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Applications
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Abstract | This article reviews different waveguide based architectures for 
label-free detection of biomolecules. Working principles of various con-
figurations are discussed with an emphasis on their sensing principle 
and sensitivity. Later part of the article demonstrates a silicon waveguide 
Bragg grating resonator array as a highly sensitive refractive index sen-
sor device for multiplexed detection of multi-analytes. Main features of the 
sensor element are discussed through numerical simulation, and proof-of-
concept device is demonstrated through micro fabrication. The proposed 
configuration of silicon waveguide based sensor array is expected to find 
potential application in portable chip based devices as highly sensitive 
multiplexed biosensors.

1 Introduction
There is a renewed interest in label-free devices and 
methodologies for bio sensing applications that 
can provide enhanced sensitivity and specificity 
over traditional methods, as they offer interfer-
ence free binding event, nonspecific absorbance to 
the surface, and simplified detection chemistry.1–3 
Among the various methods in label-free biosen-
sors, optical methods fetched significant interest 
among scientific community and industry play-
ers because of their low detection limits, high 
sensitivity and multiplexed detection possibility.3 
Numerous structures have been developed for 
optical methods of label-free biosensing such 
as interferometric sensors,4–6 whispering gallery 
mode sensors,7 resonant cavity sensors,8–10 Surface 
Plasma Resonance (SPR) sensors11,12 and phot-
onic crystal based sensors.13,14 All these methods 
depend on measuring the refractive index change 
that occurs when a target molecule binds to a com-
plimentary probe that has been pre-attached on 
the sensor surface. From this perspective, Silicon 
on Insulator (SOI) is an attractive platform for 
fabrication of silicon based nanophotonic devices, 
due to their low cost and structure compactness as 
well as inherent high index contrast.15,16 Further, 
silicon based monolithic integration allows other 
opto-electronic components such as laser sources 

and photo detectors to be fabricated along with 
the devices.17 A schematic picture depicting the 
sensing principle in a SOI waveguide based label-
free biosensor is shown in Figure 1. The device 
performance is based on the guided mode light 
interaction with the liquid matter at the waveguide 
surface. An opened cladding layer would allow 
fluid sample to be in contact with the waveguide 
layer. The waveguide surface in the opened win-
dow is functionalized with a bio-recognition ele-
ment that attracts a specific target molecule for 
binding. For a sensor configuration, sensor sen-
sitivity is an important parameter to be consid-
ered. Sensitivity can be defined as the magnitude 
of sensor signal with respect to the magnitude of 
binding event or refractive index change occur-
ring at the sensor surface. It is mainly determined 
by light-matter interactions.18,19 For an evanescent 
biosensor, the sensitivity is mainly determined by 
the fraction of light present in the fluid above the 
sensor surface. Another important feature of bio-
sensor is its Detection Limit (DL). DL is usually 
measured by calculating sensor resolution. In an 
optical refractive index sensor the DL is usually 
specified in three ways: i) DL can be calculated as 
the minimum change in the bulk refractive index 
that can be detected, ii) the DL is characterized 
by the mass density in units of pgmm−2, iii) DL is 
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measured in terms of fluid concentration in units 
of ngmL−1 or molarity. Any of these units could 
be used to measure characteristics of a biosensor 
depending upon the sensing platform and nature 
of the analyte being detected.

2  Various Architectures for an Integrated 
Label-Free Biosensor on Planar 
Waveguide

Various integrated optical biosensor architecture 
that rely on refractive index change measurement 
for analysis of liquid solution or label-free biosens-
ing application on a planar waveguide platform is 
discussed below. A detailed review about all the 
optical biosensor configurations can be found 
elsewhere.3 Here, the focus is given particularly on 
silicon micro-photonic structures that have been 
employed as a biosensor platform for label-free 
detection of biomolecules. The sensor principle of 
each configuration is explained and their sensitiv-
ity and detection limit are compared.

2.1  Surface Plasmon Resonance (SPR) 
based biosensors

Surface Plasmon Resonance (SPR) oscillations 
are the collective charge density oscillation at the 
interface of two media with opposite dielectric 
constants, such as a metal and a dielectric. The 
SPR sensors have been demonstrated as an exceed-
ingly powerful and quantitative probe of the inter-
actions of a variety of biopolymers with various 
ligands, biopolymers, and membranes.20 The SPR 
can be excited in many ways such as prism cou-
pling, waveguide coupling, fiber optic coupling, or 
a grating coupling configuration. For example, in 
a prism coupled configuration the incident wave is 
totally reflected at the prism-metal interface, and 
an evanescent field is generated which penetrates 
into the metal layer. At the resonance condition the 
resonance angle θ  and wavelength λ are related to 
the propagation constant of the SPR wave β by

2π
λ

θ βnsin ,=   (1)

where n is the refractive index of the prism. At res-
onance angle the reflectivity approaches to zero, 
transferring the input light energy completely to 
the surface plasmon. The resonance angle is very 
sensitive to the refractive index nearer to the metal 
surface. The shift in resonance angle can be probed 
as a shift in resonance wavelength. Prism configu-
ration of SPR generation is the easy method for 
SPR biosensor and has the best sensing DL. The 
disadvantage is that the prism is bulky and is dif-
ficult to integrate. On the other hand, a waveguide 
coupled configuration offers a good alternative to 
the prism coupling configuration. The advantage 
of robust configuration offered by the waveguide 
coupling has the added benefit of easy integration. 
In a waveguide configuration, light is coupled at 
the metal-waveguide interface and prorogates 
along the waveguide. The evanescent wave gener-
ated at the interface is used for the sensing pur-
pose. For a prism coupled SPR sensor the DL 
ranges between 1 × 10−6 to 1 × 10−8 RIU with a 
mass sensitivity DL of ∼1 pgmm−2.21 An improved 
sensitivity is reported with a bicell photo detec-
tor.22 In a waveguide configuration of SPR biosen-
sor the reported DL is between 10−5 and 10−6 RIU. 
However, the waveguide configuration is less sen-
sitive than the conventional prism coupled metal 
layer configuration.23,24 Enhancement in sensitiv-
ity can be achieved through optimized structures 
on SOI, as reported recently.25

2.2  Mach–Zehnder Interferometer 
biosensor

In a Mach-Zehnder Interferometer (MZI) based 
biosensor, the input waveguide split into two 
equal length of waveguide through a coupler. The 
input light should be coherent and of single fre-
quency with a single state of polarization.17 One 

Figure 1: Illustration of a label-free biosensor on an SOI platform.
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of the waveguide branches is modified to enclose a 
window for sample to interact with the evanescent 
wave of the waveguide and the other arm is pro-
tected from the sample fluid through the cladding 
layer. The interference effect happens at the output 
and the intensity is measured from the output of 
the device as a sensor signal. To avoid multimode 
interactions in the waveguide, the waveguides used 
are usually single mode. The phase change result-
ing from interaction of the biomolecules at the 
sensor surface is measured as a change in inten-
sity at the photo detector. The change in intensity 
is proportional to the change in refractive index 
∆n

eff
, and can be represented by the relation

I(∆n
eff

) ∝ cos (∆n
eff 

k
0
L),  (2)

where k
0
 and L are the wave vector and the sen-

sor arm length respectively. Obviously, a larger 
senor length should increase the sensor signal. 
However, the cosine term is not easily resolvable 
at its maximum and minimum intensity signal 
change. This makes the MZI configuration less 
user friendly when compared to a linear response 
in intensity biosensor configuration. The MZI 
based biosensor has been demonstrated by many 
researchers.26,27 MZI on a silicon substrate has been 
created using a Si

3
N

4
 waveguide and input/out-

put coupling achieved through grating coupling. 
The observed DL was ∼5 × 10−6 RIU. Improved 
waveguide technology promoted enhanced detec-
tion and a ribbed structure was used to get a DL of 
10−5 RIU. The researchers Heidman and Lambeck 
have improved MZI based biosensors consider-
ably through various engineering approaches for 
performance enhancement.5,27 In a recent devel-
opment, silicon micro-fabrication was employed 
to fabricate a MZI biosensor as refractometer, and 
biosensor and a detection limit of 10−6–10−7 RIU 
or 18.9 fM was demonstrated.17,28,29

2.3 Ring resonator based biosensors
Optical micro ring resonators are promising 
technology with its simplicity of operation and 
integration capability. In a micro ring resonator, 
the wave propagates in the form of circulating 
waveguide modes when a resonance matching 
condition is satisfied. The propagating waveguide 
mode has an evanescent field outside the ring, 
which can be used for detecting the binding event 
or refractive index change. The light–matter inter-
action in a ring resonator sensor is determined 
by the number of revolution of waveguide mode 
inside the ring, which is defined by the quality fac-
tor, Q-factor of the resonator. The length of inter-
action, L, is related to the Q-factor by L = Q λ/2πn, 

where λ is the resonant wavelength and n is the 
RI of the ring resonator. This property of a ring 
resonator promises a higher sensing performance 
of the label-free biosensor with a small sensor sur-
face area and small sample volume. The compact 
dimension also offers high density integration in 
chip based biosensor. The resonant wavelength λ, 
is related to the refractive index, n

eff
, through the 

following relation

λ =
2πrn

m
eff

,   (3)

where r is the ring radius and m is an integer. 
The effective refractive index changes when there 
is a binding event or change in refractive index 
occurs at the ring surface. This results into a spec-
tral shift at the resonator output. Ring resonator 
based structures can be implemented mainly in 
three different ways: (1) micro fabricated ring or 
disc on a chip30 (2) stand-alone dielectric micro-
spheres or discs31,32 (3) capillary based opto-fluidic 
ring resonators.33,34 However, the literature review 
here is limited to chip based structures, which 
have mass fabrication and monolithic integration 
capabilities.

Shot noise of the detector has an important 
effect on the detection limit of the sensor. With 
this limit in detector a sensitivity of 140 nmRIU−1 
was experimentally achieved for bulk liquid with a 
glass-based ring resonator of 60 µm in radius with 
Q ∼12,000.35 The calculated DL was 1.8 × 10−5 RIU. 
For a polymer ring resonator of radius 45 µm and 
Q = 20,000 the DL was observed to be 5 × 10−5 
RIU.36 A silicon-on-insulator (SOI) based ring 
resonator on a very small area of 100 µm2 showed 
a bulk refractive index sensitivity of 70 nmRIU−1 
with a DL of 7 × 10−5 RIU.37 An SiN ring resonator 
of 2 mm diameter was used to demonstrate a DL 
of 0.1 nM for biomolecules.38 Detection of DNA 
and bacteria was also possible with ring resonator 
based configuration.39 For a slot-waveguide based 
ring resonator the biomolecules are allowed to 
flow through the slot region for achieving higher 
light-matter interaction.40 A ring resonator using 
slot waveguide can achieve a RI sensitivity of over 
200 nmRIU−1 and a DL of 2 × 10−4–10−6 RIU,41,42 
with an estimated protein DL of approximately 
20 pgmm−2.40

2.4 Photonic Crystal based biosensors
Photonic Crystal (PC) based biosensors are basi-
cally band gap effect biosensors which rely on the 
defect mode created in them. The wide stop band 
resulting from a PC can be used to generate reso-
nant cavity mode in them. The spectral response of 
such structures has a narrow resonance wavelength 
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used for biosensing applications.43 The spectral 
response of the defect mode is highly sensitive 
to the local change in refractive index and can be 
employed in identifying the binding event.44

A two dimensional PC cavity is demonstrated 
for obtaining a RI change of 0.002, with a cavity Q 
factor of 400.45 The DL can be improved through 
cavity optimization.46,47 Protein binding over the 
defect wall was detected for the first time in 2007 
by Lee and Fauchet13 using a PC microcavity. The 
cutoff wavelength in a PC waveguide can be used 
as an indicator for the RI change.48 They can also 
be arranged in sensor array configuration for mul-
tiplexed biomolecules detection. One dimensional 
photonic crystal microcavities can be arranged in 
sensor array format to obtain a novel opto-fluidic 
sensor platform.1,2,49

In Table 1, a comparison for various technol-
ogy platforms of label-free biosensors in terms of 
detection limits and optical structures for differ-
ent analyte detection is presented.

3  Silicon Waveguide Label-Free Sensor 
Array Employing Bragg Gratings 
Resonant Wavelength Multiplexing

A Bragg grating can be considered as a photonic 
crystal having strong index modulation for sharp 
band edges that can be used in sensor applica-
tion.50 A waveguide Bragg gratings can be fabri-
cated in different ways. A surface Bragg grating 
on waveguide is very difficult for fabrication due 
to multiple lithography steps involved. On the 
other hand, a Bragg grating on the side wall of a 

waveguide is easy to fabricate and the structure is 
highly compact. A defect mode can be generated 
in such Bragg gratings waveguide through phase 
shift applied in one of the grating pitches.51–53 
This kind of phase shifted grating resonator has 
sharp resonant peak in its stop band. For a label-
free biosensing application the transmission peak 
in the stop band of the phase shifted gratings can 
be utilized for an easy interrogation of the sensor 
output through a wavelength shift or intensity 
measurement approach.54 In this context, a mul-
tiplexed sensor array configuration employing 
Bragg grating resonant cavity as a sensing element 
is discussed below. The theoretical simulations, 
fabrication methods and experimental charac-
terizations demonstrating the working principle 
of the conceived architecture is also explained in 
detail in the following sections.

3.1  Sensor array design  
and numerical simulation

A schematic diagram of the proposed sensor 
array architecture is shown in Figure 2(a). Sen-
sor array consists of an input waveguide carry-
ing a broad band light source, which splits into 
multiple branches through directional couplers. 
Each branch has a sensing element specific for 
single resonance wavelength. The resonators are 
designed for different wavelengths through cavity 
length variation. Figure 2(b) shows the magnified 
diagram of a phase shifted vertical side wall grat-
ings as a resonant cavity sensor element. In the 
figure, W and d represent the waveguide width 

Table 1: Comparison of detection limits of various label-free biosensor configurations.

Biosensor configuration Platform Analyte DL

Surface Plasmon  
Resonance

Prism coupled22 
Waveguide based23 
Grating coupled55

Bulk solution 10−5~10−8 RIU

Interferometer Mach-Zehnder  
interferometer17,56,57

Bulk solution 10−7 RIU

Micro Ring resonator Ring on a chip30,31,37,58–60 

Slot waveguide41

Bulk solution
DNA
Protein

Bulk solution 
Biomolecules

10−4~10−7 RIU 
100 nM 
20–50 pgmm−2

10−6 RIU 
0.9 pgmm−2

Photonic crystal 1-D PC microcavity array1,2 
2-D PC61 
2-D PC micro cavity45 

PC waveguide13,48 

Surface corrugated Bragg grating62

Bulk solution 

Bulk solution
Protein

Bulk solution

7 × 10−5 RIU  
10−5 RIU  
10−3 RIU

S = 64 nm/RIU  
(1 × 10−4 RIU)  
0.15 µM

1 × 10−4 RIU
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and grating etch depth, respectively. Λ is the grat-
ing period and Λp is the quarter wave phase shift 
length.

The resonant cavity is formed by introducing a 
defect length (phase shift length) of quarter wave-
length magnitude,

Λp
n
B= λ

4
,   (4)

into the gratings at the center,63 where λ
B
 is the 

Bragg wavelength and n is the effective refractive 
index of the waveguide. The silicon waveguide 
core of refractive index 3.46 and an air cladding 
is considered. Using the effective refractive index 
values the grating period is calculated as 323 nm. 
The phase shifted grating waveguide dimension 
is taken as ∼150 nm, considering the Bragg wave-
length λ

B
 as 1.55 µm. The phase shifted gratings 

can act like a resonator with gratings acting like 
Bragg mirrors. The device simulation is done 
using Finite Difference Time Domain (FDTD) 
method.64

Figure 3(a) shows the spectral response of 
the grating resonator sensor obtained. A single 
resonance peak with a very narrow band width is 
observed at the center of the stop band, which is 
highly suitable for refractive index sensing appli-
cation. Figure 3(b) shows the simulated electric 

Figure 2: (a) Schematic diagram of the grating resonator sensor array. (b) Magnified grating sensor 
showing structure parameters (Ref. 52).

field intensity distribution inside the grating sen-
sor element. The enhanced field intensity at the 
cavity region is beneficial for light-matter inter-
actions in a biosensor. The spectral response of 
the grating resonator with respect to variation 
in resonant cavity length is analysed, as shown in 
Figure 3(c). A linear shift in resonant wavelength 
is observed.54 This property of the grating resona-
tor would allow individulal sensor element to be 
designed for different wavelength for multiplexed 
detection application.

3.2 Sensing principle and detection
The sensing principle of the biosensor is based 
on the spectral shift or intensity measurement 
approach. Hence, the grating sensor element has 
to be modified to include a micro fluidic chan-
nel across its cavity. This can be done through 
micro-fabrication of Poly-Di-Methyl Siloxane 
(PDMS) layer on top of the gratings. Each grat-
ing sensor element can be pre-deposited with a 
bio-recognition element that matches for the bio-
molecules to be detected. Once a broadband input 
source is given to the device input the output spec-
trum is monitored for the sensor output. Follow-
ing the conjugation of the biomolecules with the 
respective arms of the device, effective refractive 
index changes in that arm and the spectral shift 
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can be observed in the sensor output as resonant 
wavelength shift. The detection limit is highly 
dependent on the sensor resolution and sensor 
sensitivity. Through the resonant wavelength shift, 
the minimum detectable refractive index change 
is expressed as

∆
Λ

∆n
m n

n

eff

clad
min min ,=

∂
∂







−

2

1

λ  (5)

where n
eff

 is the effective refractive index of the 
grating waveguide, ∆λ is the measurable spec-
tral resolution of the sensor element. The clad-
ding refractive index, n

clad
, is varied from 1.325 to 

1.336 in steps and the rate of change of effective 
refractive index with respect to cladding refractive 
index is measured. The effective index is calculated 
through a 3-D Beam Propagation Method (BPM) 
mode solver method. Considering the fact that the 
smallest wavelength shift measurable is one fif-
teenth of the peak bandwidth, the smallest spectral 
resolution of the gratings is ∆λ = 7.33 pm. Using 
this, minimum detectable bulk refractive index 
change is calculated as, ∆n = 8.1 × 10−5. The same 
detection limit is also calculated from the sensitiv-
ity (S) of the sensor using the equation ∆n R S= / ,18 
where R = ∆λ = 7.33 pm, the sensor resolution, 

and S n= ∆ ∆λ /  = 90 nm/RIU, the sensor sensitiv-
ity observed from spectral shift, in which ∆λ is the 
shift in the resonant transmission peak for a ∆n 
change in cladding fluid refractive index. With the 
above given values, a detection limit of ∆n = 8.1 × 
10−5 is calculated.

The range of refractive index change that can 
be detected is higher for wavelength shift meas-
urement approach, as the resonant wavelength 
can be shifted over a wide stop band (1335 nm 
to 1589 nm). From the spectral shift observation, 
this corresponds to approximately 2.8 RIU change. 
The intensity measurement approach is limited by 
the single wavelength used in the measurement. 
As the resonant peak has a sharp band edge and 
the intensity drops abruptly, a range of 0.01 RIU 
change can be measured using this method.

3.3 Discussion
The fabrication of the waveguide gratings is chal-
lenging due to the sub-wavelength feature size. 
Conventional mask based lithography is avoided in 
the fabrication process due to the wavelength limi-
tation. Highly precise but time consuming electron 
beam patterning is used for nano-feature fabrica-
tion. Electron beam lithography using JOEL sys-
tem is used to get the pattern on an SOI wafer. The 
Proof-of-concept device is demonstrated through 

Figure 3: (a) Spectral response of grating resonator showing the single resonance peak at the center 
(b) simulated electric filed intensity distribution in the grating resonator (c) variation in the resonant 
wavelength with respect to different phase shift length dimension. Inset shows the magnified resonant 
peaks (Ref. 54).
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single grating resonator element fabrication and 
characterization. Different grating resonator sen-
sor elements were fabricated through dimensional 
variations. An SOI wafer with 220 nm waveguide 
silicon layer was used in the fabrication, and posi-
tive tone resist ZEP-520 A was used for the electron 
beam patterning. Reactive Ion Etching (RIE) based 
on chlorine plasma was used for waveguide etching. 
The 3dB directional coupler of 10 µm length and 
300 nm gap spacing were used in the device. The 

cavity length of the grating resonators were set to 
140 nm, 150 nm, 160 nm and 170 nm for each sens-
ing arm. Figure 4 show the Scanning Electron Micro-
scope (SEM) images of the fabricated waveguide 
grating sensor array and its resonant elements. The 
device characterisation was done using an Ampli-
fied Spontaneous Emission (ASE) light source and 
an Optical Spectrum Analyser. The observed fil-
ter spectra for the four different grating resonator 
dimensions are shown in Figure 5. The phase shifted 

Figure 4: SEM images of the fabricated silicon waveguide Bragg grating sensor array.

Figure 5: Grating sensor element spectral response for different cavity dimensions (a) Λp = 140 nm 
(b) Λp = 150 nm (c) Λp = 160 nm (d) Λp = 170 nm.
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gratings dimensions are varied as 140 nm, 150 nm 
160 nm and 170 nm, which correspond to wave-
lengths of 1545.55 nm, 1550.14 nm, 1555.4 nm and 
1560 nm, respectively. A single resonance peak is 
observed in the spectral response with a 3 dB band 
width of 0.4 nm and an out of band rejection ratio 
>15 dB with a wide stop band ∼70 nm. The Q factor 
of the resonator is calculated as ∼ 4 × 103. The future 
work in this direction focuses on spectral character-
ization of the whole device with individual gratings 
as sensing elements as in the conceived scheme. The 
experimental analysis of the whole device needs to 
be carried out to verify the multiplexed detection 
capability of the architecture.

4 Conclusion
Various waveguide architectures for label-free 
detection of biomolecules have been detailed in 
this article. Working principles and performance 
comparison of these configurations are explained  
with an emphasis on their sensing principle and 
sensitivity. Later, a silicon waveguide Bragg grating 
resonator array has been proposed as a highly sensi-
tive refractive index sensing device for multiplexed 
detection of biomolecules. Main features of the 
sensor element and the whole device are discussed 
through numerical simulation followed by a proof-
of-concept device, which is realized through micro 
fabrication. The sensor characteristics are calculated 
through spectral shift measurement approach and a 
detection limit of ∼5 × 10−5 is observed. The future 
research in this direction needs to focus on specific 
proposed or alternate fabrication methodologies for 
the whole device with individual gratings as in the 
conceived scheme. The proposed scheme combined 
with surface Plasmon concepts expect to induce a 
paradigm shift in the label free multi analyte sens-
ing that can find potential biosensing applications 
in the near future.
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