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Abstract: In this review, we introduce some chip-based waveguide biosensing and imaging techniques, which significantly 
reduce the complexity of the entire system. These techniques use a well-confined evanescent field to interact with the surrounding 
materials and achieve high sensitivity sensing and high signal-to-noise ratio (SNR) super-resolution imaging. The fabrication 
process of these chips is simple and compatible with conventional semiconductor fabrication methods, allowing high-yield pro-
duction. Combined with recently developed chip-based light sources, these techniques offer the possibility of biosensing and 
super-resolution imaging based on integrated circuits. 
 
Key words: Waveguide-based sensing; Waveguide-based imaging; Evanescent illumination; Frequency shifting and stitching 
https://doi.org/10.1631/FITEE.1900211 CLC number: Q248; O438.2 
 
 
1  Introduction 

 
With the developments in biomedical research, 

healthcare, pharmaceuticals, and environmental 
monitoring, highly sensitive biosensors are needed 
for reliable analysis of DNA, RNA, proteins, and 

drugs. Super-resolution imaging is also needed to 
observe the biological interactions in microorganisms, 
cells, and tissues. In the past several years, numerous 
biosensor and micro/nanoscopy systems have been 
designed to meet these requirements. 

The previously reported biodetection methods 
have involved the use of electrochemical (Millan  
et al., 1994; Zhang JJ and Li, 2004; Prakash et al., 
2009), acoustic (Su et al., 1994; Watts et al., 1995), 
and optical sensors (Graham et al., 1992). In contrast 
to electrochemical and acoustic sensing, optical sen-
sors are immune to electro-magnetic interference and 
can provide multiplexed detection. In particular,  
waveguide-based biosensors have effectively reduced 
the complexity of the detection systems, and some of 
them have been commercialized. Generally, these 
techniques can be divided into two groups, i.e.,  
fluorescence-based sensing and label-free sensing. In 
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fluorescence-based sensing, either the target mole-
cules or biorecognition molecules are labeled with 
fluorescent tags; the fluorescence indicates the loca-
tion of the interaction, and the corresponding fluo-
rescence intensity demonstrates the strength of the 
interaction between the target and biorecognition 
molecules (Grandin et al., 2006; Moerner, 2007; 
Hassanzadeh et al., 2008; Agnarsson et al., 2009; 
Ramachandran et al., 2013). Since fluorescence la-
beling makes the interaction process visible, these 
techniques can also be called fluorescence-based 
imaging techniques. One drawback of these tech-
niques is that the dynamics of the biomolecules may 
be affected by the labeled fluorescent molecules. 
Because of the scattering and absorption of fluores-
cent light by the surrounding materials, analyzing a 
fluorescence signal poses a challenge in quantitative 
analysis as well. In label-free sensing, no staining 
process is needed and the targets can be detected in 
their natural states. Recently, many label-free sensing 
techniques have been reported, including surface 
plasmon resonance (SPR) biosensors (Liedberg et al., 
1983; Homola et al., 1999; Nikitin et al., 2000; Chung 
et al., 2006; Hastings et al., 2007; Hoa et al., 2007), 
waveguide based interferometer biosensors (Bran-
denburg, 1997; Lin VSY et al., 1997; Weisser et al., 
1999; Ymeti et al., 2003), optical waveguide based 
biosensors (Goddard et al., 1994, 2002; Watts et al., 
1994; Horváth et al., 2003), and waveguide based ring 
resonator biosensors (Serpengüzel et al., 1995; 
Hanumegowda et al., 2005; Noto et al., 2005; Teraoka 
and Arnold, 2006; Zhu et al., 2006; Suter et al., 2007; 
White et al., 2007; White and Fan, 2008). These 
techniques are designed with different structures, but 
they share the same working principle, i.e., measuring 
the refractive index (RI) change induced by ambient 
conditions. 

The invention of the high-resolution optical mi-
croscope has opened the door to the microscopic 
world, allowing researchers to image and investigate 
microorganisms, cells, and tissues under living con-
ditions. However, the spatial resolution of the classi-
cal optical microscopes has been limited to approxi-
mately half the wavelength of the light used, about 
200–300 nm in the lateral direction and 500 nm in the 
axial direction. Due to the limitations of the spatial 
resolution, many biological interactions occurring at 
the level of the subcellular structures in the size 

ranges of tens to a few hundred nanometers cannot be 
resolved. In the past few years, a number of super- 
resolution microscopy techniques have been invented 
to overcome the diffraction barrier. According to their 
working mechanisms, these techniques can also be 
classified into two groups, i.e., fluorescent labeling 
microscopy by exploiting photo-switching of fluo-
rescent probes or a nonlinear response in the fluo-
rescence emission and label-free microscopy by 
capturing the high spatial frequency carried by the 
evanescent field. The first group includes stimulated 
emission depletion (STED) (Abbe, 1873; Klar et al., 
2001; Willig et al., 2006), structured illumination 
microscopy (SIM) (Gustafsson, 2005; Gustafsson  
et al., 2008), stochastic optical reconstruction mi-
croscopy (STORM) (Bates et al., 2007; Schermelleh 
et al., 2010), photo-activated localization microscopy 
(PALM) (Betzig et al., 2006; Hess et al., 2006), and 
total internal reflection fluorescence microscopy 
(TIRFM) (Axelrod et al., 1983; Axelrod, 2001). The 
second group includes near-field scanning optical 
microscopy (NSOM) (Betzig and Trautman, 1992; 
Zenhausern et al., 1995; Hecht et al., 2000; Kim and 
Song, 2007; Rotenberg and Kuipers, 2014), hyperlens 
(Liu ZW et al., 2007; Rho et al., 2010; Sun et al., 2015; 
Lee et al., 2017), microsphere contact (Hao et al., 
2011; Wang et al., 2011; Darafsheh et al., 2012), and 
nanowire ring illumination (Liu XW et al., 2017; 
Pang et al., 2017). These techniques have realized the 
resolution of previously unresolved details in cellular 
structures or nanostructures. In particular, fluores-
cence labeling techniques have achieved applications 
in modern cell diagnosis. 

The above sensing and imaging techniques have 
promoted research in areas such as target analysis, 
drug development, and disease diagnostics; some of 
the techniques have already been commercialized. In 
this review, taking the complexity of the system, 
technical demands, and relative cost into account, we 
focus on waveguide-based sensing and imaging 
techniques. These waveguide-based techniques sig-
nificantly reduce the complexity of the entire system. 
At the same time, the fabrication process for these 
waveguide chips is compatible with conventional 
semiconductor-fabrication methods, and thus the chips 
can be produced in high yields. These advantages 
make waveguide-based super-resolution sensing/ 
imaging a promising candidate in future applications. 
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2  Principle and working mechanism  
 
Generally, by fabricating a submicron-period 

grating patterned into the waveguide layer, light can 
be effectively coupled into the waveguide at a specific 
incident angle (Fig. 1a) (Zourob and Goddard, 2005; 
Liu Q et al., 2013). In addition, other methods such as 
end-fire coupling (Fig. 1b) and prism coupling are 
used in the coupling (Goddard et al., 1994, 2002; 
Watts et al., 1994). Grating couplers are easy to use, 
but they require a complex fabrication process and 
precise control of the incident angle. Since a mono-
mode waveguide may be only 100–200 nm thick, 
precise control in coupling the optical fibers or ob-
jective lens is required for the end-fire coupling 
method. Prism coupling is easy to use, but it also 
requires care when setting up. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
When light propagates in the waveguide, an 

exponentially decaying evanescent field in the direc-
tion perpendicular to the waveguide surface is gen-
erated. The penetration depth of the evanescent field 
extending into the cover layer is defined as the dis-
tance where the electric field amplitude has dropped 
to 1/e of its value at the surface, and can be given by 
(Agnarsson et al., 2009, 2015) 
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where neff=nwsin α is the effective index of the 
waveguide mode, nw is the RI of the waveguide, α is 
the reflection angle at the interface between the 
waveguide and cover layers, and nc represents the RI 

of the cover layer. The corresponding phase velocity 
of light within the waveguide is defined as vp=c/neff, 
where c is the speed of light in a vacuum. The reflec-
tion angle α depends on the following parameters: the 
wavelength of incident light λ, refractive indexes of 
the different layers, thicknesses of different layers, 
and the polarization of light. The variation in each of 
these parameters will lead to the change in the effec-
tive index of the waveguide mode, and in turn in the 
wavelength of the guided light, causing a phase shift 
relative to the original state. 

Generally, the thickness and RI of the cover 
layer are sensitive to ambient conditions and easy to 
use for detection of the adsorption/binding of any 
kind of chemical or biological molecule. Fig. 1c 
demonstrates a situation in which the target molecules 
are absorbed by the biorecognition molecules, form-
ing a thin adlayer with an RI of nad, where nad repre-
sents the refractive index of the thin adlayer. The 
relationship between the effective mode index neff and 
the RI of the cover layer nc satisfies the following 
equation: 
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where r=0 for the transverse electric (TE) mode and 
r=1 for the transverse magnetic (TM) mode. deff=dw+ 
Δdc,s represents the effective waveguide thickness and 
depends on the polarization of the mode field. Here, 
dw represents the thickness of waveguide and Δdc,s 
includes the penetration depths of the evanescent field 
into the cover layer and substrate layer. The detailed 
calculation processes were described in Tiefenthaler 
and Lukosz (1989). 

The evanescent field propagating in a planar 
waveguide can work as a light source with high wave 
vectors to tune the ON/OFF state of the labeled flu-
orescent molecules. As demonstrated in Fig. 1d, the 
evanescent field around the interface of the wave-
guide can directly interact with the sample as well. By 
shifting the high spatial frequency information of the 
sample into the passband of the microscope system, 
the subwavelength details in the sample can thus be 
resolved.  

Under the illumination of a normally incident 
plane wave 0i ,e k zA  the scattering field from an object 

Analyte
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Fig. 1  Principle of evanescent field sensing and imaging: 
(a) in-coupling of light into the waveguide through a 
submicron-period grating pattern; (b) end-fire coupling 
of light into the waveguide; (c) schematic of waveguide-
based biosensing; (d) schematic of waveguide-based super-
resolution imaging 
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O(x, y) placed in the z=0 plane can be written as the 
superposition of a series of plane waves and evanes-
cent waves (Liu XW et al., 2017): 
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Herein k0 is the wave vector of incident light in a 
vacuum. fx and fy represent the spatial frequencies of 
the object along the x and y directions, respectively. 
F(fx, fy)dfxdfy is the weight function of each wave. λ is 
the wavelength of the illumination light. From Eq. (3), 
we can find the subwavelength details of samples 
carried by the high spatial frequency information, 

corresponding to    22 2
02 ,2x yf f k     which is 

blocked to be detected. To resolve the samples, an 
effective method is the shifting of the high spatial 
frequency information into the passband of the mi-
croscope system. 

The propagation of an evanescence field can be 
written as 

 
e e e( , ) exp[i( )],x y zI x y A k x k y k z          (4) 

 
where kex, key, and kez are the wave vectors of the 
evanescent field along the x, y, and z directions,  
respectively.  

When an object O(x, y) interacts with the eva-
nescent waves in the z=0 plane, the scattering field 
can be given as 
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As demonstrated in Eq. (5), under an evanescent 
wave illumination, the high spatial frequency infor-
mation of the sample around (−kex, −key) with a radius 

of k0 can propagate to the far field in the form of a 
propagating wave. Then the propagating waves 
would be collected by the microscope system and 
recorded by the CCD camera. Since the illumination 
light is an evanescent wave with ke=2πneff/λ, the res-
olution of the system can be defined as (Pang et al., 
2017) 

 

c e eff

2π ,
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                  (6) 

 
where kc=ke=2πNA/λ0 is the cut-off frequency of the 
microscope system, and NA is the numerical aperture 
of the objective. Because the effective mode index neff 
within the waveguide is usually larger than NA, the 
resolution of the system can thus be improved. 

 
 

3  Chip-based optical waveguide biosensors 
 
Waveguide-based (bio)chemical sensors share 

the same working mechanism. By coating a chemi-
cally selective layer on the surface, analyte molecules 
in the gaseous or liquid sample are absorbed. Hence, 
changes in the effective index of the TE and TM 
modes are induced. Generally, the effective index 
changes Δneff can be induced by three different situa-
tions: (1) the formation of a homogenous adlayer 
(formed by absorbed or bound molecules) with 
thickness of dF and RI nF, (2) changes to Δnc in the RI 
of the cover layer or changes to Δdc in the thickness of 
the cover layer, and (3) the adsorption of target mol-
ecules in the pores of the waveguide. As discussed 
above, the effective index neff gives the phase velocity 
vp, and the changes in Δneff can thus be measured by 
many optical methods. Accordingly, these biosensors 
can be divided into different groups, such as optical 
waveguide based biosensors, interferometer-based 
biosensors, ring resonator based biosensors, and  
microcavity-based biosensors. 

3.1  Optical waveguide based biosensors 

Optical waveguide based biosensors, called 
resonant mirrors (RMs), have been proposed and 
developed for decades (Cush et al., 1993; Sundram  
et al., 1993; Goddard et al., 1994, 2002; Watts et al., 
1994). In an RM design, with the help of a coupling 
grating or prism, light above the critical angle can be 
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coupled into the high index waveguide. Specifically, 
at the resonant angle, the incident light is strongly 
coupled into the waveguide, and a strong reflection 
can be detected at the output side of the RM. The 
resonant angle is sensitive to the polarization of light; 
hence, the RM design can work in both TE and TM 
modes. Fig. 2a demonstrates a three-layer waveguide 
structure used for biosensing, in which the low RI 
spacer works as a resonant cavity and the high index 
waveguide layer acts as a reflector for incident light. 
If some optical absorption molecules are absorbed or 
bound in the evanescence field above the waveguide, 
the reflection of light at an appropriate wavelength 
will decrease. The reported detection limit of goat 
anti-hIgG reaches 0.5 μg/ml (approximately 3 nmol/L) 
(Goddard et al., 1994), and in another work from the 
same group, a detection limit of 19.9 fmol/mm2 for 
DNA was achieved (Watts et al., 1995).  

To obtain high sensitivity, it is essential to push 
more light into the cover layer to increase the inter-
action between the evanescent field and the target 
molecules. In this sense, a so-called reverse symmetry 
waveguide structure was designed (Horváth et al., 
2002, 2003, 2005; Skivesen et al., 2003; Fan et al., 
2008). As demonstrated in Fig. 2b, in such a config-
uration, the RI of the substrate is lower than that of the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cover layer. In general, the material of the substrate is 
glass, while the spacer is nanoporous silica and  
the cover layer is a polymer with a high RI. Compared 
to RM sensors, the peak angle sensitivity of such a 
design is improved approximately fourfold, reaching  
1.65106 (deg/cell)/mm2 and a detection limit of  
60 cells/mm2 for the TM mode. 

As demonstrated in Fig. 2c, a metal clad leaky 
waveguide (MCLW) is another optical structure that 
involves a metal layer (Zourob et al., 2003a, 2003b; 
Zourob and Goddard, 2005; Skivesen et al., 2005, 
2007). The motivation for this design is to increase 
the penetration depth; thus, it includes most of the 
entire volume of the samples within the evanescent 
field. For conventionally used waveguides such as 
RMs, the penetration depth is limited to several hun-
dreds of nanometers, while the MCLW gives a pene-
tration depth of about 1 μm into the water layer and a 
propagation length of a few millimeters along the 
waveguide. Similar to the reverse symmetry wave-
guide design, the larger penetration depth in the 
MCLW also increases the sensitivity of the system. In 
particular, the large penetration depth makes the de-
tection of a large sample like bacterial spores possible. 
A detection limit of 8–9 cells/mm2 has been experi-
mentally achieved using MCLW sensors (Skivesen  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Waveguide-based biosensors with different designs: (a–c) optical waveguide based biosensors; (d–f) waveguide 
based interferometer biosensors; (g–i) waveguide based ring resonator biosensors 
(d) is reprinted from Liu Q et al. (2013), Copyright 2013, with permission from Elsevier; (e) is reprinted from Cross et al. (1999), 
Copyright 1999, with permission from the American Institute of Physics; (f) is reprinted from Ymeti et al. (2003), Copyright 
2003, with permission from the Optical Society of America; (g) is reprinted from Taniguchi et al. (2016), Copyright 2016, with 
permission from Elsevier; (h) is reprinted from Kim et al. (2013), Copyright 2013, with permission from Elsevier; (i) is reprinted 
from Armani and Vahala (2006), Copyright 2006, with permission from the Optical Society of America 
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et al., 2007), and the detection of bacterial spores  
was also demonstrated with a detection limit of  
8×104 spores/mL (Zourob et al., 2003a). 

3.2  Waveguide based interferometer biosensors 

Fig. 2d shows the schematic of a slot- 
waveguide-based Mach–Zehnder interferometer (MZI) 
biosensor. Usually, a coherent, single-frequency, sin-
gle polarization laser light is coupled into the input 
slot waveguide through a grating coupler. Then the 
coupled light is split into two arms with a Y junction 
and recombined again after a certain distance. The 
reference arm consists of a strip waveguide protected 
by a thick cladding layer, while the sensing arm con-
sists of a slot waveguide with a window on the top of 
it, allowing the evanescent field to interact with the 
surrounding medium. In general, the waveguide slots 
must maintain their polarization and be single mode 
to avoid interference from other modes. On the output 
side, the interference of light can be expressed as 
 

out in 0/ 1 cos( ),I I V                  (7) 
 
where Δφ=2πΔneffL/λ is the phase difference between 
the two arms induced by the change in the surround-
ing medium, Δφ0 is the initial phase difference of the 
two arms, and L represents the length of the sensing 
region. From Eq. (7), we can find that increasing the 
length of the working region will improve the sensi-
tivity of the biosensors. However, because the ratio 
Iout/Iin is cosine-dependent on L, the biosensors will be 
insensitive near the maximum and minimum of the 
cosine function. 

Waveguide based interferometer sensors pose 
strict requirements on the quality of the strip wave-
guides; therefore, they follow the development of the 
telecommunication and semiconductor industries. In 
1991, an MZI biosensor with the reference arm in air 
was demonstrated (Heideman et al., 1991). Later, the 
same group demonstrated the first integrated  
waveguide-based MZI biosensor (Heideman et al., 
1993). The authors fabricated an MZI on silicon sub-
strate with the silica as the spacer and Si3N4 as the 
waveguide. The gratings were fabricated for input/ 
output coupling. The detection limit of Δn was about 
4106 RIU, and the sensitivity of the system was 
demonstrated down to 18.9 fM in a streptavidin so-
lution. Later, Schipper et al. (1997) designed a sym-

metrical MZI sensor, in which the sensor area was 
fabricated on two arms of the same size. Meanwhile, 
the authors optimized the size of the waveguide to 
improve the sensitivity of the sensor. The demon-
strated RI change was about 1104 RIU, and an  
antibody-antigen binding process was detected. 

Another important improvement is the anti- 
resonant reflecting optical waveguide (ARROW) 
structure proposed by Jiménez et al. (1996). The large 
core dimensions on the order of micrometers make 
lower insertion loss possible, while the optimized 
waveguide structures and sizes ensure the single 
mode behavior and high sensitivity of the sensors. In 
Prieto et al. (2003), the immunoreaction a-HSA/HSA 
was observed with a detection limit of 1.8 ng/mm2. 

With a similar slot waveguide design, another 
interferometric technique based on Young’s inter-
ferometer (YI) was developed for biosensing. As 
demonstrated in Fig. 2e, unlike the MZI which detects 
the output laser power recombined by the two arms, 
the sensing mechanism in YI is based on the detection 
of interference patterns formed by laser light from the 
two arms. The intensity distribution of interference 
patterns along the screen of the detector can be de-
rived to be 
 

2π( ) 1 cos ,d
I y y

D
     
 




              (8) 

 
where Δφ=2πL/λ is the initial phase difference be-
tween the two interfering beams, d is the distance 
between the sensing and reference slots, D is the 
distance from the output side to the detecting screen, 
and y represents the position on the detecting screen. 
The phase change can also be written as Δφ= 
2πcLΔneff/λ, where c is the sensitivity coefficient. A 
change in Δneff would cause a spatial shift in inter-
ference patterns. By applying a Fourier transfor-
mation on the acquired intensity distribution, the 
phase value Δφ can be extracted for analysis (Bran-
denburg and Henninger, 1994). 

Brandenburg and Henninger (1994) designed an 
integrated YI sensor. The RI sensing of gases and 
fluids was demonstrated with a resolution of 1×10−5 
RIU. Using the same design, follow-up work was 
done by Brandenburg (1997), improving the resolu-
tion to 1×10−7 RIU. Although these two works real-
ized the integration of YI, the reference and sample 
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cells were fabricated in separate parts placed at the 
end face of the YI chip. Later, Cross et al. (1999) 
proposed the first dual polarization interferometry for 
humidity sensing. The YI sensor was based on two 
vertically stacked slab waveguides, and the sample 
cells were etched on the surface of the final layer. As a 
continuation of this work, the group optimized the 
waveguide structures and realized the detection of 
protein (Cross et al., 2003). The input end-face of this 
dual slab waveguide is uniformly illuminated with the 
light of a coherent source, and only the fundamental 
mode can maintain the propagation in the waveguides. 
The precision of the measurements taken was on the 
order of 40 pm with respect to the adsorbed adlayer 
thicknesses. 

The MZI biosensor introduced above has 
achieved high sensitivity in sensing the binding and 
absorption of target molecules. However, the single 
sensing slot makes it unsuitable for multianalyte 
testing. As demonstrated in Fig. 2f, Ymeti et al. (2003) 
proposed a four-channel YI structure, enabling sim-
ultaneous and independent monitoring of three bind-
ing processes. Among the four channels, one is des-
ignated for reference while the others for sensing. The 
spacing between each sensing arm and the reference 
arm is unique, and the interference patterns can be 
well separated. In this work, by optimizing the design 
geometry and the signal processing techniques, the 
phase noise and inter-channel cross-talk are effec-
tively reduced. A refractive-index resolution of 
8.5×10−8 was achieved experimentally. 

Fig. 2f demonstrates another interfering bio-
sensor, called the Hartman interferometer (HI). A 
single planar wave of linearly polarized laser light is 
coupled into the waveguide by an input grating fab-
ricated into the chip. Then, the broad light passes 
through a region with multiple parallel strips. Similar 
to the MZI design, integrated optical elements are 
used to create interference between the light from 
adjacent strips, which are coated with specific or 
nonspecific receptors. This multi-channel design not 
only makes multianalyte testing possible but also 
simplifies the fabrication and sensing process. The 
first biosensing demonstration with the device was 
done by Schneider et al. (1997), and a direct detection 
limit of 2 mg/L was demonstrated in sensing human 
chorionic gonadotropin (hCG). In follow-up work, 
the authors realized a one-step assay for hCG in hu-

man serum with a detection limit of 0.1 ng/mL 
(Schneider et al., 2000). By employing a reference 
sensing region to subtract the interference resulting 
from non-specific binding and controlling the surface 
chemistry of the optical chip, the non-specific ad-
sorption signal was effectively reduced. Meanwhile, 
amplification of the signal was realized using gold 
nanoparticles. 

3.3  Waveguide based ring resonator biosensors 

As discussed, the sensitivity of the waveguide- 
based biosensors introduced above is determined by 
the length of the working region. However, when 
light is confined within a ring resonator, the effective 
length Leff is related to the Q-factor of the resonator 
and defined by Leff=2πn/λ, where n is the RI of the 
resonator and λ is the wavelength of the detecting 
light (Fan et al., 2008; Flueckiger et al., 2016). Thus, 
by fabricating a high-Q ring resonator, the size of the 
biosensors can be effectively reduced, while the sen-
sitivity of the sensors is similar or even superior to 
those of conventional waveguide-based sensors. 

Waveguide based ring resonator biosensors are 
an emerging sensing technique. The working princi-
ple of this technique is based on the detection of the 
resonant wavelength of the system by λ=2πneffr/m, 
where r is the outer radius of the ring resonator, neff is 
the effective index of the mode fields, and m is an 
integer. By detecting the shift of the resonant wave-
length, the binding or absorption process between 
receptors and analyte molecules can be dynamically 
observed (Flueckiger et al., 2016). 

Figs. 2g–2i demonstrate two typical waveguide- 
based resonators for a biosensor, i.e., ring-shaped 
biosensors and disk-shaped biosensors. In theory, the 
sensitivity of a ring resonator can reach 10−9 RIU 
(Krioukov et al., 2003; Ksendzov and Lin, 2005; 
Chao et al., 2006; de Vos et al., 2007; Schweinsberg 
et al., 2007; Fan et al., 2008; Flueckiger et al., 2016). 
Yet, in experiments, the surface of the ring resonator 
or disk is not so perfect; thus, roughness cannot be 
avoided. Experimental results are still a few orders of 
magnitude away from this standard. A biosensor of a 
vertically coupled glass microring resonator with a Q- 
factor of about 12 000 was proposed by Krioukov et al. 
(2003), and the RI sensitivity was calculated to be 
1.8×10−5 RIU. In Yalcin et al. (2016), polymer micro- 
ring resonators were demonstrated for biosensing 
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with a Q-factor of about 20 000, and a detection limit 
of 10−7 RIU was achieved. 

Meanwhile, ring resonators with subwavelength 
gratings (Flueckiger et al., 2016) and a trapping- 
assisted microdonut (Lin SY and Crozier, 2013) were 
proposed. The ring resonator with subwavelength 
gratings worked in the TE mode, and was two times 
as sensitive as the best TM ring and slot resonators. 
The reported sensitivity was about 400–500 nm/RIU 
(Flueckiger et al., 2016). The Q-factor of the trapping- 
assisted microdonut was about 9000 with a sensitivity 
of 2.1±0.4 pm. The optical trapping assisted sensing 
technique has the advantage of reusability, and ena-
bles the detection of different molecules (Lin SY and 
Crozier, 2013). 

 
 

4  Chip-based waveguide micro/nanoscopy 

4.1 Fluorescence labeling chip based micro/ 
nanoscopy 

In Agnarsson et al. (2009), an evanescent-wave 
fluorescence excitation method based on symmetric 
planar waveguides was proposed (Fig. 3a). The light 
was coupled through a single-mode optical fiber into 
the planar waveguide. Using waveguides with a 
symmetric cladding environment, in-coupling of the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

excitation light was greatly simplified and intensity 
uniformity of the evanescence illumination improved. 
Later, a light-emitting diode (LED) based waveguide 
TIRF system was designed (Hassanzadeh et al., 2008). 
High-power LEDs functioned as the light source. A 
coverslip waveguide was used to provide a wide-field 
uniform evanescence illumination (Fig. 3b). No 
alignment was required for this system and high 
contrast in vivo biological imaging achieved. Though 
these techniques acquired high-quality images of 
fluorescence labeled cells or tissues over large fields 
of view (FOVs), none of them realized imaging with a 
resolution beyond the diffraction limit.  

Recently, chip-based single molecule localiza-
tion microscopy (chip-based dSTORM) was reported 
(Diekmann et al., 2017). Although it is the same as the 
STORM technique, only a fraction of the fluoro-
phores were turned on in each imaging cycle. After a 
series of imaging cycles, the overall image was re-
constructed with nanometer accuracy. As demon-
strated in Figs. 3c and 3d, channel-like waveguides 
with a tantalum pentoxide (Ta2O5) rib or strip geom-
etry were fabricated to provide evanescent field il-
lumination. A resolution better than 50 nm was 
demonstrated in imaging immunostained microtu-
bules in rat liver sinusoidal endothelial cells (LSECs) 
and DNA-origami nanorulers. For this chip-based  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Schematic illustration of the experimental configuration for an evanescent-wave fluorescence excitation method 
based on symmetric planar waveguides (a), schematic of the LED-based waveguide TIRF microscopy system (b), im-
plementation of chip-based nanoscopy where light guided inside the waveguide is the source of the evanescent field il-
luminating samples on top of the surface (c), and the optical setup for the whole imaging system (d) 
(a) is reprinted from Agnarsson et al. (2009), Copyright 2009, with permission from the Optical Society of America; (b) is re-
printed from Ramachandran et al. (2013), Copyright 2013, with permission from Springer Nature; (c) and (d) are reprinted from 
Diekmann et al. (2017), Copyright 2017, with permission from Springer Nature 

(a) (b)

(c) (d) 
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dSTORM technique, the FOV of the system was 
about several hundred micrometers square under a 
60× 1.2NA objective lens (Fig. 3d). The time required 
for acquiring all raw images was around 0.5 h (about 
30 000 frames and 50 ms exposure time for each 
frame). 

Using the same setup, chip-based entropy-based 
super-resolution imaging (ESI) was demonstrated as 
well. The ESI imaging technique is based on recon-
structing super-resolved images from image se-
quences with rapid random signal fluctuations, which 
can work with dynamic events like on-off switching 
of the fluorescent dyes and photobleaching (Ya-
hiatène et al., 2015). By calculating the local entropy 
(H) and cross-entropy (xH) values pixel by pixel, a 
super-resolved image of the sample can be recon-
structed. Compared to the dSTORM acquisition 
procedure where single molecule switching is re-
quired, the input power is lower for chip-based ESI. 
Meanwhile, there is no need to further control the 
illumination pattern. Pictures of about 200 frames 
were recorded for ESI reconstruction, and a resolution 
of 106 nm was achieved in the ESI image. 

Fluorescence labeled chip based waveguide mi-
croscopy combines the advantages of conventional 
fluorescent microscopy and dark field imaging, 
achieving a high signal-to-noise ratio (SNR) image in 
a wide FOV with tens of nanometers resolution. The 
complexity of the entire optical setup is highly re-
duced by removing the excitation light path. 

4.2 Label-free chip based waveguide micro/ 
nanoscopy 

To complement the chip-based waveguide super- 
resolution imaging based on fluorescence, various 
label-free chip based waveguide super-resolution 
imaging techniques were developed. Hao et al. (2013) 
proposed a super-resolution imaging technique, 
which uses the evanescence field around a micro 
optical fiber as the light source. In this work, the res-
olution of the system was improved from 457 to about 
300 nm. However, the FOV of this technique was 
confined to within a small area around the fiber, and it 
could realize only one-dimensional (1D) super- 
resolution imaging unless moving the fiber probe or 
the sample stage in the circular scanning method. In 
addition, the resolution of this technique is limited by 
the RI of silica, and its SNR is poor. Later, Agnarsson 

et al. (2015) developed a label-free super-resolution 
waveguide chip, consisting of a 400-nm thick silica 
core embedded in a symmetric 4-μm thick CYTOP 
cladding layer. In this work, the design realized the 
observation of 150 nm fluorescently labeled vesicles 
in both fluorescence and scattering modes. Compared 
to the fiber probe, the FOV of this design achieved a 
high improvement. However, as demonstrated in Fig. 4a, 
useful subwavelength information can be recovered 
only along the illumination direction, and the unidi-
rectional illumination in this design cannot resolve 
complex two-dimensional (2D) samples as well. 

One-dimensional light emitters have shown 
strong light localization, an ultrasmall footprint, per-
fect mechanical flexibility, and high fluorescent effi-
ciency, thus showing great potential in micro/ 
nanoscopy (Tong et al., 2003; Ma et al., 2003; Tian  
et al., 2010; Yang et al., 2011). Using a nanowire ring 
as the light source, Liu XW et al. (2017) designed a 
new chip-based waveguide super-resolution tech-
nique, called NWR illumination microscopy 
(NWRIM) (Fig. 4b). In this work, a silicon wafer 
cutting coated with a 200-nm aluminum oxide (Al2O3) 
or titanium dioxide (TiO2) film worked as the sub-
strate to support the samples and nanowire light 
emitters. When the semiconductor nanowire ring was 
excited by an external laser, the fluorescence emitted 
from the nanowires coupled into the film waveguide 
and propagated towards the samples. Compared to 
previous label-free chip based waveguide super- 
resolution techniques, NWRIM achieved a higher 
resolution (about 140 nm). The 360° evanescence 
illumination also guarantees the resolution of simple 
2D subwavelength structures. The reported FOV in 
this work was about 1000 μm2, which is one order of 
magnitude greater than previous results. 

Later, by optimizing the deposition conditions, 
film waveguides with higher refractive indices and 
better surface quality were fabricated. High contrast- 
to-noise ratio (CNR) sub-diffraction imaging with 
lateral resolution of 122 nm was experimentally 
achieved (Figs. 4c and 4d) (Pang et al., 2017). In this 
work, the FOV of the system achieved a further 
six-fold increase to 6000 μm2. Meanwhile, the authors 
demonstrated a polarization selectivity in the imaging 
process (Figs. 4e and 4f). By adding a rotatable po-
larizer in front of the detector, the CNR of the system 
acquired another four-fold improvement.  
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By shifting the high spatial frequency infor-

mation of subwavelength samples to the passband of a 
microscope system, techniques based on a frequency- 
shift effect have demonstrated optical super- 
resolution capability. However, under evanescence 
illumination with a given wave vector keva.=2πneff/λeva. 
(λeva. is the wavelength of the evanescence field), only 
the spatial frequency information around (−keva.cos θ, 
−keva.sin θ) with a radius of kceva.=2πNA/λeva. is col-
lectable. Thus, the NWRIM technique is unable to 

resolve complex 2D structures, as the sizes of the 
illumination wave vectors are identical. Meanwhile, 
because of frequency aliasing, it is impossible for the 
NWRIM technique to recover the real size of the 
samples.  

Recently, Pang et al. (2019) proposed a novel 
super-resolution chip (SRC), which realized the il-
lumination of a sample with multi-color evanescent 
waves traveling along different directions. In this 
work, a wide-band polymer fluorescent film was used 
to illuminate the sample paced within a polygon 
working region (Fig. 5a). By locally exciting different 
edges of the polygonal fluorescent polymer films, 
high-frequency components along the given direc-
tions were acquired separately, enabling recovery of 
high-frequency information for the samples. The time 
consumption to acquire one image under a given 
wave vector was about 10 s. To reconstruct a 2D 
sample, the direction numbers needed for evanes-
cence illumination and oblique illumination were 
about 20 and 6, respectively, and the time consump-
tion was about 8 min. By frequency shifting and iter-
ative stitching of different spatial frequencies in the 
Fourier space, a wide spatial frequency spectrum of 
the 2D sample was achieved (Fig. 5b). The authors 
demonstrated the capability of such an SRC by im-
aging different 2D samples like the Chinese character 
for “light” (Fig. 5c) and carbon nanotubes (Fig. 5e). 
The final reconstructed image matched well with 
scanning electron microscopy (SEM) and atomic 
force microscopy (AFM) images in telling the real 
size of the sample (Figs. 5d–5f). 
 
 
5  Conclusions and perspective 
 

In this review paper, we summarized some 
chip-based waveguide sensing and imaging tech-
niques. On one hand, using the evanescence field 
generated around the waveguide surface to interact 
with molecules located within it, the binding and 
absorption processes could be observed. On the other 
hand, the generated evanescence field could interact 
with the sample directly and shift the high spatial 
frequency information of the samples into the mi-
croscope system’s passband. The eventual goal of both 
waveguide-based biosensors and super-resolution 
imaging chips is to develop portable devices. 

Fig. 4  Simulated images of sub-wavelength structures 
under unidirectional evanescent field illumination: (a) 
simulated pattern comprising two concentric rings where 
the center-to-center distance is 160 nm and the linewidth 
is 80 nm (I) and the corresponding images for different 
evanescent wave illuminations along the arrow (II–IV); 
(b) schematic of the NWRIM configuration and imaging 
process (under an omnidirectional evanescent illumina-
tion from the fluorescent NWR, the sub-diffraction 
nested features of the central hexagon show up in the 
far-field image); (c) SEM images of the groove pairs when 
titanium dioxide layers are deposited at 300 °C where the 
depth of the groove pair is 76 nm; (d) the corresponding 
optical images of the groove pairs under evanescent field 
illumination; (e, f) simulation results for the far-field 
images of the groove pair under S and P wave illumina-
tion, respectively 
(a) is reprinted from Pang et al. (2019), Copyright 2019, with 
permission from the authors; (b) is reprinted from Liu XW et 
al. (2017), Copyright 2017, with permission from the Amer-
ican Physical Society; (c)–(f) are reprinted from Pang et al. 
(2017), Copyright 2017, with permission from the Optical 
Society of America 
 

(a) (b) 

(c) (d) 

(e)

(f)
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Waveguide-based biosensors have been under 
development for several decades, and some of them 
have been commercialized. With the development of 
smartphones, the concept of mobile health has been 
proposed and related smartphone-based biosensors 
have been reported (Yu et al., 2015; Zhang JL et al., 
2018; Guner et al., 2019). In general, the smartphone- 
based biosensors can be divided into two categories, 
i.e., the smartphone as detector and the smartphone as 
instrumentation interface. For the former, the smart- 
phone works as a detector. An apparatus which com-
bines a disposable substrate, the illumination light 
source, and related optical elements is integrated with  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the phone via a 3D printed holder (Figs. 6a and 6b). 
An alternative approach has the smartphone con-
nected with the experimental setup via a micro- 
USB port, Bluetooth, or Wi-Fi (Figs. 6c–6e). The 
smartphone works for only displaying the testing 
results and controlling the experimental setup. For 
details, please refer to Roda et al. (2016). In the future, 
a portable multifunctional biosensor, similar to the 
Apple Watch, will achieve many applications in 
healthcare. 

The chip-based waveguide implementation has 
dramatically reduced the complexity of the imaging 
system, and the fluorescent labeling chip based super- 
resolution imaging techniques have great potential for 
a wider range of use. The waveguide-based dSTORM  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Image of the iTube platform and smartphone 
screen for the colorimetric assay reading (a), a schematic 
illustration of the components of the same iTube platform 
(b), photograph of the assembled prototype device in 
which the arrow indicates the microfluidic chip (c), pho-
tograph of the chip and a cellphone SIM card for com-
parison (d), and an enlarged image of the chip with la-
beled components in which the channels are filled with 
dye for improved visualization of the fluidic network (e) 
(a) and (b) are reprinted from Coskun et al. (2013), Copyright 
2013, with permission from the Royal Society of Chemistry; 
(c)–(e) are reprinted from Lillehoj et al. (2013), Copyright 
2013, with permission from the Royal Society of Chemistry

(b) (a)

(c) (d) 

(e) 

(a) (b) 

(c) (d) 

(e)

(f)

Fig. 5  Schematic of the evanescent field illumination and 
oblique illumination process (a), schematic of the recon-
struction method (b), AFM image of the etched Chinese 
character for “light” (c), reconstructed image of the 
Chinese character for “light” (d), SEM image of a carbon 
nanotube sample (e), and reconstructed image of the 
carbon nanotube sample (f) 
Reprinted from Pang et al. (2019), Copyright 2019, with 
permission from the authors. In (a), under a given illumina-
tion direction, the object (here a circular ring pair) is partially 
resolved at different wavelengths using the appropriate 
bandpass filters. In the diagram,  represents the illumination 
direction and α is the angle of incidence for oblique illumi-
nation (obl. means oblique illumination; eva. represents ev-
anescent illumination). In (b), Kc, Kcobl., Kceva.2, and Kceva.3 are 
the cut-off wavenumbers of the microscope system for dif-
ferent illumination modes and wavelengths, Kobl. is the wave 
vector under oblique illumination, and Keva.2 and Keva.3 are the 
wave vectors for evanescent field illumination at wavelengths 
of λ2 and λ3, respectively 
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introduced has realized tens of nanometers resolution, 
but the whole imaging process is still time-consuming 
(about 30 min). The development of more sensitive 
detectors/cameras will further speed up image acqui-
sition. Meanwhile, the coupling of light into the 
waveguide through optical fibers or an objective lens 
is still complex for practical use. With the develop-
ments in photonic integrated circuits (PIC), future 
on-chip laser sources will make the system more 
compact and easier to use. On the other hand, with the 
development of micro/nano fabrication techniques, a 
polygon planar waveguide with multiple incident 
ports could be fabricated. By designing the corre-
sponding coupling structures connected to each port, 
the laser light at different wavelengths would couple 
into the waveguide to interact with the sample placed 
on the surface of the working region. The develop-
ment of chip-based light sources also provides the 
possibility to realize self-powered label-free  
waveguide based super-resolution imaging. 
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