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ARTICLE INFO ABSTRACT
Keywords:

Optical waveguide microcantilever

Sensor

Integrated optics

An optical waveguide microcantilever sensor with a dual-output waveguide readout is developed to obtain
a linear response for the deflection of cantilever. A finite element method is employed to characterize the
optical waveguide microcantilever sensor. A systematic and detailed discussion has been presented to describe
an optical waveguide cantilever sensor with a dual-output waveguide. One can see that most of the results

are interesting, even very different from general opinions. The design is a tradeoff of the sensitivity, linearity
and operation range. These will be helpful for an optimized design of the microcantilever sensor.

1. Introduction

Microcantilever-based sensors can be operated in different modes
which yield different information and which when combined can be
used to obtain a unique set of data. The sensors are versatile and
can measure phenomena such as change in surface stress [1], tem-
perature [2] and mass [3]. In order to detect minute deflection sig-
nals of cantilever, several read-out methods have been investigated.
Capacitive, piezoresistive and optical leverage principle are the com-
monly used read-out system for Atomic Force Microscope (AFM) [4-7].
These methods are robust and well established but rather bulky, less
sensitivity and incompatible processes.

Nowadays, to pursue high sensitivity, fast response, higher integra-
tion and lower cost advantages, optical waveguide sensing technology
which owns high index contrast and CMOS-compatibility has attracted
widespread attention [8-10]. To date, several schemes for combining
the microcantilever transduction system with the integrated optical
waveguide technology have been used in many fields [11]. The initial
configuration of the whole SiO, cantilever acting as waveguides was
presented in 2006 by Zinoviev et al. [12]. In the following years, other
materials, such as polymer [13], InP [14] and Si [15], were employed
by other groups to improve the bend-feeling properties of the end-to-
end coupling cantilever waveguide. Another configuration was that the
waveguide system was integrated in perpendicular direction upon the
cantilever [16,17]. There were two gaps sited on the transmit path

* Corresponding authors.

E-mail addresses: gffan@bjtu.edu.cn (G. Fan), zzp8101@163.com (Z. Zhang).

https://doi.org/10.1016/j.optcom.2022.128174

of light. The number of optical waveguides in this concept could be
further extended for measuring the multi points of the beam, making
it possible to more accurately measure the movement of the cantilever.
In a different idea, a non-end coupling scheme was proposed for higher
sensitivity. A straight waveguide or a grated waveguide was perpen-
dicular fabricated on the substrate with a short separation distance
to cantilever. A surface plasmon waveguide was the cantilever itself
or mounted under the surface of it [18,19]. The vertical coupling
mode was affected by the displacement of the cantilever, further for
changing the output light intensity signal [20-22]. The aforementioned
cantilever optical waveguide mechanisms laid the foundation for the
development of this field.

However, the Gaussian-like response were shown in the output
signal results changing with the cantilever bending for the traditional
optical waveguide microcantilever sensor. The Gaussian-like response
will lead to lack of sensitivity in the middle position occurred in the en-
tire deflection range [23]. Also, the Gaussian-like response means non-
linearity. High linearity is desired for the sensor, which can facilitate
the conversion between output signal and cantilever deflection, also
greatly simplify the data processing system and improve the response
speed of the sensing system [24,25].

Herein we propose a type of integrated optical readout method
aiming at improving the monotonic and linear dependence in the entire
cantilever deflection range. By capturing the output optical signal from
the end of the cantilever waveguide using a dual-output waveguide,
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1 | INTRODUCTION

The microcantilever has received increasing attention
in the field of biological and chemical sensing due to
a tiny sensor area, a label-less detection method, low-
cost fabrication and mass production and compatibility
with CMOS (complementary metal-oxide semiconductor)
technology.'”” The microcantilever sensor is carried out by
reading out the displacement of a cantilever under a stress

An integrated opto-mechanical cantilever sensor with a rib waveguide is reported
in this paper. The device consists of a rib waveguide cantilever with buried waveg-
uides on silicon. The rib cantilever is introduced to match better with the buried
waveguide, further for increasing the interface coupling efficiency. With this con-
figuration, single-mode operating can be achieved in transverse direction with-
out decreasing the width of optical waveguide cantilever. The system sensitivity
is 1.1 um™! which is increased by about 21%, compared with the conventional

coupling efficiency, opto-mechanical cantilever sensor, rib waveguide, sensitivity

generated on its surface. There are many types of readout
methods.® ' In which, optical method is characterised by
high sensitivity.'"'> However, low integration level of opti-
cal readout method cannot meet the development require-
ment of biosensor technology.

An optical waveguide microcantilever (OWC) sensor is
developed through combination of microcantilever and
optical waveguide technology, which shows a high inte-
gration as a biosensor device.'>'* There are many reports

240 | © 2022 Royal Microscopical Society.
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1 | INTRODUCTION

Atomic force microscopy (AFM) has been widely used in
many fields'© since its invention in 1986.” However, the
limited scanning rate due to micro-scale and bulky struc-
ture hinders further development of traditional AFM. The
large size of traditional AFM is mainly due to the use
of optical beam deflection (OBD) detection mechanism?®
with high sensitivity. Many researchers work hard to
miniaturise the AFM by integrating actuators and sys-
tems to realise on-chip AFM.°"" Essentially, the detec-
tion mechanism is the critical technique to the integra-
tion level. The integrated AFM system using optical lever
technique’ was reported with cantilevers arrays, which is
difficult to adjust, so the method cannot be considered as
a highly integrated approach. The piezoelectric methods'
are highly integrated devices requiring less alignment
and adjustment. Low sensitivity is the drawback of the

| Hongru Zhang'

| Xingang Dai’ | Yanjun Hu' |

An optical waveguide cantilever system with a tip is introduced as the displace-
ment detection system of chip-based atomic force microscopy (AFM) system. A
chip-based AFM on optical waveguide is demonstrated with sensitivity of up to
4.0 x 102 nm™!, which is mainly constructed by a 210 nm thick optical waveg-
uide cantilever with a nano-tip. The nano-tip is a height of 1.2 ym and diame-
ter of 140 nm. This integrated on-chip system provides a displacement range of
approximately +0.4 um, which makes it possible for the device to be used for
AFM imaging and pays the way for further performance improvement.

atomic force microscopy (AFM), chip-based, integrated optical waveguide cantilever system,

piezoelectric method. The static deflections as small as
5 nm were registered by highly integrated MOSFETs,"”
which is large compared with the detection limit of
a standard AFM technique. Interferometric methods"
demonstrated the best sensitivity, but so far were not
commercialised.

In this manuscript, to solve the low integration of can-
tilever arrays using optical lever technique, an optical
waveguide cantilever system with a tip is introduced as
the displacement detection system of chip-based AFM sys-
tem. A tip is designed with the optical waveguide can-
tilever as the probe of AFM. A theoretical analysis model is
developed. An analysis for an optical waveguide cantilever
system with a tip is carried out. The results show that
an optical waveguide cantilever system with a tip can be
used in the application of AFM by evaluating the relation-
ship between the cantilever displacement and the device
sensitivity.

112 | © 2021 Royal Microscopical Society
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ABSTRACT

This paper reports quasi-linear response of the signal with cantilever deflection for an integrated optical waveguide biosensor by a double output
readout method. The readout method uses a double output waveguide structure to divide the received light into two power signals, further for
achieving the differential signal as the operating signal. With this method, the operation signal has a good monotonicity with cantilever deflection in
range of + 0.4 um.

1. Introduction

Optical waveguide sensors have a wide variety of applications due to the high sensitivity and high integration density, which is
based on the interaction of the evanescent field with the surrounding media changing with the external factors [1-4]. Many sensing
mechanisms on the optical waveguide have been proposed, including interferometric sensor [5-7], surface plasmon sensor [8,9],
photonic crystal [10,11], microcavity-based sensor [12,13] and grating-based sensor [14,15].

Especially, the optical waveguide micro-cantilever sensors have received increasing attention in the field of biological, chemical,
and environmental due to their high sensitivity, low-cost and label-free operation [16-19]. The optical waveguide cantilever sensor
was first proposed by Lechuga’s group, which was based on the dependence of coupling efficiency between two butt-coupled
waveguides on their misalignment with respect to each other [20]. Following this initial work, many approaches have been devel-
oped to further improve the performance of microcantilever-based sensors. Nordstrom et al. fabricated a polymeric rather than Si
cantilever-based biosensor with integrated optical read-out [21,22]. Polymer cantilever opens up for an increase in sensitivity since the
softer material bends more for the same applied surface stress. On the contrary, a softer material also means that the cantilever will
have difficulties to support itself. Farina’s group introduce an extra cladding layer to reduce the optical losses. They designed a
clamping region between the input waveguides and microcantilever to avoid generation of stress and increase the coupling of light [2.3,
24]. These groups work hard to improve the performance of the sensor. However, a challenge for an optical waveguide cantilever
sensor is that the approach suffers from lack of sensitivity in the middle of the measurement range where the cantilever waveguide is
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ABSTRACT An analysis model for an optical waveguide microcantilever sensor is developed combining
the optical and mechanical models. An improved optical waveguide microcantilever sensor with a buffer is
provided and taken as an example to explore using the analysis model. A systematic and detailed discussion
about the couplers for the input waveguide to optical waveguide cantilever and the optical waveguide
cantilever to the output waveguide of the improved waveguide cantilever sensor is presented. The sensitivity
of an improved optical waveguide cantilever sensor is evaluated by analyzing the input/output waveguide,
buffer, microcantilever, and gap. An improved optical waveguide microcantilever sensor by adding a buffer
shows a sensitivity of 5.7 x 10~*nm ™", which is improved by 51.3%, compared with a conventional optical
waveguide microcantilever sensor. The design of an optical waveguide cantilever sensor is a trade-off of
different design parameters. These will be helpful for the study of an optical waveguide cantilever sensor.

INDEX TERMS Optical waveguide cantilever, buffer, analysis model.

I. INTRODUCTION

Nano-mechanical sensors [1] have become paramount tools
as transducers for highly sensitive biomolecule detection,
such as viruses [2], proteins [3], cancer cells [4], and
small molecules [5]-[7]. It performs real-time detection
and readout by changing the mechanical behavior of the
transducer. As a kind of nanomechanical sensors, inte-
grated optical waveguide microcantilever-based sensors have
received increasing attention [8]-[11] due to the advantages
of high sensitivity, small size and easy integration for mul-
tiple detection [12]-[15]. In an optical waveguide cantilever
sensor, the optical waveguide cantilever (OWC) works for
the mechanical response generation and light propagation
as an optical waveguide, the sensor detects the mechanical
response by observing the output optical power of the optical
waveguide cantilever with different bending displacements

The associate editor coordinating the review of this manuscript and
approving it for publication was Sukhdev Roy.
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in return [13]. As a relatively new nanomechanical cantilever
sensor, the researchers focus on the material of the optical
waveguide microcantilever sensors to improve the perfor-
mance [16]-[21]. However, few detailed analysis has been
performed for the nanomechanical microcantilever sensors
on optical waveguides.

In this paper, a detailed analysis of nanomechanical
microcantilever sensors on optical waveguides was devel-
oped using mechanical and optical models. A finite-element
method (FEM) was employed to analyze the nanome-
chanical microcantilever sensors. We took an improved
optical waveguide cantilever system [22] as an exam-
ple to explore the analysis. Following this introduction,
in Section II, the principle of the optical waveguide can-
tilever sensor was presented, the model for the optical
waveguide cantilever was developed. Section III provided
a discussion about the results and their comparison with
the conventional structure. The conclusion was described in
Section I'V.
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Abstract: This paper reports on an improved optical waveguide microcantilever sensor with high
sensitivity. To improve the sensitivity, a buffer was introduced into the connection of the input
waveguide and optical waveguide cantilever by extending the input waveguide to reduce the
coupling loss of the junction. The buffer-associated optical losses were examined for different
cantilever thicknesses. The optimum length of the buffer was found to be 0.97 um for a cantilever
thickness of 300 nm. With this configuration, the optical loss was reduced to about 40%, and the
maximum sensitivity was more than twice that of the conventional structure.

Keywords: optical waveguide cantilever sensor; buffer; sensitivity

1. Introduction

Inrecent years, the development of micro processing and manufacturing technology has accelerated
the research progress of nanomechanical sensors [1-5]. Nanomechanical sensors have been widely
studied in biological, chemical, and environmental protection sensor applications because of their
high sensitivity and capacity for integration [6-8]. The sensitivity of nanomechanical sensors is
mainly affected by the readout method, relying on optical sensors used in atomic force microscopy or
interference methods [9]. An alternative method has been developed that uses an optical waveguide
cantilever (OWC) to detect the deflection or resonance change of cantilevers [10-13]. In this method,
the light coupled into the optical waveguide cantilever and emitted from the free-end of the cantilever
travels across a small gap and is captured by an output waveguide (OW). The major benefit of this
method is the higher integration of cantilever arrays that can provide highly sensitive readouts.
There are many reports about optical waveguide cantilevers based on different material platforms,
for example, SiO, [10], polymer [14], InP [15], and Si [16] as the cantilever waveguide.

In this study, we examined material platforms using Si3Ny as the optical waveguide and SiO; as
the cantilever to explore an optical waveguide cantilever system. An improved optical waveguide
cantilever system was developed to improve optical sensitivity. Unlike the conventional structure,
the proposed structure extends the input waveguide (IW) on the optical waveguide cantilever to

Sensors 2019, 19, 4346; d0i:10.3390/s19194346 www.mdpi.com/journal/sensors
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Abstract. An optical waveguide cantilever sensor is introduced, which is determined by
monitoring the coupling efficiency between a waveguide cantilever and a waveguide receptor
through the cantilever bending. A straightforward model is developed for an optical waveguide
cantilever sensor, in which the coupling efficiency between the cantilever and receptor is calcu-
lated using the overlap integral. An effective index is introduced to analyze the thickness of
input/output waveguides and cantilever for a maximum coupling with a fiber keeping the sin-
gle-mode operation. The relationship of the optical waveguide sensor (cantilever, gap, and output
waveguide) and the sensitivity is presented. As a consequence, we take an optical waveguide
cantilever sensor structure of Si;N,/SiO, /Si as an example, and an optimized design is reported.
Moreover, the analysis model is compared with a finite-difference beam propagation method.
The result means that our model has a similar accuracy but is more simple, intuitive, and time-
saving. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOL: 10.1117/1.JNP.11
.026007]

Keywords: cantilever sensor; optical waveguide; coupling efficiency.

Paper 16203 received Dec. 27, 2016; accepted for publication Apr. 24, 2017; published online
May 12, 2017.

1 Introduction

Recently, cantilever-based sensors have received increasing attention for applications requiring
detection of ultraweak forces, which possess high sensitivity, and highly parallel, real-time, and
label-free detection.'™ Most of the cantilever-based sensors are based on the principle of the
atomic force microscopy (AFM),* in which a laser beam deflected off the cantilever surface
is readout by a position-sensitive photodetector. The detection of cantilever displacement can be
determined by optical levers,® piezoresistive,” piezoelectric,® capacitance readout,” and inte-
grated MOSFET transistors.' Among the most known readout methods, the optical lever is
characterized by high sensitivity used in AFM; however, a low integration level complicates
performance of the experiments in series.!" Some methods have been developed to resolve
the problem. For example, the piezoelectric and piezoresistive detection methods allow a higher
and simpler integration when working with arrays of microcantilevers, but they have lower
sensitivity.'” The cavity optomechanics have a higher sensitivity and integration but are relatively
complex.'?

A cantilever sensor with an optical waveguide readout method is introduced.'*"'” The sensor
shows a high sensitivity and integration, in which the transducer is integrated with the receptor
on one chip, and no preliminary alignment or adjustment is needed. In recent years, by other

*Address all correspondence to: Yuan Li, E-mail: gffan@bjtu.edu.cn; Hongyu Li, E-mail: skdlhy @163.com
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Abstract: An integrated 8 x 8 wavelength router based on the micro-ring resonators using 2 x
2 multi-interference  (MMI) crossing is demonstrated on silicon-on-insulator (SOI)
technology, which is manufactured with microelectronics equipment. Experimental results
show a free spectral range (FSR) about ~37 nm, an on/off contrast larger than 20 dB, an
imbalance among the channels less than 2 dB, a crosstalk of channels smaller than —10 dB, a
spacing between close channels about 3.6 + 0.7 nm and an output efficiency of every channel
smaller than 20 dB.

© 2017 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (060.4250) Networks.
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Abstract—Optical waveguides on three material platforms of
silicon-on-insulator (SOI), amorphous silicon (a-Si:H) and silicon
nitride are analyzed for realization of an optical compact link com-
patible with CMOS technology. The three material properties are
presented. The optical components on the three potential material
platforms are put together for a comparison, in which, straight,
bent waveguides, and multimode-interference beam splitters for
an optical link are designed, fabricated, and measured. The com-
parison results of simulation and measurement show that a-Si:H
has a similar performances with SOI material but lower cost and
good feasibility of photonic integration on silicon.

Index Terms—Optical waveguide, three material platforms.

I. INTRODUCTION

ITH increasing demand for high frequency operation
and size reduction of the integrated circuits, the micro-
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electronic technologies will face difficulties in the future [1].
One solution to these difficulties will be optical interconnects
[2], which become more and more attractive for on-board and
intra-chip connections. Silicon photonics play a significant role
in optical interconnects [3], [4] due to all the photonic compo-
nents fabrication using standard silicon processing. In the silicon
photonics, the three material platforms of SOI, SiNx and a-Si:H
receive attention because they have the availability of thin di-
electric films with large refractive index difference (between the
refractive index of the core and cladding material), compatibil-
ity with conventional silicon technology, and can withstand the
process conditions (purity, temperature, stability, compatibility
and functionality). Many published works have reported the
three material platforms as optical waveguide of optical inter-
connects [5]-[7], and presented much better performances than
the results of this manuscript. For example, ref. [5] presented
the propagation losses of 0.026 dB/cm for a SOI waveguide.
Ref. [6] reported the propagation losses of 3.2 4+ 0.2 dB/cm
for TE mode of a-Si:H waveguides at 1550 nm and ref. [7] has
propagation losses at 1544 nm of about 4.5 dB/cm for Si3N4
waveguides. However, to our knowledge, few manuscript com-
pares the optical component of optical interconnects on the three
platforms together.

In this manuscript, we focus on comparison of the optical
components using SOI, a-Si:H and SiNx waveguides. First, dif-
ferent material proprieties are reported. Second, design, fab-
rication and measurement of optical components on the three
materials are presented. Finally, the optical components of op-
tical interconnect on the three material platforms are compared
and discussed.

II. THE THREE MATERIAL PLATFORMS

SOI is of prime importance for integrated optoelectronic
circuits as it offers potentiality for monolithic integration of
optical and electronic functions on a single substrate. First, Si
can be used to fabricate low-loss optical waveguides because
silicon is transparent at wavelengths larger than 1.1 um [8].
Second, extremely high refractive index contrast between the
silicon core (n = 3.5) and silica cladding (n = 1.45) allows the
waveguide core to be shrunk down to a submicron cross-section,
while still maintaining single mode propagation at the wave-
lengths of 1.3-1.55 pm. At the same time, such extreme light
confinement allows the minimal bent radius to be reduced to
the micron range. Although SOI waveguide shows superiority
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Traceable dimensional measurement experiment.

A 3D micro tactile probe based on piezo-resistive effect is developed for dimensional metrology and
a detailed analysis on the hysteresis, resolution, crosstalk and uncertainty of the probe is presented. A
Nano Measurement Machine (NMM) equipped with the 3D micro tactile probe is proposed as a new high
precision zero-point indicator for micro- and nano-scale traceable dimensional measurement, which is
calibrated according to the standard characteristic curve. In 1 mm step-height standard measurement
experiment using the 3D piezo-resistive micro tactile probe, the experimental results show a standard
deviation of 37 nm in the vertical tactile direction and one of 104 nm in transverse tactile direction while
the standard deviation is 40 nm in the vertical direction in the 2 mm step-height standard measuring

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Recently, the dimensional metrology for micro- and even
nanoscale objects becomes increasingly important in semiconduc-
tor and optical industries, mechanical engineering, biology and
medicine [1]. Micro/nano structures to be measured become more
complex, for example, with smaller widths and higher aspect ratios
in increasingly larger surface regions and potentially highly curved
surfaces. Various techniques have been developed for the mea-
surement of the micro and nanoscale structures, such as scanning
electron microscopes (SEM), scanning probe microscopes (SPM),
and scatterometry. However, these techniques have some limits on
accuracy, measured objects or measurement range due to the work-
ing principle and the measurement performances are prone to be
impaired by the environmental conditions such as air temperature,
pressure, air vibration and humidity [2].

Micro/nano coordinate measurement machine technology is a
potential solution for the limitations above. It can realize mea-
surements range up to hundreds of millimeters with nanometre
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precision, which focus on the development of acquisition probe
and positioning systems [3,4]. Some of the micro/nano coordinate
measurement machines developed by PTB (The Physikalisch-
Technische Bundesanstalt) use the piezo-resistors as the probes
which are attached by the silicon thin film [5-8]. Due to the internal
stress of the silicon thin film, it is difficult to evaluate the mechan-
ical and thermal properties of the probes. And, the large area of
silicon thin film (the thickness less than 50 wm) makes the probe
prone to crack in the fabrication process. Moreover, the membrane
structure is a statically indeterminate structure. Hence, a stylus
with high rigidity and hardness is needed to undertake most of
the load applied on it, which makes the fabrication of the stylus no
easy task.

In order to avoid these shortages, a 3D micro tactile probe
by attaching the piezo-resistors to the strain beam is designed
and fabricated. A detailed analysis is provided about the hys-
teresis, resolution and crosstalk of the probe. A NMM (SIOS
NMM-1) is equipped with the 3D micro tactile probe for a new
high precision zero-point indicator [8]. Because NMM is a typical
metrology instrument using three homodyne laser interferome-
ters to measure the displacement along three axes in a volume of
25mm x 25 mm x 5mm, the measurement results can be traced
to the “meter” definition directly [9,10]. Some measurement
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