rity [1�4].
Label-free biosensors accomplish with suit of a few

fundamental physical capacity connect to detecting
biomolecular interactions and biological analytes that
can include capture molecules, peptides, proteins, bac-
teria, or cells [5�8]. Photonic crystal (PC) label-free sen-
sors are based on a periodic pattern or structure of di-
electric material in two or three dimensions optimized to
provide an extremely narrow resonant mode whose wave-
length is particularly sensitive to modulations induced
by the deposition of biochemical material on its surface.
In practice, the sensor surface is illuminated with white
light and the re�ected light from di�erent locations is
collected. By analyzing the changes in the wavelength of
the re�ected light, biochemical binding events occurring
on the surface can be detected and quanti�ed. In gen-
eral, label-free biosensing with optics relies on detecting
changes in a local parameter such as absorption, refrac-
tive index (RI), or scattering [9, 10].
Extensively TiO2 has been used for di�erent applica-

tions such as DNA biosensor [11], enzyme immobilized
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platforms [12, 13], detection of Pseudomonas aeruginosa
[14] and detection of toxic compounds [15], photonic crys-
tal optical biosensor [16], atomic layer deposition [17]
and electrochemical biosensor [18]. TiO2 nanotubes have
been used to immobilizing proteins and enzymes in bio-
material and biosensor applications because of high sensi-
tivity at the near-infrared (750 nm) and near-ultraviolet
(400 nm) wavelengths [19]. It has been demonstrated
that the large surface area, good chemical stability and
nontoxicity of the TiO2 have been achieved with di�erent
nanocomposite and 3D macroporous structures [20, 21].

Beside this, TiO2 is very important for many applica-
tion areas such as, photocatalysts, sensors and solar cells.
Since, TiO2 have broad photonic bandwidth and optical
absorption level is ten times less than that of the silicon
at optical communication wavelength (1.5 µm) [22], it
can restrict more easily to the guided resonance modes.
Hence, incident wave couples easily with photonic crys-
tals in micro�uid for any biosensor.

Because of the high refractive index of TiO2 pho-
tonic crystals, TiO2 is transparent for broad bandwidth.
Therefore, the fabrication and design of this type of PC
with TiO2 is very attractive for visible light wavelength.
These properties are the basis of these structures as pho-
tocatalyst and sensor [22]. Although they have less sen-
sitivity than some other sensors, we choose TiO2 at PCs,
since TiO2 based PCs can be used for protein and analyte
biosensing.

Comparing with traditional sensing techniques, it can
be seen that nanoscale biosensors have advantages. Pho-
tonic crystal slab (PCS) devices are an important class
of nanoscale biosensors [23]. A PCS is a one- or
two-dimensional periodically patterned dielectric slab
[24, 25]. In-plane guided modes con�nement of light
can be done by the higher refractive index (RI) dielectric
material or can be guided resonance modes in the slab,
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where coupling to externally incident optical beams is al-
lowed [22]. The sensing by using guided resonance modes
is very appealing.
PCs are now well acknowledged for their capability

to control and manipulate the propagation of electro-
magnetic waves in con�ned space [26]. The work of
Yablonovitch [27] and John [28] on such structures, of-
ten called photonic crystals, displays a range of frequency
where propagation is completely forbidden. This is called
the photonic band gap (PBG) and is analogous to the
electronic band gap that is found in semiconductors.
A photonic crystal structure may be designed to ex-
hibit extraordinarily high re�ection e�ciency at particu-
lar wavelengths, at which optical standing waves develop
and resonate within the photonic crystal structure. Such
optical resonances are known to occur at the wavelengths
adjacent to the photonic band gap, sometimes referred to
as the photonic band edge. The spectral width and wave-
length of the resonance phenomena describes the impor-
tant externally measurable parameters of a device. Res-
onance width refers to the full width at half maximum,
in wavelength measure, of a resonance feature plotted as
transmittance versus wavelength.
In the past decade, several groups have studied the ap-

plications of TiO2 PC structures for RI sensing [5, 20]. In
this work, we emphasize the theoretical properties of RI
sensing in PCS devices to enhancement of recent studies
of TiO2 photonic crystal-based sensor devices. We esti-
mate properties for guided resonance modes associated
with these devices and determine that the type of guided
resonance mode supported by the PCS can result in no-
tably di�erent sensing characteristics. This di�erence is
especially signi�cant in symmetric PCS structures, where
the slab is suspended in water.

2. Computational methods

There are many parameters to consider in evaluating
the performance of biosensors, including sensitivity, res-
olution (or detection limit). These are di�erent parame-
ters, but they are also related to each other.
Sensor sensitivity is an important parameter in eval-

uating a sensor's performance. Sensitivity is de�ned as
the ratio of the change in sensor output response to the
change in the quantity to be measured. The expressions
of the sensor's sensitivity depend on the detected change
in the thickness or refractive index and the detection
methods. For optical sensors, sensitivity is fundamen-
tally determined by how e�ciently the electromagnetic
�eld interacts with biomolecules bound on the sensor sur-
face or simply by the fraction of light in the solution or
by the light intensity at the sensor surface [29]. So the
bulk solvent refractive index sensitivity in the units of
nm per refractive index unit (nm/RIU) re�ects the frac-
tion of light in the solution and enables a rough com-
parison of the sensing capability among di�erent opti-
cal technologies and structures. Sensitivity can be en-
hanced by increasing the interaction between light and

the biomolecules. Sensitivity is

S =
∂λ

∂n
. (1)

Resolution is another important parameter to consider in
characterizing a sensor's performance. Sensitivity refers
to the magnitude of a sensor's response to a given change
in analytes on the sensor surface, and resolution refers to
the smallest change in analytes that can be measured.
Our analysis focuses on PCS structures, the peri-

odically patterned dielectric slabs described in Fig. 1.
A PCS may be entirely described by a unit cell with
a lattice constant, a, an associated hole radius, r, and
slab thickness, t, seen in Fig. 1a. We analyze PCS struc-
tures made of a high-index material, titanium dioxide
(TiO2, n = 2.62), immersed in a low-index �uid, such
as water (n = 1.33), ethanol (n = 1.3611), isopropyl al-
cohol (n = 1.3776) and hydrogen peroxide (n = 1.4061)
[30, 31]. In the symmetric case shown in Fig. 1b, the TiO2

PCS is surrounded by liquid from above and below. In
the asymmetric case shown in Fig. 1c, it is resting on
a silicon dioxide (SiO2, n = 1.46) substrate. Refractive
index describes the optical characteristics of a medium
and is de�ned as the ratio of the speed of light in free
space over the speed of light in the medium. A substrate
can compromise for example glass. Excitation is a nor-
mally incident plane wave (along the z-direction) with an
electric �eld linearly polarized along the y-direction. The
e�ects described here are general and apply to incident
wave polarization along the x-direction as well.

Fig. 1. (a) A unit cell for a square grid of holes PCS.
Illustrations of (b) symmetric and (c) asymmetric PCS
designs.

Computational technique used is MEEP [32], a freely
available �nite-di�erence time-domain (FDTD) imple-
mentation [33]. FDTD is an accurate method for de-
termining the interaction of any physical structure with
electromagnetic radiation. It involves representing the
physical structure to be modeled as a 2D and 3D object
consisting of materials with known dielectric permittiv-
ity. FDTD solves Maxwell's equations to determine a
nearly exact representation of how the light pulse propa-
gates through the physical structure. FDTD allows simu-
lation of only a single �unit cell� of structure with the ap-
plication of periodic boundary conditions (PBCs). PBCs
are applied to the xz and yz planes to emulate in�nite



734 U. Erdiven et al.

planar periodicity, while perfect matched layers (PMLs)
terminate the top and bottom of the unit cell to absorb
outgoing �elds. To solve modes of the PCS, the exci-
tation consists of a broadband planar Gaussian source
located above the PCS. Modal �eld distributions are cal-
culated by exciting the PCS using a planar continuous-
-wave source also located above the PCS.

3. Results

Figure 1 shows symmetrical and asymmetrical struc-
ture of TiO2 photonic crystal structure in the square lat-
tice of holes. TiO2 slab with high refractive indices in
symmetrical structure is surrounded by �uids with refrac-
tive indices lower than TiO2. In asymmetrical structure
of the TiO2 slab is supported by SiO2 substrate which
has lower refractive indices.

Fig. 2. TE-like guided resonance mode pro�le in a
symmetric PCS: (a) the electric �eld energy density,
ε|E|2, and (b) �eld pro�le components (Ex, Ey, Ez)
for a hole radius to period ratio r/a = 0.3.

Figure 2 shows how a normally incident plane wave
excited TE-like modes. TE-like modes have even sym-
metry in their electric �eld with respect to the mirror
plane perpendicular to the vertical (z) axis [34]. As seen
in Fig. 2b a PCS excited at TE-like guided resonance
frequency will have its dominant electric �eld component
coincident with that of the excitation. The periodic hole
pattern (which introduces a periodic RI modulation) seen
by the in-plane electric �eld will result in considerable
scattering and a short resonating lifetime (low quality
factor-Q). Hence, much of the electric �eld energy, ε|E|2,
is restricted to the dielectric and hole regions of the slab
in TE-like resonance conditions.
Figure 3 shows transmission spectra for symmetric

PCS designs of di�erent slab thickness and surrounded
medium excited at TE-like guided resonance frequencies.
PCS incorporate these valuable properties with the abil-
ity to couple light from free-space radiation modes into
guided resonances by vertical light coupling. PCS-based
sensors operate by detecting minute changes in the in-
dex of refraction of a surrounding medium by observing
shifts in guided resonance frequencies. The increase of

Fig. 3. TE-like mode transmission spectrum for hole
radius r = 0.3a. Units for the electric �eld and electric
�eld energy are arbitrary and consistent between plots.

refractive index of surrounded �uid causes a decrease of
TE-like guided resonance frequency, as seen in Table I.
Hence, scattering in PCS decreases and quality factor in-
creases. At the same time, more interaction with electric
�eld energy occurs in the hole region and �lling factor
and sensitivity values increases.

TABLE I
Symmetric photonic crystal.

Materials
Res. wav.

[nm]
Sensitivity
[nm/RIU]

Quality
factor

Filling
fraction

water 1750 333 145 0.374

hydrogen peroxide 1785 450 170 0.469

ethanol 1765 416 151 0.453

isopropyl alcohol 1770 428 155 0.459

Same situation occurs in asymmetric PCS structure.
But, the value of resonance frequency shifted to lower val-
ues comparing with symmetric structure. Electric �eld
energy density and mode pro�le for fundamental (lowest
order) TE-like guided resonance in an asymmetric PCS
design is shown in Fig. 4.

Fig. 4. TE-like guided resonance mode pro�le in an
asymmetric PCS: (a) the electric �eld energy density,
ε|E|2, and (b) �eld pro�le components (Ex, Ey, Ez)
for a hole radius to period ratio r/a = 0.3.
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Mode pro�les correspond closely to those of the sym-
metric design. The asymmetric design does, however, in-
troduce a RI contrast with the substrate that is smaller
than that of the water superstrate. The evanescent �eld
energy greatly a�ect the sensing characteristic and most
of it exist in the substrate. Figure 5 shows transmis-
sion spectra for asymmetric PCS designs and surrounded
medium excited at TE-like guided resonance frequencies.
A summary of mode properties for the TE-like guided
resonance modes from Fig. 4 is shown in Table II.

Fig. 5. TE-like mode transmission spectrum asymmet-
ric PCS for hole radius r = 0.3a. Units for the electric
�eld and electric �eld energy are arbitrary and consis-
tent between plots.

Fig. 6. Guided resonance wavelength versus surround-
ing RI for a symmetric PCS sensor design and an asym-
metric PCS sensor design (r = 300 nm, t = 250 nm).
Bulk spectral sensitivity values are indicated for sur-
rounding RI values of between 1.30 and 1.40.

TABLE II
Asymmetric photonic crystal.

Materials
Res. wav.

[nm]
Sensitivity
[nm/RIU]

Quality
factor

Filling
fraction

water 1770 166 150 0.185

hydrogen peroxide 1792 310 180 0.322

ethanol 1782 278 165 0.300

isopropyl alcohol 1785 285 170 0.303

If we increase the refractive index of the surrounded
liquid, the relative refractive index will decrease. Hence,
the interaction between the applied �eld energy and sur-
rounded liquid increases. Result of that the value of f
and S increase, as shown in Fig. 6. However, the trend is
observed that longer wavelength guided resonances will
have a higher sensitivity.
As a result, to have a good correspondence between

PCS biodetection analyte region and electric �eld energy
we need to have appropriate mode selection. However,
the mode pro�le of TE-like resonances extends less to
external regions, and may be better optimized for pro-
tein and enzyme detection assays by using TiO2 based
sensors. Protein detection assays, such as for example
detection protein biomarkers in bodily �uids for diagnos-
tic tests, where proteins are present in very low concen-
trations.

4. Conclusions

Biosensors based on TiO2 photonic crystal slab have
high sensitivity at visible wavelengths. One of the im-
portant parameters for the optimization of the biosen-
sors is lattice constant. In our calculation we used
a = 1000 nm for lattice constant. The resonance wave-
lengths at 1500 nm are the values given in Tables I and II.
This situation makes the TiO2 material appropriate for
biosensor application at visible wavelengths. Also mini-
mum e�ective refractive index forms a suitable situation
for the analysis of biologic tests in the sensing region and
photonic crystal biosensor performance.
As a result, we investigated the TE-like modes of TiO2

photonic crystal slab in symmetric and asymmetric struc-
ture and showed how the variation of refractive index
a�ects the bulk spectral sensitivity and resonance qual-
ity factors. Finally, analysis of modal �eld distributions
suggests that TE-like resonance sensors may be suited
for protein and biomolecule detection.
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