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Abstract: 
Optical microcavity sensors are ideally suited for the development of optofluidic lab-on-chips and
appear promising for application fields like drug development, bio-/chemical analyses, and medical 
diagnostics. In particular, planar integrated and low-footprint photonic sensors that are combined with 
microfluidics on wafer scale are attractive due to their mature fabrication technology. We present 
integrated optical refractometers and label-free biosensors based on low loss deposited silicon 
microring resonators. The microrings are employed for refractive index sensing and biomolecule 
immobilization. The sensors which are embedded in silicon-glass or polymer microfluidic channels are
studied for their sensitivities and detection limits by using conventional wavelength scanning
instrumentation and a novel on-chip microheater based wavelength-to-power transducer method.
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1. Introduction 
Photonic microcavities are well suited sensors 
to measure chemical substances and 
biomolecules with low limits of detection (LoD) 
and high sensitivities (S), thereby allowing for 
real-time monitoring biomolecule binding events 
and kinetics on microscale areas [1,2]. In 
particular, planar integrated microring reso-
nators (MRRs) with low footprint provide 
straight-forward integration with microfluidics on 
wafer scale and hence are attractive for diverse 
sensing applications [3-5]. In this work, we 
present optofluidic sensors based on 
amorphous silicon (a-Si:H) MRRs and conduct 
biomolecule and refractive index sensing 
experiments. The photonic sensors are 
compatible with high-volume fabrication, e.g. 
with complementary metal-oxide semiconductor 
(CMOS) manufacturing, and the supporting 
microfluidic channels rely on established silicon, 
glass, and polymer process technologies, 
hence, enabling a cost-effective and flexible 
platform for lab-on-chip sensors.  

The potential to use such sensors for refractive 
index sensing of fluids is proven with sodium 
chloride (NaCl) and isopropyl alcohol (IPA) 
dissolutions. The measurement of molecules 
down to clinically relevant regions is 
demonstrated with bovin serum albumin (BSA) 
proteins using functionalized MRRs that allow 
monitoring the BSA adsorption at the resonator 
surface. The experiments were performed with 

conventional wavelength scanning methods 
using standardized laboratory equipment, for 
instance with a benchtop high-resolution 
tunable laser system, and with a novel on-chip 
microheater based interrogation concept which 
targets the development of portable devices 
and lab-on-chips at low costs.  Opportunities of
the optofluidic sensors within the field of
biochemical microsystems and technological 
challenges like the manufacturing non-
uniformity, the integration of the relevant 
building blocks on a single chip, and the 
ambiguity of molecule layers for instance 
between refractive index and layer thickness
are briefly discussed. Potential solutions are 
given by means of trimming methods that allow 
counterbalancing fabrication non-uniformity [6], 
the novel sensor concept that directly 
transduces the wavelength readout to electrical 
signals by using tracing MRRs on chip [7], and 
the possibility to multiplex several sensors 
which enable to retrieve the layer conformity or 
to mitigate temperature drifts by athermal 
designs [8-11].  

2. Optofluidic Sensor Principles and Metrics
A. Microring Sensor Principle 

The sensing principle is based on the light 
interaction of the optical mode evanescent 
fields with the analyte and/or the adsorpted 
molecules in the close vicinity of the microring
surface. The sensors can be modeled by the 
well-known MRR equations, given in (1) and 
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(2), representing the straight through power 
transmission for a single-side coupled ring with 
attenuation  and coefficient t accounting for 
the ring-waveguide coupling according 
t2 + k2 = 1 in the lossless case.  

 (1) 

The resonance condition as a function of the 
round-trip phase  

, (2) 

is further related to the propagation constant  
by the effective mode index neff for a ring 
lengths Lr. A refractive index change, as 
exemplarily presented in Fig. 1, results in a shift 
of the resonance wavelength r which is linearly 
proportional to the analyte concentration and 
can be measured with very high accuracy. 

The optofluidic sensor key figures, S and LOD, 
were modeled using a finite element method 
solver (COMSOL). The sensitivities in terms of 
refractive index units (RIU) and dependent on a 
biolayer (bl) that is immobilized at the sensor 
surface, respectively, can be modeled by (3) 
and (4).  

  (3) 

  (4) 

The group refractive index ng including 
chromatic dispersion is calculated by 

 (5) 

The sensitivities that were computed for 
different photonic waveguide widths and 
heights, which allow single-mode guiding of the 
fundamental TE- and TM-modes at least up to 
w  500 nm, are presented in Fig. 2. As shown 
in the graph, microring sensors with 
SRIU > 250 nm/RIU can be realized for both 
modes using optimized dimensions. Although, 
the a-Si:H deposition process is in particular 
well suited to define nm-precise layers with 
arbitrary thickness [12], the optical sensors 
were fabricated with 200 nm height waveguides 
and characterized for the TE-mode in order to 
make use of established components, e.g. 
optimized grating couplers [13]. For these 480 x 
200 nm waveguides, the theoretical studies 

 

 

Fig. 1: (a) Microscope picture of a microring 
resonator. (b) Illustration of a label-free biosensor
based on a microring. (c) Characteristic microring 
resonance peak shift due to a refractive index 
increase of the analyte cladding. 

provide SRIU bl pm/nm 
for a biolayer with , respectively. The 
detection limits which can be approximated by 
(6) and (7) 

  (6)

 (7)

are governed by the quality factor of the MRRs 
and the readout accuracy ( rms), and range 
down to LoDn  10  in RIU and approach sub-
femtogram levels for molecule masses, 
respectively [14]. 

 
Fig. 2: Refractive index sensitivities vs. photonic 
waveguide widths for different heights and the 
fundamental TE and TM guided modes. 
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B. Sensor Readout Concepts 

The optofluidic sensors can be monitored by 
different instrumentation, dependent on the 
sensing application demands in terms of 
sensitivity, detection limit, dynamic 
measurement range, and interrogation speed. 
As shown in Fig. 1, a MRR sensor can be 
monitored in absolute output power, or, more 
conventionally, by a wavelength shift. The most 
widely used and precise procedures for the 
analyte characterization are based on high 
resolution laboratory equipment as presented in 
Fig. 3 (a). Typically either a tunable laser 
source (TLS) is synchronized with a photo 
detector, triggered with an oscilloscope, or, a 
broadband light source is analyzed by an 
optical spectrum analyzer (OSA). Such 
measurement systems combined with 
optimized signal processing and fitting routines 
allow the detection of r < 1pm with moderate 
Q-factors  104) and in combination with a high 
sensitivity sensor facilitate low LoD for 
refractive index and biomolecule sensing.  

However, the impractical and relative expensive 
measurement setups limit the application of 
such sensors for lab-on-chip systems and 
portable devices. In order to minimize the 
peripheral components and to overcome the 
necessity of expensive equipment, on-chip 
solutions are preferred in several application 
scenarios. A relatively simple solution that 
works without the need for expensive and bulky 
devices is depicted in Fig. 3 (b). Instead of 
using an external high resolution device, TLS or 
OSA, the sensing concept makes use of an 
integrated microheater which is employed to 
transduce the optical sensor signal into the 
electrical domain. Since the thermo-optic 
coefficient of a-Si:H and the microheater driving 
power provide a linearly proportional 
wavelength shift according (8), the power is a 
direct measure of the analyte change.  

(8) 

An optical measurement of the temperature 
induced resonance shift with an 84 pm/°C slope 
for a MRR with SiO2 upper cladding is shown in 
Fig. 4. The strong response minimizes thermal 
crosstalk to the microfluidic channels on the 
one hand, and enables a wide dynamic 
measurement range up to several nanometers 
on the other hand, so that large index changes 
can be monitored. An advantage also results 
from the possibility to tailor the dynamic range 
and sensitivity by the microheater efficiency, 
e. g. by dimensional variations, although all 
other MRR parameters remain fixed.  

Fig. 3: Schematic illustration of the conventional and 
the on-chip microheater based sensor tracking
measurement principles: (a) Probe light is coupled to 
the photonic sensors either by a low linewidths 
tunable laser which is synchronized with a 
referenced photo detector or triggered with an 
oscilloscope, or a broadband light source which is 
wavelength scanned with a spectrum analyzer. (b) 
The on-chip tracking method makes use of a 
broadband light source which is wavelength scanned 
by the tracking microring and transduces the 
resonance shift to an electrical quantity by a 
feedback loop between the photo detector and the 
power control of the integrated microheater.  

The adverse effect of the high TOC, which is 
the susceptibility of the sensor to temperature 
fluctuations, is significantly mitigated for the on-
chip solution since it includes two MRRs which 
counterbalance each other. 

In addition, this large measurement range can 
be effectively employed to track several 
sensors simultaneously in one measurement 
cycle by using wavelength multiplexing
techniques. In this context, the high refractive 
index of a-Si:H is favorable because the small 
MRR perimeters imply a large free spectral 
range (FSR) and hence many sensors can be 
coupled to a common waveguide. The 
transmission spectrum of a four channel ring 
array is shown in Fig. 5. The small ring radius of 
about 5 µm translates into a wide FSR 18 nm, 
however, as evident from the measurement, 
fabrication non-uniformity can cause unequal

Fig. 4: Thermo-optic tuning of a microring resonator.  
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and undesirable spacings between the 
resonances. In general, such deviations are 
corrected by thermal heaters which are not 
practical for the sensor elements, and hence, a 
permanent correction is highly appreciated. In 
case of a-Si:H, laser processing with intense 
UV irradiation is an appropriate method to tailor 
the material index permanently, so that as fab-
ricated photonic MRR arrays can be optimized 
with pm-precision after fabrication [15].  

 
Fig. 5: Optical measurement of four microring 
resonators coupled to a common waveguide with the 
sensing principle inset. 

3. Optofluidic Chip and Sensor Fabrication  
A. Photonic Sensor Fabrication 

The photonic sensors were fabricated on amor-
phous silicon-on-insulator (a-SOI) substrates 
with a 200 nm thick a-Si:H layer which was 
deposited on oxidized silicon wafers using low 
temperature plasma enhanced chemical vapor 
deposition (PECVD) [13]. This process allows 
for the fabrication of homogeneous a-Si:H thin-
films and low-loss photonic components [14]. 
The sensors consisting of the fiber-chip-
couplers, access waveguides, and the sensing 
resonators were structured with electron beam 
lithography followed by inductively coupled 
reactive-ion etching (ICP-RIE). The photonic 
chips were in parts covered by a 1 µm thick 
SiO2 cladding. 

The microheaters were structured on top of the 
SiO2 cladding through photolithography and 
thermal evaporation of titanium. The bond pads 
for the electronic interface to a printed circuit 
board were further covered by thermally 
evaporated copper, followed by a SiO2 cap-
layer with a thickness of 500 nm which serves 
as a mechanical protection and provides both 
thermal and electric insulation. Finally, the 
sensing windows of the MRRs and the bonding 
pads were opened by a CHF3 - RIE process 
and a subsequent wet etching in buffered 
hydrofluoric acid (5% HF), both processes 
providing a sufficiently high selectivity between 
SiO2 and a-Si:H. 

B. Microfluidic Channel Manufacturing

The integration of the photonic sensors with 
microfluidic channels was accomplished either 
on silicon-glass [25], or polymer soft-lithography 
technologies. For the silicon-glass channels, a 
dual-side polished silicon wafer of 500
thickness was covered with a boron silicate 
glass wafer which encloses the channels and 
allows injecting the analyte through the inlet 
tubes and coupling light to the photonic 
sensors. First, the silicon wafer was structured 
on both sides by photolithography and 
structured by DRIE using SF6 and C4F8. The 
microchannels for the fluid transport were 
defined on one side and the wafer was 
anisotropically etched, targeting a 150
depths. Subsequently, the opposite side was 
processed in order to define the photonic 
sensing windows and the optical fiber vias by a 
wafer through etch. The glass wafer was 
covered with a polysilicon hard mask and was 
photo-patterned and structured from both sides 
with wet chemical etching using 49% HF, 
followed by removing the hard mask in 
potassium hydroxide (KOH). The silicon and 
glass wafers were anodically bonded at 300 °C 
such that an irreversible and robust bond which 
resists high fluidic pressures was formed. 

The microchannels based on PDMS were
fabricated using soft-lithography technology 
using a Si master wafer, prepared by etching 
the channel structures into silicon by DRIE. A 
self-assembled monolayer was formed by a 
mixture of dimethyldichlorosilane and water 
vapors, and, the replica molding was created
with polydimethylsiloxane (PDMS). In order to 
obtain an irreversible bond between PDMS and 
the photonic chip, the stamp and the SiO2 chip-
surfaces were exposed to an O2-plasma,
followed by a heating process. 

Finally, the photonic and the microfluidic 
subassemblies were aligned and bonded with a 
fineplacer and the inlet tubes for the fluidic 
channels were connected to the chips. The 
manufacturing is summarized in Fig. 6.

4. Sensing Experiments 
In order to investigate the optofluidic sensor 
properties for refractive index and biomolecule 
sensing, experiments were carried out with 
NaCl and IPA concentrations dissolved in 
deionized water. The biosensing experiments 
were performed with BSA (66 kDa) which can 
be used to prevent non-specific binding to the 
sensor surface and hence functions as a 
blocking molecule in immunoassays. A 
pressure driven syringe pump (AL-1000, WPI) 
was used to inject the fluids to the sensor chips.
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Fig. 6: Schematic illustration of the optofluidic chip 
fabrication (not to scale). 

The NaCl measurements with the silicon-glass 
microfluidic channels using standard laboratory 
equipment (Fig. 3 (a,i)) are presented in Fig. 7. 
The graph shows an 84 pm/% resonance shift 
for 10  measurement result 
corresponds to a sensitivity of SRIU  50 nm/RIU 
because 1% NaCl contributes to an index 
change of 0.0017 per mass percent [16]. 

 
Fig. 7: Optical measurements of different NaCl 
concentrations in deionized water. 

The on-chip microheater based sensors which 
were embedded in PDMS microchannels were 
characterized with different IPA concentrations, 
ranging from 0% to 10%. The measurements 
including a linear fit are shown in Fig. 8. The 
relation of the IPA concentrations in aqueous 
solutions were calculated by assuming a linear 
index increase of the mixtures with nH2O = 
1.3154 and nIPA = 1.3675 [17,18], respectively. 
In this case, a sensitivity of SRIU  160 nm/RIU 
was determined which is due to the lower mode 
confinement of the approximately 400 nm wide 
waveguides.  

However, since the novel sensor concept 
transduces r to  via the tracking MRR, a 
more suitable value is the electric power to 
refractive index ratio as derived from (9). This 

parameter represents a reasonable figure for 
optical sensors with an electric power quantity. 

 (9) 

Fig. 8: Optical measurements of different IPA 
concentrations in deionized water. 

As a proof of concept to measure molecules, 
e.g. bacteria, DNA, proteins, and viruses etc.,
the a-Si:H sensor chip was functionalized. The 
chip surface was cleaned and pre-activated 
with an amine-reactive crosslink in order to 
allow the label-free sensing of BSA. The results 
of the immobilization are given in Fig. 9, where 
the wavelength shift as measured by a TLS 
system is plotted over time. The overall sensor 
shift of r 20 pm corresponds to a uniform 
BSA layer thickness of tbl  4 5 nm (55 - 60% 
surface coverage) which is in agreement with 
the protein size [19]. Nevertheless, multiplexed 
rings with different sensitivities can improve the 
reliability of biolayer measurements because 
refractive index and thickness changes may 
also be influenced by the molecule orientations. 

 
Fig. 8: BSA protein measurements with 10µm 
microrings using silicon-glass microfluidic channels.

5. Conclusions 
Amorphous silicon microrings for refractive 
index and biomolecule sensing are presented.
The sensors are embedded in silicon-glass or 
polymer microfluidic channels for the analyte 
injection and transport. The optofluidic sensor 
fabrication is based on established process
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technologies and facilitates wafer scale 
manufacturing at relatively low costs. In order to 
investigate the sensing properties, experiments 
were carried out with NaCl and IPA 
concentrations dissolved in aqueous buffer 
solution and high sensitivities were confirmed. 
As a proof of principle for the label-free 
immobilization and real-time monitoring of 
molecules, the biomolecule layer formation with 
BSA proteins at the sensor surface was 
measured. Furthermore, a novel sensing 
concept that exploits a dispersion matched 
microring as an on-chip wavelength-to-power 
transducer is demonstrated. The sensor 
overcomes the necessity of bulky and 
expensive laboratory equipment and hence 
targets portable sensor devices and lab-on-chip 
systems which may find application in medical 
diagnostics, bioanalytic chemistry, drug 
development, and environmental monitoring. 
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