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Abstract

This report presents the design and development of micro-optical components for
a computational imaging spectrometer. The main elements that were involved in
the optical design include a microlens array that samples the spatial information
and a diffraction grating that provides spectral information. One of the significant
drawbacks of scanning based imaging systems is the low light collection efficiency.
The new technique proposed in this study used a quasi-snapshot technology that
significantly improves the optical throughput. In a quasi-snapshot system, multiple
images are captured with the optical system that can tune its optical transfer func-
tion (OTF). In this work, tunable micro-optics were investigated for the realization
of the OTF modulation.

In snapshot imaging spectrometers, there is a trade-off between spatial sam-
pling (z,y) and the measured wavelength band (A)). This system attempted to
overcome this trade-off by using computational methods and measurement diver-
sity. In this technology, a microlens array was tightly packed to improve the spatial
resolution. The close packing of the microlens array resulted in cross-talk of spec-
tral information between the neighboring spatial pixels in the image sensor. An
inverse algorithm was employed to retrieve the spectral information of the corre-

sponding spatially separated microlenses. Optical diversity was incorporated using




dispersive tuning elements, such as diffraction grating, diffractive optical element,
or prism. Multishot images were captured by tuning, which changes the OTF
enabling to obtain spectral-spatial data with a small image sensor.

Optical simulations were carried out using ray tracing for a set of wavelengths,
obtaining a multiplexed spatial-spectral image. The architecture allowed mixing of
the spectral data with the neighboring microlenses, dramatically improved camera
pixel utilization. By appropriate mixing and prior knowledge of the signal, infor-
mation can be extracted. The output of the optical image captured by tuning the
diffraction grating changes the mixing that allows measurement diversity.

Tuning the diffraction grating by modulating the pitch was realized using mi-
croelectromechanical systems (MEMS) technology. The tuning of the pitch was
designed and modeled by MEMS comb drive based electrostatic actuation with sil-
icon beams as the grating grooves. Tuning introduces an angular dependent shift
in the dispersion based on diffraction relation. Both, theoretical and finite element
method analyses were carried out for the mechanical mass-spring design of the sus-
pended grating structure. The device was fabricated using surface micromachining
technology on an silicon-on-insulator (SOI) wafer. The expected performance of
the device was compared with the tested results to investigate fabrication tolerance
and feasibility. Optical experiments were carried out to observe the shift in diffrac-
tion angle with electrostatic actuation. Further, a reliability study was conducted
on the device by subjecting it to mechanical vibrations.

An alternative approach of tuning the diffraction grating is by rotation, and
was implemented by MEMS technology. The rotation of the diffraction grating

introduces changes to the direction of dispersion. To improve the optical perfor-
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mance, the rotary actuator and the diffraction grating were fabricated separately.
The rotary actuator was realized by SOI technology, and the actuation through
electrostatic three-phase stepper motor principle. The rotating actuator works
with the move and hold mechanism that allows precise angular movement with
high repeatability. The stepping motion mechanism allows the device to work
in a non-resonant mode, that benefits the usage of conventional cameras such as
CCD/CMOS, where the frame capture speed is limited. Diffraction gratings were
fabricated using negative photoresist, SU-8 by replication technique allowed re-
alization of a blazed angle profile, resulted in high diffraction efficiency. Finally,
the technology for bonding the replicated diffraction grating onto the electrostatic
stepper motor using UV curable glue was proposed.

The multishot imaging technique is a middle ground between scanning technol-
ogy and snapshot imaging, preserving the advantage of light collection efficiency.
The tunable diffraction gratings to implement diversity of optical transfer function
in imaging systems opened a new pathway to carve full fledge use of MEMS devices

with optics than the traditional scanning based systems.
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Chapter 1

Introduction

1.1 Background

The determination of physical properties and chemical composition of a substance
based on non-contact measurements is of great importance in the scientific com-
munity. Spectroscopy is found to be the most successful non-destructive method
to study the properties of a substance without being into physical contact. Spec-
troscopy is the study of light-matter interaction of electromagnetic radiation with
the substance to give absorption or emission spectra depending on the optical con-
figuration [1]. It provides the most accurate, reliable and fastest measurement
schemes for obtaining material properties.

A spectrometer measures the wavelength distribution of light emitted or re-
flected from an object for determining different analytes. In general, the spectral
content of light scattered from an object has two-dimensional spatial variation. An
extension to a point spectrometer is the imaging spectrometer, where the spectral

information is measured for a two-dimensional (2D) image, i.e. spectroscopy in
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imaging mode. Hence, an imaging spectrometer measures spectral distribution
within the 2D image of the scene. It measures light intensity in three dimensions:
two spatial dimensions (z,y) and a spectral dimension (\), commonly referred
to as the datacube, I(x,y,A) [2]. One of the examples is the commercial R-G-B
camera, which measures three spectra (red, green, and blue) of the 2D scene. The
three channel spectral information is obtained by separating out the incoming light
by means of an array of band pass filters called Bayer’s filter [3]. To expand the
spectral channels, the most intuitive way is to increase the number of band pass
filters on the image sensors. In this regard, each pixel in the sensor is associated
with only a single spectral filter. The increase in spectral filters ultimately results
in the reduction of spatial resolution. Further, spectral filters block a majority of
the incoming light, making it a light inefficient system.

The most commonly used imaging spectrometers use scanning to capture the
3D datacube. The most straightforward scanning approach is the so-called whisk
broom scanner, in which the 2D image is raster scanned point-by-point, and the
spectrum is captured on a line detector. Another type of scanning is called push
broom scanning, that contains a 2D image sensor allowing simultaneous measure-
ment of one spatial dimension of the scene together with spectral information. A
third category of scanning systems uses a spectral scanner that sequentially cap-
tures 2D images for the desired wavelengths using a tunable spectral filter (such
as tunable Fabry-Perot filter) [4]. Another measurement scheme of capturing the
datacube is the snapshot technology. Snapshot technology has a notable unique
advantage in terms of light efficiency. It does not involve any scanning, and the

complete datacube is measured in a single shot. In scanning systems, a majority
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of the light is blocked either by the entrance slit (in whisk broom & push broom
scanners) or by the spectral filter (in spectral scanner), whereas in the snapshot
technique, there is no blockage of incoming light, thus making it a highly light-

efficient system.

1.2 Motivation

The distinctive advantage of the snapshot technology of having a high light collec-
tion efficiency makes it superior over scanning mechanisms. In addition to that,
images do not get affected by motion artifacts, since the image is captured in a
single shot. However, the downside of this technique is that the image sensor has
to be big enough to capture the complete information at once. Therefore, this
technology always has a trade-off between the spectral and spatial information
band to consolidate complete information onto the image sensor. In most of the
snapshot spectroscopic systems, the number of voxels (elements in the datacube)
are set less than the camera pixels to guarantee that spectral information of the
individual spatially sampled objects are well separated from each other. It often
results in many unused pixels in image sensor. The need for a large detector or
sensing camera to accommodate all voxels is one of the main drawbacks of the
snapshot technology, despite its distinctive advantages. To the best of knowledge,
not much work has been reported to overcome this trade-off. Hence, there is plenty
of room to explore for improving the spectral-spatial resolution without employ-
ing a big detector. One such possibility is the use of compressive measurements
schemes with computational method of analysis.

The computational method of retrieving the object is based on numerical inver-
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sion of the indirect measurement and prior information about the observed object.
However, in most cases, it is very difficult to compute the exact transfer func-
tion, of the optical system due to the aberrations of the lenses. Image retrieval
becomes more complex when the signal gets affected by noise. An analogy for
this problem is fading in wireless communication systems, where the transmitted
signals get distorted at the output [5]. Multipath propagation of the signal makes
the data recovery even more complex, as the same signal reaches the output at
different instants of time. In case of communication systems, prediction of prop-
erties of the channel is difficult, since the transmitting and the receiving systems
don’t have access to change or modify the properties of the channel. Several data
handling/channel assignment schemes are adopted on the transmitter and receiver
sides, to retrieve the original information from the signals that are mixed with
noise [6].

Diversity techniques are the most commonly used method in standard radio
communication systems to overcome the distortions that are caused due to the
complexity in channel 7, [§]. The idea of diversity is to transmit the signal in mul-
tiple channels instead of a single channel. Hence, each channel experience different
kinds of fading. Based on the set of received outputs, most likelihood estimate
of the transmitted signal can be calculated. A similar approach can be employed
in imaging spectroscopic systems for efficient image reconstruction. It could be
achieved by capturing multiple measurements (quasi-snapshot technology) instead
of taking a single measurement. One of the techniques in optics is capturing mul-
tiple defocused images by positioning the camera at different locations and later

processed them using recovery algorithms [9, [10]. Another approach for imple-
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menting diversity could be by tuning the optical elements of the architecture.
The use of MEMS technology for tunable optics seems to be promising for
such applications because of its highly precise fabrication capabilities. MEMS
technology has already been proven successful and well established in scanning
based exclusive imaging spectrometers [I1, 12]. A drawback of such scanning
based devices is its limited tuning range. Hence, tunable optical MEMS fits well for
diversity implementation in quasi-snapshot systems. No significant work has been
reported in the past with tunable optical MEMS devices for multishot imaging
systems. It is worth exploring the possibility of use of MEMS devices for such
systems, where tuning of the optical element produces a significant change in the
optical transfer function. Hence, considering the aim, a tunable optical device
based on MEMS technology is expected to meet the desired performance for such

dedicated instruments.

1.3 Objectives

Following are the main objectives expected to be achieved from this project:

1. The first aim is to come up with an optical design and subsequent realization
of a highly light efficient imaging spectrometer. It can be attained by either

snapshot technology or quasi-snapshot imaging systems.

2. Most of the snapshot imaging spectroscopic images have non-overlapping
spectral data because of the low spatial pixels. This leads to poor camera
utilization, since most parts of the image sensors are unused. One of the aims

in designing the optical configuration is to improve the spatial resolution by
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allowing overlapping of signals on the image sensors for effective pixel utiliza-
tion, which has to be later unmixed by post processing (i.e. computational

techniques).

. The hyperspectral dataset (datacube) obtained by the snapshot imaging
spectrometer measures spectral irradiance present in the object or scene.
The data handling costs will be a challenge when the resolution is critical
and high. Hence, technology of compressive measurements might be advan-

tageous in data handling, that needs to be addressed.

. Diverse measurement enhances the information content within the system,
which is beneficial for compressive measurement systems. More information
is helpful in obtaining the closest approximation of the object. Hence, it
is important to explore the possible ways of achieving diverse measurement
schemes in the dedicated optical systems, which would be useful in image

retrieval.

. To investigate the possibilities of employing MEMS technology with optics
for optical transfer function diversity implementation. It would allow batch

fabrication of low cost miniaturized spectral imaging systems.

. Development of tunable optical systems involving their design, fabrication,

characterization, testing, and performance analysis.

. Most of the optical elements such as the diffraction grating, fabricated by
standard micromachining technology, have relatively low efficiencies due to
the limitations in obtaining the desired shape profile. To surpass this, the

possibilities of integrating the MEMS device with micro-optical elements are
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also need to be investigated.

1.4 Scope: MEMS for imaging spectroscopy

Imaging spectrometry is the methodology that adds imaging capability to spec-
troscopy. Initially, most of the instruments were installed in satellites or airborne
instruments to study the properties of the earth’s surface [13] for pollution moni-
toring [14), [I5]. Tt has important roles in applications such as vegetation [16] [17],
agriculture [18], food quality control [19, 20] and oil spill detection [21]. Recently it
has become more prevalent in biomedical applications [22] such as ophthalmology
[23], and cancer detection [24] 25].

Many researchers have reported successful demonstration of MEMS devices on
miniaturized spectrometers |26, 27, 28]. A few MEMS devices were used in spectral
scanning covering VIS-NIR wavelengths, in single detector spectroscopy [29, 30].
MEMS devices installed in these spectrometers were designed for either spatial
or spectral scanning. As discussed, since scanning based systems have low optical
throughput, technology is moving towards snapshot based systems to improve light
efficiency. Technology shifted its direction for realizing high resolution scientific
grade cameras to incorporate maximum voxels [31, 32]. However, such image
sensors are quite expensive.

A middle ground between snapshot and scanning based systems could be a
quasi-snapshot technology (or multishot image acquisition) preserving the advan-
tage of being light efficient with small image sensors. The compressive measure-
ment scheme adds the additional benefit of gathering voxels that are larger than

the sensor size [33]. For such multishot systems, MEMS devices would be interest-
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ing for taking multiple measurements by varying the optical transfer function of

the architecture.

1.5 Thesis organization

The thesis is organized into six chapters. Chapter [1{ describes the background and
motivation of conducting this research. It also details the aim, the outcome that
is expected, and it also describes road maps towards project completion.

Chapter [2| reports a relevant literature survey. It describes about classical
spectroscopic systems in brief. Then it discusses imaging spectroscopy and their
classifications, with an overview of different types of scanning mechanisms to con-
struct the datacube. Further, it is followed by a review of basic inverse problems for
image retrieval. Additionally, a detailed report of MEMS based tunable diffraction
gratings and rotational actuation mechanisms researched in the past are summa-
rized.

Chapter |3| describes the theoretical modeling of a few optical architectures for
integral field spectroscopy based on geometrical optics, using ABCD-EF formalism.
Further, an optical ray tracing simulation is carried out for an image using ZEMAX
non paraxial software to simulate 3D datacube imaging. This chapter also briefly
discusses spectral reconstruction from the overlapped image using computational
methods. Further, the influence of tuning the optical element is investigated for
implementing optical transfer function diversity for quasi-snapshot imaging sys-
tems.

In Chapter [4] an electrostatic actuation based pitch tunable diffraction grating

is designed and implemented on a silicon-on-insulator wafer. It includes a com-
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prehensive modeling procedure of electrostatic comb-drive based tuning. Detailed
fabrication steps followed by characterization and testing are presented.

Chapter [5| discuses the tuning of the diffraction grating employing rotation. It
further discusses the fabrication of the electrostatic micro actuator and the polymer
diffraction grating, and their complete characterization. Finally, the technological
development scheme for integrating the actuator with the polymer optical element
is investigated experimentally.

Chapter [6] concludes the report with the summary highlighting the major con-

tributions. It also discusses future perspectives for extension of this work.




Chapter 2

Literature survey

2.1 Spectroscopy

Optical spectroscopy is a means of studying the properties of a material based
on how it interacts with electromagnetic radiation. It provides both, quantitative
and qualitative pieces of information about the atomic or molecular composition
present inside the sample [34]. Properties such as chemical composition and con-
centration are obtained by observing either transmission or absorption spectra.
This is possible due to the change associated with the electrons energy levels when
the sample interacts with light. In case of monoatomic substances, interaction with
electromagnetic radiation results in transition change from ground state to excited
state in the form of discrete energy states called quanta [35]. The molecular in-
teraction with electromagnetic radiation is based on the difference in energy level
associated with electronic transitions, vibrations, and rotations [36].

Spectroscopy is a successful tool that provides fast measurements without being

physically in contact with the sample. Spectroscopy is therefore used in applica-
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tions ranging from remote sensing to microbial identification. The instrument that
performs spectroscopy is called a spectrometer. In general, a spectrometer can
be divided into three sections: source, filter, and detector. A basic schematic of

a spectrometer is depicted in figure 2.1} The light emerging from the source is

Collimator Wavelength Selector Detector
(Lens) (Slit) (Photocell)
< N 020
o A\l Io It
Digital Display
Light source Monochromator Sample or Meter
(Prism or Grating) Solution
(in Cuvette)

Figure 2.1: Schematic design of a simple spectrometer [37].

passed through the filter, and projected on the detector through the sample under
test, to gather information. The filter can either be a prism, a diffraction grating,
a holographic elements or any diffractive optical elements that can disperse the
broadband light source into its individual wavelengths. The energy level change
in the electromagnetic spectrum after interaction with the sample is manifested at

the detector output.

2.2 Imaging spectroscopy

Imaging spectroscopy is spectroscopy in imaging mode. The objective of an imag-
ing spectrometer is to obtain spectrum for each spatial pixel of 2D image. The
data capture forms the datacube with two space dimensions and the 3" dimension

corresponding to wavelength. This results in 3D datacube representing irradiance

11
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of the sample that takes the form I(x,y, \).

Imaging spectrometers can be categorized based on the number of bands as
well as the regions of interest. Initially, most of the imaging spectrometers were
installed in imaging satellites and airborne instruments to measure the properties
of the atmosphere, land, and water beneath. A schematic representation of the

imaging spectrometer to capture a 3D dataset, I(x,y, \) is depicted in figure .

human eye

imaging
spectrometer

image

image data cube

m‘m
(along the flight line)

Figure 2.2: Schematic representation of imaging spectrometer captur-

Each pixel contains a unigue,
continuous spectrum for the
identification of terrestrial materials

spectral
dimension

by their reflectance spectrum after
atmospheric correction

spatialdimen;ln}\k -
(across the flight line) =
swath

reflectance

wavelength (um)

ing 3D information [3§].

The first model of the imaging spectrometer was developed by Goetz et al.
consisting of 192 spectral bands in the 0.4 pm to 2.5pum wavelength range [39].
It could identify earth’s surface features such as rock, soils, vegetations, and sus-

pended particles in water.
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The imaging spectrometer is also successful in measuring atmospheric pollutant
gas concentrations by making use of unique spectral signatures of gases (figure

. The earliest pollution monitoring instrument installed in the satellite was the
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Figure 2.3: Spectrum of atmospheric gases measured by Ames Air-

borne Tracking Sunphotometer (AATS)-14 [40].

Total Ozone Mapping Spectrometer (TOMS), which was used to measure the ozone
column along with the global dust distribution present in the earth’s atmosphere
AT, 42].

In 1995, the European Space Agency (ESA) launched the second European
Remote Sensing Satellite (ERS-2) with a new instrument for pollution monitor-
ing, containing the spectrometer, Global Ozone Monitoring Experiment (GOME).
GOME measures the sunlight reflected and scattered from the earth’s atmosphere
to measure the trace gas responsible for ozone formation. GOME provides vertical
distribution of gas concentarions in the visible (VIS) and ultraviolet (UV) wave-
length spectrum ranging from 240nm to 790 nm [43]. GOME has a ground spatial
resolution of 40 x320km? and a spectral resolution between 0.2nm to 0.4nm. To
measure this broad spectral range with sub-nanometer resolution, GOME splits

light into four spectral bands and measures using four separate channels. After
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analyzing the measured spectrum, concentrations in vertical column distributions
of NO, were extracted using differential optical absorption spectroscopy (DOAS)
techniques [44].

ESA launched the ENVISAT satellite with the Scanning Imaging Absorp-
tion Spectrometer for Atmosphere CHartographY (SCIAMACHY) as atmospheric
chemistry payload [45]. The SCIAMACHY also carries out measurements like
GOME using DOAS techniques with the spectrum extended to NIR (near-infrared)
region. The spectrometer has a spatial resolution of 30 x 15 km? measuring the sun-
light transmitted, reflected and scattered by the earth surface. It contains eight
spectral channels for wavelengths from 240 nm to 2380 nm with a spectral resolu-
tion varying from 0.2nm to 1.5 nm.

A modern instrument is the Ozone Monitoring Instrument (OMI) flown on the
Aura spacecraft on July 15, 2004, as part of NASA’s long-term earth observing
systems (EOS) mission. GOME and SCIAMACHY can measure the complete
spectrum in the UV /VIS/NIR range with high resolution, and with TOMS algo-
rithm, a spatial resolution of 50 x50 km? can be measured. OMI combines the idea
behind GOME and SCIAMACHY to obtain high spectral resolution and uses the
TOMS algorithm to achieve high spatial resolution. Thus, OMI measures spec-
tral information in the UV /VIS region with a spatial resolution of 13 x24km?
providing daily global coverage. The NO,y concentration map of south-east Asia
provided by OMI in May 2015, is shown in figure 2.4 The latest instrument is
the TROPOspheric Monitoring Instrument (TROPOMI), successor of OMI, that
extend its capability providing better spatial resolution of 7 x7km?.

In general, all these large-scale instruments installed on satellites are costly

14
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Figure 2.4: NO, concentration map of South East Asia provided by

OMI in May 2015 [46].

and are designed to provide global measurements, which would make it difficult to
quantify the fine details of small countries like Singapore. In other words, these
instruments have low spatial resolution even though they provides ultra fine spec-
tral resolution from the UV to IR bands. Improving the spatial resolution in the
imaging spectrometer is of great interest for monitoring transboundary pollution so
that it can be easily installed in airborne vehicles. This brings out the necessity of
a dedicated spectrometer for local coverage with low cost and miniaturized design
so that it can widen its applications further.

With the intuitive approach for improving spatial resolution by taking into

consideration small footprint low cost systems, imaging spectroscopy expanded its

usage in medical imaging [47], food quality control [48, 49, 50, 51], oil leakage [52],
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archeological art for pigment determination [53], military target detection [54], and

many other applications [55].

2.2.1 MEMS technology in imaging spectrometer

Integration of microelectromechanical systems (MEMS) devices with optics have
always been appealing in the spectrometer designs. Omne of the attempts was
with a deformable MEMS grating to effectively scan the desired wavelength of
interest. Sagberg et al. [56] used a large number of rectangular ribbons with
gratings inscribed on the individual strips. The grating was used as a configurable
diffractive filter and also as a fast scanning monochromator.

MEMS technology is also used in imaging systems as a spectral scanner. Imag-
ing spectrometer developed by Egloff et al. [57] used a micro-opto-electromechanical
system (MOEMS) scanning mirror with grating inscribed in it to capture the spec-
tral information in the near infrared region (NIR) regime. The device was capable
of obtaining a hyperspectral image in the NIR. It senses a spectral range from
780nm to 2500 nm with a resolution up to 20 nm to obtain spectral signatures of
OH, NH and CH radicals present in the compounds.

The most recent micro-spectrometer developed by VT'T Technical Research
Centre of Finland, used MEMS Fabry-Perot interferometer (FPI) technology for
building a spectrometer and deployed it in the Aalto-1 satellite [58]. The device
consists of a tunable filter, where the spacing between the plate was adjusted to
acquire the desired wavelength [59]. This dedicated spectrometer was designed to
monitor the atmosphere surface covering wavelengths from 400 nm to 1000 nm with

a maximum resolution (full-width-half-maximum) of 10 nm.
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2.2.2 Scanning mechanisms

The imaging spectrometer has to measure intensity distribution as a function of
the region of interest and the wavelength, i.e. I(x,y,\) of the scene consisting
of N; x N, x Ny voxels. Imaging spectrometers can be categorized based on the
readout scheme adopted on the detector. The measurement scheme is described
in the following sections distinguishing their pros and cons related to its light

collection efficiency and resolution.

2.2.2.1 Whisk broom scanning

This method is also called point scanning or pixel scanning, where a 2D scene
(x,y) is scanned by a point-by-point method (raster scanning). The light coming
from each point is dispersed out using either a grating or a prism, and projected
onto a linear detector to acquire the desired spectrum. The complete datacube is
measured by moving either the object or the optics in the spatial domain (z,y)
to cover the complete scene. The light collection efficiency of this scheme is poor,
since the system measures only N, voxels at an instant. The remaining voxels are
blocked by the optical filters in the architecture resulting in a light efficiency drop

factor of 1/ (N,N,).

2.2.2.2 Push broom scanning

Push broom or line scanning is similar to whisk broom scanning, where instead of
point scanning, the object is scanned line by line and information is captured on
a 2D image sensor N, X N,. Here, the detector arrays are aligned perpendicularly

to the scanning direction measuring the spectrum of each point of the line. Push
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broom and whisk broom scanning have a relatively larger spectral resolution. In
terms of light collection efficiency, it has advantage over point scanning; here the

light efficiency drop factor is 1/N,,.

2.2.2.3 Staring

Staring is also called sequential band method, in which only spectral scanning
is adopted. Here, a 2D gray scale image is captured for desired set of wave-
lengths I, (z,y). Spectral scanning can be achieved by different methods such as
Fabry-Perot interferometer (FPI) [60], acousto-optic tunable filter (AOTF) [61],
liquid-crystal tunable filter (LCTF) [62], linear variable filters (LVF), variance in-
terference filter (VIF) etc. This method allows the flexibility to choose the desired
wavelength. Principally, the spectral scanning is a function of time i.e. at a spe-
cific time instant, an image reveals the details of a particular wavelength. The
number of voxels measured at an instant is (N, x N,). Hence, for such systems,

the efficiency drop factor is 1/N.

2.2.2.4 Snapshot imaging

Single shot acquisition or snapshot imaging doesn’t involve scanning. This method
directly captures both, the spatial and the spectral information, simultaneously.
The main advantage of such a data acquisition scheme is the light collection capac-
ity, since all voxels (N, x N, x Ny) are collected at once without blockage of light.
Such systems have excellent temporal resolution, which avoids motion artifacts in
the image quality. Hence, it is mostly suited for a time-varying object/scene. How-
ever, for capturing this large data set, there is always a trade-off between spectral

and spatial resolution. In other words, the number of voxels to be measured is lim-
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ited by the number of camera pixels. The working principles of the four different

categories of imaging spectrometers are depicted pictorially in figure [2.5]
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Figure 2.5: Data acquisition schemes adopted in spectrometers to
obtain hyperspectral datacube [63]: (a) whisk broom scanning, (b) push

broom scanning, (c) staring, and (d) snapshot imaging.

2.3 Integral field imaging

Integral field imaging (also known as light field imaging or Lippmann photography
[64]) is a snapshot based system, and has recently become very popular with the
advent of the commercial digital light-field camera by companies such as Lytro
[65], Pelican Imaging [66], and Adobe [67]. The main idea of integral-field imaging
is to place a lenslet array at the focal plane of the main lens. The CCD sensor
chip is positioned at the focal plane of the microlenses. With such an arrangement,

images that are not in focus can still be analyzed, thereby extracting the depth
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information of the scene [68]. The light-field camera developed by Lytro, is able
to refocus the image virtually on a computer after the picture is taken. This
is achieved by a microlens array that captures the angular distribution of light.
Thus, each camera pixel receives light from a narrow range of angles only from the
spatial location specified by its corresponding lenslet. In other words, the image
is both spatially and angularly resolved [69]. Finally, the image is retrieved by
a computational method. This property can be used to build spectrometers to
capture both spectral and spatial information with a single shot acquisition. Coté
et al. [70] have built a Fourier transform spectrometer with a light field camera by
observing shear and tilt fringes.

Hence, light field computational imaging (or computational photography) com-
bines optics with post-processing providing a new insight in gathering more infor-
mation, thereby overcoming the traditional limitations of standard photography.
It is a promising research area and can be expanded for object detection, depth
information, motion sensing, etc. Unlike conventional imaging systems, here the

raw images were taken and the angular data was processed to refocus the image.

2.4 Inverse problems in imaging

The inverse problem is an important part of a computational imaging system, when
general information of a scene is gathered instead a direct image. Hence, the output
image does not manifest the object or scene as in traditional imaging techniques.

The forward model of the general linear optical system can be represented by

g=Hs+n (2.1)
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where, s is the input/object, H is forward operator, g is the measurement, and
n is the noise. If H~! exists, the signal can be calculated using simple algebraic
inversion by:

§=H'g (2.2)

However, in practical cases such inversion is often largely affected by noise present
in the measurement leading to the erroneous signal inversions. One of the algo-
rithms considering inversion instability due to additive noise is Wiener deconvolu-
tion, that can be applied if the optical system operator H represent a mathematical

convolution operation.

2.4.1 Wiener deconvolution

Inverse filtering is not a good choice for signal retrieval as it is highly sensitive
to additive noise. Wiener deconvolution is a better option for removing the ad-

ditive noise, at the same time minimizing the mean square error. The Wiener

deconvolution is performed by Eq. (2.3 [71]

o 1 H ) }
s= 7 { [ ’ Giun (2.3)
Hewo) [ + 535

where, 5 is the estimate of the input signal, H(,,) is the Fourier transform of
the point spread function (PSF), G, is the measured signal, and SNR is the

Signal-to-Noise Ratio.

2.4.2 Tikhonov inversion

Tikhonov inversion is another method to estimate the signal based on the regular-

ization principle [72]. The proposition is to minimize the energy difference between
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the estimate and the measured data, represented by Eq. (2.4) [71]
¢(s) = min {|lg — Hs||* + al[s[|*} (2.4)

where, « is the regularization parameter. The basis is to obtain a solution for s by
minimizing ¢(s) with a suitable selection of the regularization parameter. However,

as discussed, in all these systems, the resolution ultimately depends on the size of

the PSF.

2.4.3 Compressive sensing

Compressive sensing or compressive sampling (CS) is a technique to extract signal
information with a fewer number of samples, less than those given by the Nyquist
sampling criteria [73]. The two principles: sparsity and incoherence are used in
the theory of CS to retrieve data with fewer samples, that go against the con-
ventional wisdom. This is because many naturally occurring images are sparse or
compressible and they can be represented concisely when defined with a proper
basis. Incoherence deals with the duality principle like frequency and time: the
image that is sparse will have it dense form in the measured signal domain.

The crucial part of sensing is the design of a sampling protocol to capture
useful information contained in the sparse signal and to compress it. CS is an
efficient protocol, in which the signal can efficiently be computed with a slower
rate and can be later efficiently reconstructed using a computational algorithm.
Brady et al. [74] used compressive sensing to design spectrometers using coded
aperture. A similar version of such a system was also developed for sparse objects
by capturing multishot measurements [75]. Rice’s single pixel camera used this

technology to generate different code patterns, and captured the intensity by a
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single pixel camera. With a set of code patterns, the image was reconstructed
reasonably well [76]. An adequate reconstruction of the image from fewer samples
depends on the code pattern and the invertible algorithm. The collection of light
from the object (photon efficiency) in coded aperture would be sufficiently higher
than the traditional single slit dispersive element. Using a similar technology,
Wagadarikar et al. [77] captured scenes of two balls which were illuminated by
two different light sources and extracted the spectral information with a 3.6 nm
resolution.

However, in such systems, reconstruction fails if a sufficient numbers of measure-
ments is not present. Signal reconstruction quality is proportional to the number
of frames captured, which is not a good choice for a time varying object. Moreover,
in such architectures, a good portion of light is blocked by the coded aperture, thus
compromising the light collection efficiency. In this regard, the diversity technique
could be a better choice to minimize the number of frames to be captured and at
the same time to obtain more information.

In the next section, tunable dispersive elements realized by micro-fabrication
techniques in past are discussed, which might be useful in diversity implementation
in constructing a spectrometer. There were attempts to use MEMS technology in
the imaging spectrometer, as described in section [2.2.1 With the introduction of
tunability in optical elements for quasi-snapshot imaging systems, a more efficient

estimate of the signal is expected.
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2.5 Tunable dispersive elements

The most commonly used dispersive elements in spectrometers are diffraction grat-
ing, prism, and diffractive optical element (DOE) [78]. The aim of the dispersive
element is to splits the white light to its individual components, and the tuning
provides the selection of the desired wavelength. To introduce tuning in the dis-
persive elements, the diffraction grating was mostly chosen since it has been found
to be relatively successful [79, [80] when compared with other elements. Commer-
cially available diffraction gratings are defined by fixed lines/mm. Initially, such
diffraction gratings were fabricated by highly precise ruling engines [81], 82]. Later
it was moved to micromachining technology for batch production [83], [84].
Tunable diffraction grating also could be realized by micromachining technol-
ogy. Such a device could be employed in spectrometers for separating the desired
wavelength information. Highly precise MEMS fabrication techniques with the de-
sign incorporating actuation mechanisms, tunable diffraction gratings have become
a reality. Tuning can be achieved by different methods such as varying the pitch,
rotation, or by changing the index of the grating. The subsequent sections describe
the means of attaining tuning and also discuss different actuation mechanism which

could be employed for tuning diffraction gratings.

2.6 Tuning mechanisms for diffraction gratings
The ways of achieving tunability in diffraction gratings are listed as follows:
e Elastomeric microfluidic devices

e Dielectric elastomer actuation
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Piezoelectric driven actuation

Grating light valve (GLV)

Thermal actuation

Electrostatic comb-drive actuation

2.6.1 Elastomeric microfluidic devices

The first model of tunability in a grating was demonstrated with microfluidic chan-
nels for phase gratings. Schueller et al. [85] fabricated a series of the periodic
patterns of micro-channels on polydimethylsiloxane (PDMS). An array of micro-
channel trenches was filled with fluids of a known refractive index. The difference
in refractive index between the micro-beams and micro-channels forms the grating
pattern. The phase of the light was modulated by changing the index of refraction
of fluids. The device was developed with 20 parallel lines 50 pm wide, 20 pm thick
and separated by 50 pm. The 2.5 cm long device was connected to reservoir pads,
where flits were stored. The fabricated reconfigurable microfluidic-based phase
diffractive grating is shown in figure [2.6]

The microfluidic channels can be filled with different types of fluids: if the liquid
is transparent to the incident light, the device works as a phase grating. The phase
variation is proportional to the thickness of the micro-channel and given by the
Eq. [85]:

0p = 2TﬂdAn (2.5)

where, d is the thickness of the micro-channel, An is the difference in index of

refraction between the device (here PDMS) and micro-fluid and A is the incident
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Figure 2.6: Reconfigurable microfluidic-based diffraction grating [85].

wavelength. Likewise, if the micro-channel is filled with a die-like substance that
can absorb light, the device works as an amplitude grating.

The property of a changing diffraction angle with the variation of refractive
index can be utilized to make the tunable grating work as a sensor. The switching
time of the device (microfluidic channel filling time) was in the range of 50 ms,

which can be further improved by scaling down the device dimensions.

2.6.2 Dielectric elastomer actuation

Another class of sinusoidal phase diffraction gratings is based on soft materials
[86]. Aschwanden et al. used a dielectric elastomer with a carbon black electrode
(CB) to generate strain for tuning. The device was developed by stretching a thin
membrane of dielectric elastomer, which was then attached to a PMMA membrane.
Further, a soft material, CB, was imprinted on top of the elastomer. A diffractive
grating was replicated by PDMS with the master grating mold and was placed

on top of the elastomer. PDMS molding process was carried out in a vacuum
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chamber to avoid bubble formation between the layers. The fabrication method of

the device is illustrated in figure 2.7 The application of voltage to the electrode

(a) Acrylic elastomer (b)
1 PMMA—
: CB
2
PDIMS
sl ——
3

Figure 2.7: (a) Schematic of the set-up for the fabrication of the elec-
trically tunable transmissive grating using acrylic elastomer actuator,

(b) top-view of the device [87].

induces Maxwell stress resulting in the stretching of the electrode. This leads to
compression in the middle-transmissive region, which varies the grating pitch. It
resulted in a pitch change of 7.5 % with an actuation voltage of 4.5kV. Compression
of the grating that occurred by tuning, increased the height profile of the grating

led to the enhancement in 1%¢ order diffraction efficiency by 6.4 %.

2.6.3 Piezoelectric microelectromechanical actuators

Piezoelectric membrane deforms its shape when a voltage is applied. Piezoelectric
actuation is suitable most of the times when the device has to be actuated with
nanometer precision. Wong et al. [88] fabricated a strain-tuned grating structure
via MEMS technology utilizing both bulk and surface machining technology. The
device consisted of a thin silicon membrane, developed with potassium hydroxide

(KOH) wet etching, and the grating pattern was inscribed on the membrane by
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patterning platinum metal. The piezoelectric material used in the developed device
was lead zirconate titanate oxide (PZT), located at both ends of a thin diaphragm,
thereby inducing strain in the diaphragm. The schematic of the device is depicted

figure[2.8 It reported an actuation of 0.21 % in the membrane resulted in a grating

gratings piezoelectric actuator
A
s N
L Lq

m Thin-film PZT

M Pt electrodes

L S

f "mvm

Si substrate

) - *ho i« o e .
double-anchored membrane = Diffusion barrier

|
‘t, (SiO; or SiNy)
\

|
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Figure 2.8: Schematic of the analog tunable amplitude diffraction

grating actuated by piezoelectric mechanism [8§].

pitch change of 8.3nm for 10 V. This induces a change in the first order diffraction

angle by 486 prad [89).

2.6.4 Grating light valve

By mixing optics and MEMS (MOEMS), Senturia et al. [90] fabricated an electri-
cally programmable grating light valve (GLV) for spectroscopic applications. The
GLV has a set of reflective ribbons that were deflected by the application of volt-
age, causing the grating pitch to digitally vary by multiples of 2. Resolution on

this device suffers, since fine tuning of pitch was not possible.
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2.6.5 Thermal actuation

An efficient way of achieving large displacement is by thermal actuation. Yang et
al. [91] reported a displacement of 300 pm by thermal actuation with an operating
voltage of 19V, thereby varying the pitch by 25%. This is the highest reported
actuation of a diffraction grating till date. However, the main drawback of this
device is its low switching speed with the application of actuation voltage and low

recovery time when the actuation is released.

2.6.6 Electrostatic comb-drive actuation

Shih et al. [92] fabricated an electrostatic comb-drive based analog tunable grating
with a single mask offering the advantage of achieving good optical flatness and

relative ease of fabrication. A schematic design of the fabricated device is shown in

figure . The device has a grating pitch of 12 um (6 pm width and 6 pm spacing)

Anchor = = == . Flexure
Gratin
) / g
Force Force
— | —

| m——

Figure 2.9: Schematic depicting the working principle of analog tun-

able amplitude diffraction grating [92].

with 17 grating beams. An experimental analysis reported comb-drive movement
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of 0.459 pm, resulted in a pitch change of 57.4nm, with an actuation voltage of
10V. Yu et al. [93] extended this model to operate the device in both transmissive
and reflective modes. The device was fabricated on a silicon membrane and bonded
to a glass base using anodic bonding. To increase the dynamic range of the device,
tilted supporting beams were used for actuation to attain larger displacement.
The device was characterized via an optical method by capturing the diffracted
light with a CCD camera. The pitch change in the grating induced a shift in
the diffraction spot in the camera pixel. The pitch change of the structure was
back-calculated by a trigonometric triangular relation.

In conclusion, based on the working feasibility, fabrication and integration,
electrostatic comb-drive based actuation is the best choice for the considered ap-
plication, due to its unique features such as low power consumption, relative ease
in manufacturing, fast response and relatively broad actuation range. Another

category of tuning diffraction grating is by rotation.

2.7 Rotational actuation

Magnetically coupled rotating motors are extensively studied in the area of me-
chanics at the macro level. However, as the devices shrink to micro dimensions,
electrostatic control of motion profound over the magnetic actuator. The principle
is based on the static electric charge developed between plates generating the elec-
trostatic force. One such design is the comb drive fingers actuation employed in
micromachining technology. The force generated due to the application of a volt-
age between the capacitive plates results in the generation of a mechanical force

to nullify the effect of the electrostatic force.
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Rotational based grating tuning is not widely prevalent in MEMS technology;,
which could either be due to its fabrication challenges, or due to its limited angular
tuning range. The subsequent sections describe the rotational actuation schemes

realized by previous research.

2.7.1 Rotation based on gear mechanism

A few research groups have worked on rotary motors based on gear systems at
the micro-dimensions. Scanning electron microscope (SEM) images of some of the
micro-motors fabricated by Sandia National Laboratories are depicted in figure

2.10 These types of micro motors work with contact gear mechanism. The ad-

Figure 2.10: SEM images of micro motors fabricated by Sandia Na-

tional Laboratories [94].

vantage that these devices offer is that, they can achieve complete 360° rotation.
The main drawback of such friction based devices is that, they are highly prone

to wear and tear with ageing. Another class is of non-contact, frictionless, flexure
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based devices, with limited rotation range.

2.7.2 Comb-drive pair based actuation

Lim et al. [95] used an electrostatic rotary comb-drive based actuator for driving
a folded mirror, which was connected to the optical attenuator. An SEM image

of the fabricated rotary comb-drive based device is depicted in figure [2.11, The

Figure 2.11: SEM image of the rotary comb-drive based actuator for

moving the micro folded mirror [95].

structure was fabricated using a single mask fabrication process. The combs of
the structure were connected by a beam of length 1200 pm and the structure was
suspended on two cantilever-type beams of length 1000 pm and width 2.5 pm. The
device reported an angular deflection of 2.4° with an actuation voltage of 21 V.
Yeh et.al [90] increased the angular range deflection by 18° (£ 9° bidirectional
rotational movement) on a similar structure (ﬁgure by modifying the support-
ing cantilever-type beam into a serpentine structure. The performance summary of
varying the length of the serpentine spring from 500 pm to 900 pm and the flexure

opening dimension from 7 pm to 13 pm, with a span length of 35 pm were presented
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in [96). The device performed best with a spring length of 600 pm, and a flexure
opening of 7pm for an applied voltage of approximately 80 V. The resonant fre-
quency of the device was calculated to be 445 Hz. A similar performance was also

achieved with a flexure opening of 10 pm and spring length of 900 pm by lowering

the spring constant (resonant frequency = 340 Hz).

Figure 2.12: (a) SEM image of the rotary comb-drive based actuator;

(b) close-up view of the serpentine spring connecting the structure [96].

Yeh et al. [97] extended this by employing a similar structure for making
variable optical attenuator. The device showed an angular deflection even at low
voltage. An SEM image of the fabricated structure is depicted in figure [2.13] The
device has a 1000 pm radius with a resonant frequency of 400 Hz and a rotation
angle of 2.6° for an applied voltage of 5V. The minimum feature dimension of the
device was 4 pm comb-finger with a spacing separation of 4 pm.

Yu et al. [98] realized rotational tuning of diffraction grating using comb-drive
actuation method. The grating was inscribed on a rotational disc that is connected
by two cantilever beams on either side. Cantilever flexure beams were attached
with comb-drive based devices for actuation. An SEM image of the device is shown

in figure[2.14] This device was operated to work in resonance mode, which is one of
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Figure 2.13: SEM image of a variable optical attenuator using rotary

Reflective Mirror Ststionnnr Comb Fluctrode

comb drive actuator [97].

the drawbacks to employ it in imaging systems with normal CCD cameras, where

the read out time is slow.

Movable platform

Figure 2.14: SEM image of the rotational grating design to operate

in resonance mode [98].
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2.7.3 Stepper motor based actuation

The working principle of the micro stepper motor is similar to that of macro stepper
motor, except the difference in the driving mechanism. In MEMS devices, the
stator poles are activated by electrostatic force than by magnetic force. A schematic
of the working principle of the stepper motor is presented in figure[2.15] During the
first phase, (1/3) of the poles are activated and the rotor aligns its poles to balance
the electrostatic force generated. In the next cycle, the poles that are adjacent to
the activated stator poles are excited such that the rotor moves to the next stable
position to counterbalance the electrostatic force. This continues in the 3" phase

and the cycle repeats.

Bl Grounded
[ Activated 777] Anchor GND

Figure 2.15: Schematic of the working mechanism of stepper motor

[99].

Based on the electrostatic stepper motor principle, Yaseen et al. [100] realized
a rotational diffraction grating with polysilicon micro motors. The schematic and
fabricated structures are shown in figure 2.16] The motor was fabricated using a
polysilicon layer of 5 pm thickness on top of a silicon wafer. The axle was connected
to a bearing mechanism of the same material, and the rotary part was patterned
for making the diffraction grating. The main advantage of this design is that it

allows complete 360° rotation. However, the drawback of this type of friction based
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incident Diffracted
|

Figure 2.16: (a) Schematic of the electrostatic rotary diffraction grat-

ing scanner, (b) SEM image of the realized structure [100].

device is the difficulty in fabrication and often possess low life expectancy.

Flexure based bearing mechanism is another category, initially proposed by
Sarajlic et.al [99], used to drive the motor that works with the principle of elec-
trostatic actuation with a limited actuation range. Implementation was based on
stepping motion actuation on a butterfly pivot structure [I01] using MEMS tech-
nology. The schematic representation of the frictionless butterfly pivot structure
and an SEM image of the micro stepper motor fabricated using MEMS technology
is depicted in figure The structure was fabricated on an SOI wafer and the
device has a diameter of 1.2mm, allowing a rotation angle of 4.2°(£2.1°) for 45 V.
A single-mask fabrication process was employed to fabricate this structure.

A much-improved design was attained by Sarajlic et al. [102] by increasing the
rotation angle by 26° at an actuation voltage of 75 V. SEM images of the fabricated
structure are depicted in figure [2.18] This structure was fabricated on a silicon
wafer by selective control of etching from the back side. Insulation was provided
between the electrodes with vertical trench isolation technique. The device has

a radius of ~700 pm and a resonant frequency of 280 Hz. The fabrication was
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Figure 2.17: (a) Schematic representation of butterfly pivot struc-
ture that allows rotational movement, (b) SEM image of the fabricated

micromotor actuated by stepper motor working principle [99].

Figure 2.18: The top view and bottom view of electrostatic rotary

stepper motor fabricated by the vertical trench isolation process [102].

performed with five masks and the fabrication process is found to be challenging.

In the updated model, the complex five mask fabrication process was made

simpler with two sets of models: one with a single mask process and the other
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with two mask process [103]. The devices were fabricated on a 50 pm SOI wafer

using surface micromachining. SEM images of the fabricated device are depicted in

figure [2.19] The device attained an angular rotation of 30° (£15° bidirectional) on

. _.I/
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>
.
300 pm 50 pm ‘
— —

Figure 2.19: SEM image of the fabricated micro stepper motor using

single mask fabrication process [103].

both types of motors. The resonant frequencies of both the motors were ~150 Hz.

A brief summary of flexure based rotary actuator devices is described in table
showing the design parameters with performance. It is clear from table[2.1] that,
stepper motor based butterfly pivot rotary design is the best choice for achieving

large angular rotation.
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2.8 Summary

The literature survey briefly covered an overview of the spectrometric devices and
tools used to measure material properties. Compared with point, line, and spectral
scanning systems, the snapshot data acquisition system is a promising area, which
needs to be further investigated to capture simultaneously, spatial and spectral data
with higher resolution. A lot more work has to be done in the miniaturization of
the optical design, for which the use of MEMS technology is appealing. Although
the concept of pitch tuning by MEMS diffraction grating has been demonstrated
by the previous researchers, an in-depth analysis has not yet been carried out
to the application level. Tuning of the diffraction grating using rotation is not
well explored, but it has the potential use in optical modulation, scanning, display
technologies and spectrometers. The drawbacks of the rotational diffraction grating
attempted in the past has low fill factor, limited actuation range, low diffraction
efficiency and were operated in the resonant frequency. These limitations could
be addressed by integrating highly efficient diffraction grating with flexure bearing

motors, that transcends the state-of-the-art challenges.
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Chapter 3

Integral field spectroscopy

architectures

3.1 Introduction

The imaging spectrometer has been used over two decades to obtain three-dimensional
information of light emitted from an object or scene. The three-dimensional image
is the intensity distribution of two spatial and one spectral informations, I(z,y, \)
referred to as datacube. This chapter discusses the optical configurations of imag-
ing spectrometers along with ray tracing analysis and possible diversity imple-
mentation schemes. As discussed in section [2.2.2] the scanning-based imaging
spectrometers are inherently slow and light inefficient due to a sequential data
acquisition practice [104]. Snapshot imaging is introduced to overcome the limi-
tations of scanning systems for fast datacube acquisition. It helps in overcoming
motion artifacts and enables system miniaturization by removing complex mechan-

ical scanning systems.
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Snapshot systems are divided into two categories: direct and indirect (or com-
putational). Direct methods divide the image sensor (CCD/CMOS) into separate
parts responsible for sensing different wavelengths. In indirect procedure, spectral
signals impinging on the camera pixels may not be well defined. Hence, for such
cases, spectral retrieval is connected with computational algorithms. The most
straightforward example of a direct system is the RGB sensor employed in com-
mercial cameras. Inside the architecture, each pixel is divided into different areas
covered with desired spectral filters (Bayer filter) for parallel sensing of three colors
within an image [3]. As this approach is widely used for tricolor imagers, it can
also be extended to multispectral imaging devices [105]. The inherent limitation of
such a method is the trade-off between spectral and spatial resolution. An increase
in the number of spectral channels rapidly degrades spatial resolution.

A novel integral field spectrometer (IFS) was designed by taking advantage
of plenoptic imaging architecture [106], with close spacing of the microlens array
(MLA) for good spatial resolution along with the computational methods for image
reconstruction. This close spacing of microlens leads to spectral crosstalk in the
image sensor. Algorithms such as Wiener inversion [107] or Tikhonov regulariza-
tion matrix inversion [72], or compressive sensing approach [I08] are the possible
methods to retrieve back the information [109]. The inversion algorithm mostly de-
pends on the type of the object and becomes even complex if it is affected by noise.
In such a scenario, a single measurement scheme may not be sufficient to retrieve
back the complete hypercube dataset. Hence, quasi-snapshot imaging schemes are
employed to address this problem. Multiple diverse measurements is a strategy to

capture more information which results in improved reconstruction quality [110].
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A tunable optical element for optical transfer function diversity could be a possible
choice for making multiple measurements.

Light field imaging or plenoptic imaging provides 4D information by capturing
the two spatial dimensions (z,y) and angular information (a,,a,). A dispersive
element in the optical systems is the diffraction grating to capture spectral infor-
mation (A). Proper positioning of the diffraction grating in the optical system helps
in resolving spatial or angular (or a combination of both) wavelength-dependent
shifts based on the light field distribution. The following sections investigate light

field distribution with ray tracing analysis.

3.2 Design tools

In general, optical analysis is carried out analytically based on ray transfer ABCD

matrices given by Eq. (3.1)).

Lout Lin
=M (3.1a)
Doyt (6770
A B
M = (3.1b)
C D

This is valid under paraxial approximation where the rays are assumed to be
incident on the optical elements in small angles so that sin# can be approximated
to 0; also called as small angle approximation.

A, B, C, and D are the system parameters of the optical system, providing the
ray height and the ray angle emerging from the output optical system. The overall

optical system matrix, My, (in figure(3.1) is computed by matrix multiplication of
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f optical elements \ output ray

l optical axis

input ray \_ J

optical system

Figure 3.1: Ray propagation formalism using ABCD matrix with
input coordinates: height (z;,), angle (a;,) and output coordinates:

height (o), angle (o).

the individual ABCD matrices (Eq. (3.2)) of the optical components, performed
from output to input.

Msys = Mn o M2M1 (32)

In the case of an optical system with dispersive elements (diffraction grating) or
decentered optical elements (MLA) standard 2x2 matrices cannot be used. The
dispersive elements introduce wavelength dependent tilt, and the microlens array
(MLA) causes a shift in the centre optical axis (off-centre). The extended formalism
employing 3x 3 matrices is used to describe ray transformation, allowing computing
the system response which has tilt and off-center [I11, 1T12]. Eq. represents

the extended formalism i.e ABCD-EF matrix for such a system:

Tout A B FE| |z
Qout | = |C D F| |y, (3.3)
1 0 0 1 1
| L 4L
M
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Here, the diffraction grating introduces wavelength dependent shift to the incident
rays. Assuming that the system is aligned along the diffracted beam with centre

wavelength ()g), the ray tilt () introduced by the grating for wavelength () is

given by Eq. (3.4):
Ao — A
A

(3.4)

siny=v=m

where, A is the grating period and m is diffraction order. The MLA is treated as
a set of single lenses laterally displaced from the optical axis. The MLA can be
analyzed by ray tracing method on a one-by-one basis. The matrix for each lenslet

in the array is parametrized by its centre position z.

3.3 Optical design

Here, imaging spectroscopy with a combination of the diffraction grating and the
microlens array is considered to generate an intensity pattern on the detector plane.
This type of optical system is a so-called computational imaging technique and
requires a specific design that is strictly connected to the reconstruction algorithms
to calculate the desired spectrum. A few optical configurations are investigated in

the following sections.

3.3.1 2F-G-2F-MLA configuration

2F-G-2F-MLA is similar to a classical spectroscopic arrangement, where the diffrac-
tion grating is placed at the Fourier plane of the 4-F imaging configuration. The
response of the system is analyzed by placing the MLA before the camera/detec-

tor plane as depicted in figure |3.2] The purpose of this approach is to investigate
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the spatial dependence present in the output plane due to the angular shift in the

diffraction grating.
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Figure 3.2: Schematic representation of IFS optical design when the

diffraction grating is placed at the Fourier plane.

The microlens array placed in front of the image sensor can be treated as a
Shack-Hartmann sensor that can be utilized to calculate the wavefront of the light
emitted from the object [113, 114]. The optical configuration is analyzed by ray
tracing with the paraxial approximation, which uses ABCD-EF formalism [112].
The optical system behavior of its individual elements or interfaces is described
in detail in appendix [A]l The following notations are used in deriving the forward

model of the optical configuration.

e P, — free space propagation matrix with distance ‘z’

o L(s) — lens matrix for focal length ‘f’ (assuming thin lens in this case)

e T, — tilt operator by the dispersive element (diffraction grating) with the

tilt angle ‘v’
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o M( fmias o) — system matrix of MLA with shifted position ‘zy’ and focal

length * f,14

The system transfer matrix for this optical configuration can be written as:

(3.5)
Computing the matrix multiplication for the Eq. (3.5) gives the system response

matrix given by Eq. (3.6))

_f2 (fmlafz3) _fl (AzfmlafAZZS‘i'fmla 23) 20 23+ f2 fmia ’Y_fQ'YZB

fl f'mla f2 fmla f7rLla
M G- _ = f2 fl (Az_fmla) :Boffg'y
2F-G—-2F—-MLA o —f2 o 2
0 0 1

(3.6)
The system matrix takes a simpler form in the light field imaging configuration by

setting:

® 23 = foa - image plane is at the focus plane of the MLA

e Az =0 - object is imaged at the MLA with 4F configuration.

Then matrix Msp_g_or_nra takes the form (3.7)):

_fl fmla
0 —f2 Zo
Mop_c_op_ = f2 f1 (Dz—fimia)  zo—fory 3.7
2F-Gak=MLA fl f'mla f2fmla fmla ( )
0 0 1

Substituting Maop_¢—2r—mra in Eq. (3.3) provides output ray height (Eq. (3.8]))

as well as the output ray angle.

flfmla
f2

Uin, + X (38)

Lout = —




3. Integral field spectroscopy architectures

It is clear from Eq. (3.8) that ray height (address in the spatial dimension) in the
detector plane (., ) is independent of the dispersion (as «y is absent in the term).

Hence, this configuration is not suitable for the imaging spectrometer.

3.3.2 MLA-2F-G-2F configuration

Another architecture of interest is by placing the microlens array on the object
plane in the classical spectrometer as depicted in figure [3.3] The object is imaged
on to the microlens array that samples out the spatial data and the focusing plane
of the microlens is re-imaged onto the detector (with a defocus) by 4-F imaging
condition. The diffraction grating at the Fourier plane of this system produces a

wavelength dependent shift that is manifested at the detector.

MLA L1 Grating Camera

1
/
H
S
/ l)l\ I \ -

Z3 f1 f1 f2 f2 Az
Figure 3.3: Schematic illustration of integral field spectroscopy with
the microlens array placed in the object plane to sample spatial infor-

mation.

The ray transformation matrix of the system represented by the ABCD-EF
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matrix can be given by

Map—g-or—nmra = Paz-Pi)-Lig) Pl Ty - Py -Lipy Py - Plas) M (fmtas To)
(3.9)

The system matrix obtained by solving the above matrix is:

Az f12—fo? fat+fo® 23 Azfi®+2s3 fo?  Azmo f12—1f3v f1 fo®+m0 23 fo?

f1f2fs f1f2 fif2 fa

M COF_(—9F = _f _h _fizo

MLA—-2F—-G—-2F T s % _f2 7
0 0 1

(3.10)

The above general architecture can be further simplified by setting z3 = fua

and Az = 0:
0 _f }ana _f (Iof;fl )
Mypa—or—g-oF = h}eﬁ _% _% (3.11)
0 0 1

In this condition, the object is projected on to the microlens. The sampling of the
microlens determines the spatial resolution of the datacube. Each microlens pro-
duces an individual focus in the plane where z3 = f,,;,.. The focal plane is re-imaged
on to the camera provided it captures the spectral dependant spot at the image

plane. The output dependent relation is obtained by substituting My;p4_or_ g _oF

in Eq. (3.3) which gives:

_ _f2fmla ) o é
Tout = fl Qip, + Y (fl) o (312)

From Eq. (3.12), it can be seen that the output position has clear dependence
on the wavelength (grating angular tilt). Hence this architecture is suitable to

acquiring spectral-spatial information of the the object.
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3.3.3 G-4F-MLA Configuration

An alternative architecture could be a one slightly deviating from the classical
spectroscopic systems, where a diffraction grating is placed at the object plane as
depicted in figure [3.4] It results in the encoding of the spectrum in ray angles
instead of ray shift as in classical spectrometers (where the grating is located at
the Fourier plane). The object imaged onto the diffraction grating is imaged again
onto the microlens array. Wavelength dependent shift caused by the diffraction

grating is projected on the MLA.

Grating L1

A
Y
A
Y

f1 f1 f?
Figure 3.4: Schematic illustration of IF'S optical design when diffrac-

tion grating is placed at the object plane.

To conserve the imaging properties of the optical system, paraxial approxi-
mation has to be fulfilled, and then diffractive grating can be treated as a linear
element. Microlens array, together with an image sensor, forms a light field imag-
ing subsystem allowing measurement of the image intensity as a function of angles

and position.
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The system transfer matrix for this configuration is given by Eq. (3.13])

Ma_sp_poa = P(Z3).M(fmla, wo).P(AZ).P(fz).L(fQ).P(f2+f1).L(f1).P(fl).T(,y) (313)

Computing the above system matrix leads to Eq. (3.14]):

2 (fmia—23) J1 (A2 fria—=Az 23+ fmia 23)  f220 23— f1 fmla Y 23— A2 f1 fmia v+A2 f17 23

flfmla f2fmla f2fmla
M~ ir = f2 f1 (Az—finia) foxo+Az f1 y—f1 fmia Y
Gral—MLA flfmla f2fmla fomla
0 0 1
(3.14)

The configuration is made simpler by setting:
® 23 = f,u. - image plane is at the focus plane of MLA
e Az =0 - object is imaged at MLA with 4F configuration.

Incorporating this condition simplifies Mg_4r_arp4 to Eq. (3.15):

0 _flfmla f2x07flfmla’7
P fa
M _ _ = f2 _ﬂ f2-750_f1fmla’y 315
CrAl=MEA f1 fmia P f2 fmila ( )
0 0 1

The output ray height is obtained by substituting the simplified system matrix,

Me_ar—nra in Eq. (3.3)) leads to:

T :_flfmlaa' +fyf1fmla
out f2 mn f2

In this configuration, the ray position in the image plane depends on the input
ray angle (ay,) and the tilt introduced by the grating (7). This system directly
images the angles of rays impinging the lenslet. The dispersion term introduced
by the grating adds a shift to the angle distribution. This results in ray shift

proportional to . Similar systems are commonly used for measurement of a 4D
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light field: each lenslet images the angular distribution (ay,c,) while different
lenslets in the array sample the spatial distribution (x,y).

The aim is to obtain information about the spectrum within the 2D spatial
image. In this specific system, spatial sampling is directly made by each lenslet
(each lenslet is a spatial pixel): the area beneath each lenslet samples the (ray)
angles impinging the particular lenslet surface. The diffraction grating interacting
with the beam introduces a wavelength-dependent tilt that is manifested on this
angle-image, and as visible from Eq. , the wavelength-dependent part pro-
duces a ray shift in the plane of the lenslet image. In the case of monochromatic
light, the lenslet image corresponds to the angle distribution function of the illumi-
nation. When more wavelengths are present in the object, the picture is the sum
(or overlap) of the shifted angle distribution function.

It can be concluded from the above discussion that MLA-2F-G-2F and G-4F-
MLA can be employed for realizing integral field spectroscopy to compute the
spectral data that are obtained from the discrete spatially separated microlens.
The two configurations generate similar images, and the only difference is in the

magnification of the output image.

3.4 Ray tracing analysis

The optical design of the G-4F-MLA configuration was further analyzed using ray
tracing with Zemax [115]. The MLA-2F-G-2F configuration also generated same
results in the simulations except for the magnification factor. To project the object
onto the grating, an additional 4-F imaging system was added before the diffraction

grating. The schematic layout of the analysis carried out in Zemax is depicted in
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figure [3.5]
agee
Microlens Q\ﬁ(\‘
array \‘
Object Aperture lefragtlon \“
plane grating .

stop (AS)

Figure 3.5: Ray diagrams of G-4F-MLA configuration simulated with

Zemax.

The aperture was defined by an in-built “float by stop size” model. Three
closely spaced sets of wavelengths, 540 nm, 550 nm and 560 nm with 10 nm separa-
tion were investigated in the analysis. Spot diagram analysis and image simulations
were carried out for this optical system. To guarantee paraxial approximation, the
lenses were defined by focal length. Lenses, ‘Lpl” and ‘Lp2’ form the 4-F configu-
ration mapping the object onto the grating. Diffraction grating disperses out the
wavelengths, based on the diffraction relation, which were again mapped onto the
microlens array with the 2"¢ 4-F imaging configuration (L1 and L2). All the lenses
were defined by a fixed focal length of 50 mm, thereby having a magnification of
unity. The first order diffraction grating with 830 lines/mm was used to disperse
the wavelength of the field. The centre wavelength (550 nm) creates an angular
shift of 27.16° based on the diffraction relation. To compensate this shift, all the
elements after the diffraction grating were tilted along with the same angle. The
MLA was defined individually by the multi-configuration editor.

The image formed on the microlens focuses onto the detector plane which,

appears as a spot of individual wavelengths in that field [I13]. Nine fields were
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selected with a weighing factor of unity to produce uniform intensity distribution,
and the positioning of fields were defined in such way that rays of each fields fall on
a single microlens (figure ) The spots generated by all the fields in the image
plane by increasing the size of the aperture stop (AS) as depicted in figure .
It implies that the AS should be selectively chosen to avoid overlap between the
fields. There need to be an optimization between the camera pixel size, AS size
and magnification. The image obtained from a single microlens was an overlap
of the different wavelength spots depicted in figure [3.6c, where the three colors
correspond to 540 nm, 550 nm, and 560 nm, respectively. In the experiments, these
spots appeared as the overlap of intensities of the wavelengths.

0.58 0.74

(@)

0BJ: 0.0000, 0.9000 mm

CEEEEEEEE]

o
o
400.00

-0.58 -0.74 1
-0.58 0 0.58 -0.74 0 0.74 IMA: 0.000, 0.682 mm

Figure 3.6: (a) Spot-diagram obtained at the image plane by 9 differ-
ent sets of fields, (b) spots overlapping each other by increasing size of
the aperture stop, and (c) spot-diagram obtained by a single microlens

for 3 sets of wavelengths.

Geometric bitmap image analysis by ray tracing of a 2D image scene of size
640 x 480 pixels was carried out with a fixed aperture, by removing the vignetting
factors. The pixel size was set to 5 pm x5 pum and 100 rays were set to be incident
per pixel. The increase in ray density per pixel improves the quality of the image.

The images obtained at different positions of the optical elements were analyzed
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and depicted in figure 3.7 The object mapped onto the diffraction grating gets
dispersed and projected again onto the MLA using two 4-F configurations, result-
ing in even parity. The dispersed image was spatially sampled by the MLA and

projected onto an image plane.
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(b)

(c)

(d)

(e)

Figure 3.7: Geometric image ray tracing analysis: Image ob-
tained at (a) object (source image), (b) Lpl, (c) aperture stop, (d)
Lp2, (e) before diffraction grating, (f) after diffraction grating, (g) L1,

(h) L2, (i) before MLA, and (j) sampling at MLA.
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The spectrally resolvable wavelength is the overlap of the intensity distribution
of the respective wavelengths, as depicted in figure [3.8h. The estimate of the
original spectrum can be extracted by de-convolving the measured image with the
point-spread function (PSF) of the optical system (figure [3.8b). The PSF was
computed by projecting the image obtained by the central wavelength (550 nm)
used in the simulation. A thresholding operation was performed for the calculated

PSF to get the right kernel.

€) (b)

®

Intensity

500 520 540 560 580 600
Wavelength (nm)

Figure 3.8: (a) Intensity distribution of wavelength measured by a
single microlens, (b) PSF obtained by projecting the center wavelength,
(c) the image retrieved by Wiener deconvolution, and (d) spectral line

profile from the recovered image.
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There are various inverse algorithms to retrieve the original data. The most
commonly used algorithms are Wiener deconvolution, Tikhonov inversion, and
compressive sensing approach which is discussed in section 2.4, For the above
image, Wiener deconvolution was employed to extract wavelength information.

Deconvolution by means of the Wiener filter can be computed by Eq. (3.17)) [71]:

o 1 H ()| ]
PRI AT N PR S
Hww) L Hww * + 53z

where, 5 is estimate of the input signal, H,,,) is the Fourier transform of the point
spread function, G, . is the Fourier transform of the measured signal, and SNR
is the signal-to-noise ratio. The inverse filtering is implemented in Python (code
is described in appendix , and the spectral line profile obtained is depicted in

figure [3.8d.

3.5 Spatial resolution improvement

The optical system produces an image that is composed of a set of lines corre-
sponding to the total spectrum impinging on each lenslet in the MLA. This set of
sub-images follows the arrangement of the lenslet, and the spectral lines are ori-
ented along the dispersion direction defined by the diffraction grating (figure [3.9).
The concept of image splitting by microlenses suffers from the problem of crosstalk,
i.e., overlapping of spectra corresponding to different spatial pixels (figure|3.9p). In
the standard configuration, crosstalk has to be minimized by considering the best
arrangement of microlenses and dispersion direction [116]. However, this approach
always leads to unused pixels in the camera. Hence, large sensors are needed if

high spatial and spectral resolutions are required.
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Lenslet Arrangement

'ns'

Camera Plane

Figure 3.9: Schematic representation of the image generated at the
camera. The upper row presents the lenslet size and position, while
the bottom row shows the image formed on the camera. Two cases are

considered: (a) with no cross talk and (b) with high cross talk.

In a configuration where crosstalk is allowed, the observed datacube cannot
be read directly, since pixels contain a mixture of signals from different lenslets.
Numerical inversion has to be used to recover the datacube from this mixed mea-
surement. The advantage of background analysis is the possibility of performing
a compressive measurement if prior knowledge about the measured object is avail-
able. In the case of ordinary hyperspectral datacubes, general or more specific prior
information is often available. For example, similar to 2D images, spectral scenes
often exhibit a piecewise-smooth structure. In addition, a diversity approach might

further improve the fidelity of the reconstructions. In general, diversity refers to the
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repetition of the same measurement with several systems having different impulse

responses.

3.6 Diversity implementation schemes

3.6.1 Influence on aperture stop

In this section, spot-diagram simulations were carried out on the optical design to
investigate the tuning of the aperture stop. Since the image plane and aperture stop
were also separated by two 4-F configurations (Lp2-L1 and L2-MLA), the output
directly manifests the shape of the AS. The output was inspected by an array of a
3 x 3 microlens to examine the impact of spot shape and spectrum. A smaller AS
results in an image spot in which all the three wavelengths are completely separable.
However, in this case, a high-resolution camera is necessary for precisely resolving
the spectrum, which is well evident from figure [3.10|(a). Setting a very big AS is
also not preferred since, apart from mixing the wavelength, the neighboring spatial
fields also get overlapped, resulting in multiple crosstalk (figure ,f), that will
lead to complexity in the spectral retrieval. Large AS results in big PSF, that block
the large coverage of spectrum. To cover a broader range of wavelengths, the AS
has to be made smaller so that camera pixels can have the intensity distribution

of more closely spaced wavelengths per pixel.

3.6.2 Influence on tunable grating

This section discusses how the tuning of the diffraction grating can impact the

response of the image plane by keeping other parameters constant. Two methods
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Figure 3.10: Simulated response of the IFS by varying the semi-
diameter of aperture stop: (a) 0.1mm, (b) 0.5mm, (¢) 1mm, (d)

L.5mm, (e) 2mm, and (f) 2.5 mm.

were investigated for tuning: tuning by pitch and tuning by rotation. Pitch tuning
was executed by changing the grating pitch. Rotation was introduced by changing

the direction of dispersion.

3.6.2.1 Tuning by pitch changing

In this simulation, the detector plane was fixed at a size of 3 mm x3 mm and diffrac-
tion grating groove density was varied. The results obtained by varying the diffrac-
tion grating groove density from 500 lines/mm to 1100 lines/mm are depicted in
figure [3.11] Based on the diffraction relation (Eq. (3.4))), individual wavelengths
are shifted by a different amount with the grating pitch. Hence by knowing the
tuning range, the shift of individual wavelength can be estimated.

Moreover, it is evident from figure [3.11] (a) and (f) that a smaller pitch (more
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Figure 3.11: Simulated response of the IFS by varying the

pitch of diffraction gratings: (a) 500lines/mm, (b) 700 lines/mm,

(c) 830lines/mm, (d) 900lines/mm, (e) 1000lines/mm, and (f)

1100 lines/mm.

number of grating lines/mm) imparts more significant separation of wavelengths
and vice versa. Hence, grove density changes the diffraction angle and thus re-
sults in different mixing of spectrum of individual lenslet. Since the variation in
groove density (grating pitch) changes the mixing of spectral signals, it can be
concluded that pitch tuning of diffraction grating is one of the choices for diversity

implementation in IFS.

3.6.2.2 Tuning by rotation

In this section tuning of the diffraction grating by changing the orientation along a
different axis (figure [3.5)) is investigated. Impact on the image caused by rotation

for 5 angles (from —20° to 20°) is depicted in figure m For rotation about
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the x-axis, the dispersion spread is achieved in positive angles, which can be used
to analyze the spectrum. However, along with the dispersion shift, the shape of
the spot is elongated, which is caused due to the defocusing of the image on the
grating. Hence for each microlens, the point-spread function differs at different
angles. It might lead to complexity in the reconstruction algorithm, since each
microlens produces a non-unique shaped PSF. For negative angles, it is interesting
to note that there is no positional shift in the camera, which is advantageous;
nevertheless, it is observed that no additional information is obtained as there is
no significant change in the dispersion shift or direction. Rotation about the y-axis
gives an intriguing result, where the dispersion spot is overlapped with the adjacent
microlens in the desired way. Again, as mentioned in the previous case, the shape
of the spot is gets affected by the defocus in fields.

Another scenario is the rotation about the optical axis (about the z-axis), which
provides promising results. With a slight tuning in the z-direction, a directional
change in the dispersion orientations is produced resulting in mixing of wavelength
spots. Hence, tuning produces different mixing (overlapping) of signals with ad-
jacent microlens, providing more information. In this case, the shape of the spot
remains the same, which would be advantageous for reconstruction or unmixing,
since the PSF remains consistent for all the microlenses. Based on Fourier optics,
rotation introduces a positional shift in the angular tuning about the optical axis,
which is evident in figure [3.12} while for larger tuning, it might lead to vignetting.
Nevertheless, this hurdle could be solved by three shot or multi-shot measurements

by tuning it in reverse angle.
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Figure 3.12: Simulated IF'S response of the spot-diagrams by rotating

the diffraction grating.
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3.7 Summary

With the ABCD-EF formalism, an IFS is theoretically devised by the MLA-2F-
G-2F and G-4F-MLA optical architectures. These designs realize the construction
of the IFS by simultaneously obtaining both, spatial and spectral information. To
verify the proof of concept, the design was simulated by Zemax ray tracing analysis.
Geometrical bitmap image analysis was carried out with the design for three closely
spaced wavelengths with 10nm gaps. The point spread function was obtained
by ray tracing of the centered wavelength, which was used in deconvolution to
estimate the spectral distribution. Reconstruction with Wiener deconvolution gave
promising results by retrieving the desired spectrum.

In the present approach, an attempt was made to improve the spatial resolution
by a close spacing of microlens, which goes against conventional wisdom, where the
spacing between the lenslets in large enough to accommodate the spectral range
without causing overlap in the spectra of neighboring pixels to avoid crosstalk. In
the current architecture, the densely packed microlens that results in crosstalk can
be handled by reconstruction algorithms and optical diversity.

We investigated the influence of different optical elements regarding how they
impacted the PSF of the image. Tuning of diffraction grating by pitch adds ad-
ditional flexibility by mixing dispersion with neighboring microlens, which is one
of the choices of diversity implementation. Another way to incorporate diversity
is by rotating the diffraction grating along the z-axis. For future deployment of
such systems, MEMS technology is a promising approach for achieving fine tun-
ing. Design, fabrication, performance analysis and challenges of tunable diffraction

gratings by micromachining technology are discussed in the subsequent chapters.
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Chapter 4

Pitch tunable diffraction grating

4.1 Introduction

This chapter describes the design and development of a microelectromechanical sys-
tems based tunable diffractive element that could be deployed in the quasi-snapshot
imaging spectrometer for diversity implementation. One candidate device for di-
versity implementation in the integral field spectrometer that is discussed in section
is a pitch tunable diffraction grating (PTG). Earlier approaches for tuning
gratings have been by means of grating light valve [90], microfluidic actuation [85],
piezoelectric actuation [88], electrostatic actuation [92] 93], 117], thermal actuation
[91], and elastomeric actuation [87]. In the present work, electrostatic actuation
is chosen, as it can work in a wide range of temperatures and pressures with low
power, and can provide sufficient actuation range for the considered application.
The most common MEMS electrostatic actuators are limited by small displace-
ment to a few micrometers. This is because an electrostatic comb-drive based

actuator encounters pull-in instability when sufficiently high actuation voltages
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are attempted [118]. This limits the maximum size of an electrostatic pitch tun-
able diffraction grating to about a few millimeters. Hence, more than scanning, the
device is found to be useful in integrated computational imaging spectroscopy by
making use of optical diversity techniques [I19]. In such optical systems, several
measurements with different optical transfer functions can be obtained by varying
the pitch of the diffraction grating. Computational algorithms together with mul-
tiple distinct under-sampled images can be used to obtain a super-resolution image
[120]. The desired resolution that needs to be achieved is related to reconstruction
algorithms and the number of frames to be captured [I2I]. For such spectroscopic
systems, large resolving power diffraction gratings with high fill factors are found
to be advantageous.

The physical realization and analysis of the MEMS-based analog pitch tun-
able diffraction grating using silicon-on-insulator (SOI) technology are discussed
in detail. The following sections describe the design, modeling, fabrication, and
testing of the tunable grating. Further, the feasibility and mechanical robustness
of the silicon micromachined PTG are investigated by subjecting it to mechanical

vibrations.

4.2 Tuning mechanism principle

Light incident on the diffraction grating is dispersed according to the diffraction
relation given by [122]:

sin 0™ +sin = mT/\ (4.1)

where, 6 is the incident angle, ™ is the diffracted angle of order m, A is the incident

wavelength, and A is the pitch of the diffraction grating. The values of diffraction
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order (m) are the set of integers and m = 0 gives the non-dispersive condition.

The schematic working principle of a PTG is depicted in figure

A A+ AA

Figure 4.1: Schematic representation of the basic working principle of
an analog pitch tunable diffraction grating: (a) before tuning, (b) after

tuning.

Tuning can be incorporated by elongating or compressing the pitch, thereby
changing the diffraction angle (™). The pitch change of the diffraction grating
from A to A 4+ dA leads to a change in diffraction angle, df™, which is given by

mA

where, dA = (x/N) is the pitch change, x is the displacement achieved by actuation
and N is the number of grating lines. It is evident that larger deflection provides
better tuning range. However, larger deflection also leads to change in the duty

cycle (DC), and a significant drop in diffraction efficiency (n), [123] expressed as

(4.3)

B (sin(2m7r DC)>2 N (1 — cos(2mm DC))2

a 2mm 2mm

The DC in this context is defined as the ratio of beam width to the pitch.
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Maximum efficiency of about 10 % is obtained when duty cycle is 50 %.

4.2.1 Micromechanical implementation

In the current design, the in-plane electrostatic comb-drive pair actuation mecha-
nism was employed for its simplicity and relative ease of fabrication [124] 125, 126].
The schematic of the electrostatic actuation based PTG is depicted in figure [4.2
The grating grooves are implemented as a set of beams, which are supported by
holding springs. The grating beams together with the holding springs are sus-
pended by the actuating springs, which are connected to the anchors. The ac-
tuating springs are equipped with a comb-drive fingers structure that generates
electrostatic force on application of voltage.

The electrostatic force generated by the comb-drive pairs can be modeled by a
planar parallel plate capacitor [127]. This generated force is balanced by mechan-
ical force, thereby effectively increasing the overlap area. The net electrostatic
force generated by the comb-drive pairs consists of a combination of a pull-in force
by the parallel plates, fringing fields (edge effects) and a ground-plane levitation
force (between the suspended structure and the substrate). Neglecting the fringing
fields and ground-plane levitation force, the capacitive force generated between the
comb-drive pairs is given by [128]:

t
Fo="v2_F = ko, (4.4)
g

where, F, is the electrostatic force, n is the number of comb fingers, ¢, is the per-
mittivity of free space, t is the thickness of the device, g is the separation between
the parallel plates, V' is the applied voltage, F,, is the mechanical force generated,

ks is the effective spring constant of the structure, and z is the displacement ob-
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Figure 4.2: Schematic of tunable diffraction grating with electrostatic

actuation: (a) before actuation; (b) after actuation.

tained. This force, in turn, pulls the actuating spring in the x direction to balance
the electrostatic force. A larger tuning range can be achieved by increasing the

actuation voltage.

4.2.2 Optical design

The intensity profile of a diffraction grating when N slits are illuminated by a

collimated beam with normal incidence, can be obtained by [129]:

sin? (M= ginf™) sin? (Z2 sinf™
=g, S CEremtr) i’ (o) (45)
sin (A sind ) (asm@m)

An important parameter that needs to be considered while designing the diffrac-
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tion grating is the resolving power (R), defined as the number of grating lines (V)
(i.e. for the first order diffraction). The resolving power of the diffraction grating
for two wavelengths (A; , A2) that are closely spaced is given by [129]:

IR SR

R_EAI—AQ:

mN (4.6)

The full width half maximum (FWHM) of the diffraction profile depends on N.
Figure shows the first order diffraction profile when a wavelength of 488 nm is
incident on N slits. It is evident from the plot that FWHM reduces, i.e. resolution
increases with an increase in N. The resolution also depends on the wavelength
regime, which is depicted in figure |4.3b, where the number of grating lines is
plotted against resolution for three wavelengths. Here the center wavelength and
wavelength spacing are taken as (A; + A2)/2 and (A — Ag), respectively. Further,
it is evident that to obtain a spectral resolution less than 10nm for a 632nm
wavelength in 1st order diffraction, there need to be a minimum of 64 grating

lines.

4.2.3 Micromechanical design

The stiffness constant of the holding flexure can be derived by treating the flexure
as a four guided cantilever structure. The expression for computing the stiffness
value for a single holding spring with thickness ¢ is obtained as [12§]:

EI} 1

o I = —tw} (4.7)
h

k=12
h 12

where, kf is the holding spring stiffness in the x direction, £ is Young’s modulus,
I is the moment of inertia of the holding spring, and wy,(Ly,) is the width (length)

of the holding springs. The spring constant of the actuating spring can be treated
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Figure 4.3: (a) Variation of the first order diffraction profile with
the number of grating lines illuminated; (b) Plot depicting minimum
number of grating lines for closely separated wavelengths in different

wavelength regimes.

as a two guided beam structure connected in parallel. Accordingly, the spring
stiffness value of the actuating arm in the lateral direction (kZ) for one-side is

given by [128§]:

EI* 1
EX = 12—2 [ = —tw? 4.8
a Lg )T a 12 wa ( )

where, k7 is the actuating spring stiffness in the x direction, I’ is the moment of
inertia of the actuating spring and w,(L,) is the width (length) of the actuating

springs. The spring stiffness of the actuating arm in the y direction is computed

as [128]:

Fw,t

kY =
a La

(4.9)

where, kY is the actuating spring stiffness in the y direction. The springs of the
actuating arm are designed to provide maximum tangential displacement (mini-
mum tangential stiffness, k¥) and minimum normal displacement (maximum nor-

mal stiffness, k¥). The stiffness ratio has to be large enough to avoid lateral pull-in
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instability, which limits the actuation range of the device. It is derived from Eq.

and Eq. :

K (Lo\’

For design considerations, the effective spring constant (k.ss) has to be com-
puted first, followed by the evaluation of the other parameters. Yu et al. reported
that the displacement of the comb-drive fingers drops significantly when the grat-
ing beams are connected with the actuating spring [130]. This discrepancy can
be explained by a detailed analysis of the effective spring constant. The effective
stiffness of the structure can be derived from the mass-spring model, which solely
depends on actuating spring stiffness (k,), holding spring stiffness (&), and the

number of grating periods (N).

4.2.3.1 Mass-spring model

To compute the unknown effective spring constant (k.sr in Eq. (4.4)), the structure
in figure |4.2] can be modeled as a mass-spring system portrayed in figure [4.4

The equivalent spring constant between two grating beams (k.,) is the parallel

ka ka
kKh kh kh Kh
Sl QI 718560
Mma EEEEEEEEENEN] Mma
00000 00000 00000 \QQQQQ
Kn kh Knh Kh
a a
N times
keq: kh

Figure 4.4: Schematic representation of equivalent mass-spring model

of tunable diffraction grating structure.

combination of springs connected in series. The stiffness of a spring connected to
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4. Pitch tunable diffraction grating

N beams can be computed as a combination of N springs of individual stiffness
keq (= kp) connected in series. The force generated from the comb-drives on either
side of the device pulls the first (IN/2) grating beams in one direction and the
remaining beams in the other direction to obtain maximum tuning range. The
effective spring constant of the structure when electrostatic force is applied in both

directions can be computed as

2
k.rr =2k — |k 4.11
eff “+<N) h (4.11)

After obtaining k.ss, the remaining parameters (Ly, Ly, wp, w,) are chosen based
on the fabrication constraints. The length of the grating beams is chosen to have
an effective diffraction area of 1mm x 1mm. The minimum feature size of the
structure is selected as 2 pm, which is the critical dimension for photolithography.

The design values are summarized in table [4.1]

4.2.3.2 In-plane modal analysis

The in-plane mechanical resonant frequencies of the PTG are computed using a
mass-spring model for stability analysis. The natural frequencies of the mass-spring

system can be derived by equations of motion for an undamped linear system using

Az
M5 + Kz =0, (4.12)

where, x is the time dependent vector that describes the motion, M is the mass

matrix and K is the stiffness matrix given respectively by
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_ma 0 0 0 0 _
0 m, 0 0 0
0 0 my 0 0
M =
0 0 0 mg 0
0 0 0 0 mg
-Qka+kh —ky, 0 0 0 _
—kn 2%y —ky ... 0 0
0  —ky 2k ... O 0
K=
0 0 0 ... 2k, —ky
0 0 0 ... —ky ky+2k

where, m, is the sum of the mass of the actuating arm and the mass of comb
fingers attached to it, m, is the sum of the mass of the grating beam and the four
supporting holding beams, k, (=k¥) is the actuating spring stiffness along the z
direction, and kj, (=kj) is the holding spring stiffness along the = direction. The
theoretical values calculated to be m, =5.728 x 10~'%kg, m, =1.635 x 10~ kg,
ko =0.266 Nm~! and kj, =5.084 N m~! respectively. To find the harmonic solution,

it is assumed that x takes the from X sin(wt), which results in
— MXw?sinwt + KX sinwt = 0 (4.13)

On further simplification, the above equation gives KX = w?MX. The gener-
alized eigenvectors are given by substituting vector v and A in the above equation,
giving Kv = AMw. The eigenvalue solution, A, is computed by MATLAB for M

and K (code described in appendix [C.2). The natural frequency of the system for
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the i*" eigenvalue is then

fi= 1 Un (4.14)

T o
The analytical model for structural analysis and resonant frequency is validated
by 3D finite element method (FEM) simulations (ANSYS). The simulated result
is depicted in the figure It is found that the in-plane resonant frequency
simulated with FEM is in agreement with the theoretical value of 889 Hz. FEM
structural analysis is also carried out to make sure that stress distribution is far

less than the yield strength of Si, before proceeding to the fabrication.

A: Modal

Total Deformation

Type: Total Deformation
Frequency: 8.8943e-004 MHz
Unit: pm

11/21/2018 4:56 PM

11061 Max
! 98319
8602.9

0.00 450.00 900.00 (um)
I

225.00 675.00

Figure 4.5: FEM modal analysis performed to calculate the resonant

frequency of the structure

4.3 Microfabrication

The fabrication of the device was performed using surface micromachining tech-
nology on a 100 mm diameter SOI wafer with 10 pm device layer thickness, 2 pm
buried oxide, 450 pm handle layer, <100> crystal orientation, boron doping and a

resistivity between 12 cm to 202 cm. The wafer was initially cleaned with piranha
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solution for 20 min at 120 °C and rinsed using de-ionized (DI) water. The wafer was
spin-dried and then placed on a hot plate at 110 °C for 30 min to make the surface
dehydrated. Before performing the spin coating, the wafer was treated with hex-
amethyldisilizane (HMDS) primer for 120s to make the surface hydrophilic, thus
improving the adhesion of photoresist with the wafer. A brief schematic represen-

tation of the fabrication process is depicted in figure

AR R

1. Photolithography (AZ 9260) 4. Photolithography (AZ 9260) 7. Photolithography (AZ 7217)
2. Sputtering (Ti/Au) 5. Sputtering (Cr/Au) 8. DRIE
= = = .~ =
3. Gold Lift-off 6. Gold Lift-off 9. BOE Etching and drying

Silicon Photoresist (PR) SiO2 Chromium (Cr) Gold (Au) Titanium (Ti)

Figure 4.6: Schematic representation of the fabrication of tunable

amplitude diffraction grating.

In the first step, the wafer was spin coated with AZ-9260 photoresist (Mi-
croChem) at 5000 rpm for 30 seconds to obtain a uniform thickness of 4.2 pm. The
wafer was soft baked for 4min at 110°C on a leveled hotplate. Subsequently,
photolithography was performed using mask aligner (Karl Suss MA-6) with con-

tact mask exposure. After exposure to UV light (365nm), the exposed part was
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removed by 400 MIF (Metal-Ton-Free) developer solution and dried with a nitro-
gen gun. Afterwards, the wafer was sputtered with Titanium (Ti)/ Gold (Au)
(20nm/50nm), followed by lift-off by immersing the wafer in acetone (steps 1-3 in
figure [4.6). Ti serves as the adhesion layer between Si and Au.

To protect the Ti from buffered oxide etchant (BOE) [I31] in the later steps
of fabrication, photolithography was continued with the same process parame-
ters with a mask having a bigger pad-size. Subsequently, it was sputtered with
Chromium (Cr)/ Gold (Au) (20nm/400nm) on top of the existing pads, thereby,
ultimately covering the Ti layer, and after that, lift-off was performed (steps 4-6
in figure[4.6). Cr/Au acts as the contact pads for external electrical connection for
providing voltage.

With the third mask, photolithography for the PTG structure was carried out
with a low viscosity photoresist AZ-7217 (MicroChem). The photoresist was spin
coated at 5000 rpm for 30 s obtaining a layer of 1.1 pm thickness, which was followed
by soft baking at 100°C for 90s. After cooling down the resist, photolithography
was performed in vacuum mode for 3.4s. After exposure, the wafer was post baked
for 2min at 110°C and allowed to cool down to room temperature. The exposed
regions were removed by 300 MIF (MicroChem) developer solution. After drying
the wafer, hard baking of another 2min was carried out at 110°C, followed by
Deep Reactive Ton Etching (DRIE), Bosch process to obtain nearly vertical walls.
Etching was continued till it reaches the SiOy layer. Finally, the sacrificial oxide
layer beneath the structure was removed by BOE solution (steps 7-9 in figure .

The primary challenge during drying after oxide etching was the stiction be-

tween adjacent grating beams and also in the holding springs due to the surface
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tension between water and the device. This resulted in damage to the devices.

Figure [4.7| shows the damaged devices that arised due to stiction.

WD12.5mm 5.00kV x1.2k  30um

Figure 4.7: SEM images of the damaged device caused due to stiction

in (a) holding springs; (b) comb fingers.

To overcome this problem, super critical COy drying process was adopted (Au-
tomegasamdri Model: 915B). The wafer was kept inside isopropanol solution (IPA),
and during the process, IPA was replaced by liquid CO,. By this method, the wafer
was dried with liquid CO4 under critical point temperature and pressure, by which
the physical properties of gaseous and liquid states remain unchanged. The SEM

images of the fabricated device are depicted in figure [4.8|

4.4 Device characterization and testing

It was observed that device performance was dependent on microfabrication tol-
erances. With the conditions of the DRIE system that was employed, etching
produces a negatively sloped profile in the beams where the trench space was large
and a positive profile where trenches were closely spaced. This resulted in a nega-

tive etching profile near the comb-fingers (figure ) and a positive etching profile

near actuating springs (figure [4.9p).
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Figure 4.8: SEM images of the fabricated MEMS diffraction grat-
ing (a) device; (b) holding springs; (c) comb-drive fingers; (d) grating

beams; and (e) actuating spring.

Figure 4.9: (a) Negative tapered profile on comb-fingers, (b) positive

tapered profile of the actuating spring.

80



4. Pitch tunable diffraction grating

A similar trend was also reported by other researchers [132] [133] 134]. This non-
uniformity in the etching profile might result in relatively considerable variation in
the expected device performance [135]. A comparison between the designed values

from the analytical modeling and the fabricated values is shown in table
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Table 4.1: Comparison of designed and measured values of parameters

of the microelectromechanical system (MEMS) pitch tunable diffraction

grating.
Device Parameters | Symbol | Designed (nm) | Measured (num)
grating beam length L, 1000 1000
grating beam width Wy 6 2.9
grating pitch A 12 12
device thickness t 10 10
holding spring length Ly 122 122
actuating spring length | L, 333 333
comb finger length L. 50 50
holding spring width wy, 2 1.9 (top)
2 (bottom)
actuating spring width | w, 2 1.7 (top)
2.7 (bottom)
comb finger width we 2 1.4 (top)
0.8 (bottom)
initial overlap distance | xg 2 1.8
Device Parameters Symbol | Designed
No. of grating beams N 84
No. of comb fingers n 125
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4. Pitch tunable diffraction grating

An attempt to evaluate the performance analysis of such etching profiles has
been carried out in [136]. Hence, based on the fabricated structure, we modified
the analytical modeling to predict the expected performance. This is due to the
change in the electrostatic force and the spring stiffness. The expected changes in
the performance parameters based on the etching profile are analyzed and described

in appendix [B] Based on the modified design, the displacement of the actuator can

be computed from Eq. (B.2)) and Eq. and given by:

t
Flew neg V2 log <1 + 25 tan 9)
keffmewy 2Ettant % (wq + t tan <;S)3 + N%Lh (wy, + ttan w)?’

. (4.15)

where, 0, ¢ and i are the etching profile angles in comb-drive fingers, actuat-
ing springs and holding springs, respectively. The spring stiffness with the mod-
ified design is calculated to be 1.56 Nm™!, against the initially designed value of
0.94 N m~!. Further, the negatively tapered etching profile in the comb-drives leads
to a reduction in the electrostatic force from 8.8 uN to 4.6 uN for a driving voltage

of 40V.

4.4.1 Static measurements

The fabricated PTG was tested in a probe station by observing the deflection of
the grating beams with the applied voltage. Figure £.10h,b depict the tuning of
PTG without and with the driving voltage, along with the difference between the
two images. The inset in figure 4.10c shows a line profile along the white dashed
line in the two images of the grating.

Stretching of the grating beams was achieved by moving the comb fingers during

actuation. The displacement obtained in the comb fingers is plotted with respect
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Figure 4.10: Optical microscope images of the grating beams (a)

before the application of voltage; (b) during the application of voltage;
and (c) difference between the two images (the inset shows a line plot

along the dashed line in (a, b)).

to the voltage in figure [4.11] The plot shows that displacement follows a quadratic
relation with the applied voltage and also that the measured values match with

the modified design.

12 T T 5
== |nitial design
— Modified design
10 o Measured result|
—_ 4
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= 8 /
o= /’
c 4
[ /
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@©
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2
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Figure 4.11: Displacement obtained in pitch tunable diffraction grat-

ing (PTG) plotted against voltage.

For safe working of the device, the driving voltage has to be less than the pull-in

instability voltage [127], which is given by:

21.x¢ Y 2
g k> ka x5 o
Vpr = 2— 4+ — — — 4.16

P 2€0WyNn ( kz * P g ) ( )
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Since the design has higher stiffness ratio (k¥/k% in Eq. (4.10)), and the oper-
ating voltage was far less than the pull-in voltage, the device does not face any
lateral pull-in instability. However, it was observed that the device get sticked to
the handle layer of the wafer when higher driving voltages were attempted. This
can be rectified by modifying the fabrication steps by incorporating additional

photolithography on the handle layer followed by etching.

4.4.2 Optical characterization

The fabricated grating was also tested optically. The PTG was illuminated with
a laser beam of wavelength 488 nm, and the diffraction pattern was observed on a

dark screen that is shown in figure 4.12.

Diffracted

‘:— ..

Mirror /

il £

.-

% Aperture Maser

Figure 4.12: (a) Diffraction pattern obtained with a 488nm laser
beam incident on the PTG; (b) Experimental set-up to calculate the

shift in diffraction order with tuning.
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To validate the shift in the diffracted angle, the 1% order diffraction spot (m =
+1) was detected on a camera. The experimental set-up is depicted in figure .
Further, a voltage of 40 V was applied through the contact pads; and the resulting
shift in the first order diffraction was measured to be four pixels. The shift in the
camera pixels were calculated by centre of mass method. This corresponds to a
change of 218 prad in the diffraction angle.

A comparison of our PTG with those of other research works is shown in table

4.2l
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4.4.3 Mechanical vibration test

MEMS devices are more susceptible to mechanical shock and vibrations. To mea-
sure the level of shock, a transient structural FEM simulation was performed with
different shock levels. The simulations were carried out with the same geometry
and designed values given in table [4.1] Anisotropic silicon was chosen as the ma-
terial for all the simulations. In one simulation, a shock of 5 G was applied along
the weakest out-of-plane direction of the PTG. The value 5 G is chosen because it
is the maximum level of shock experienced in most of the satellite based missions
[137, 138]. The simulation result showed that maximum stress was concentrated
on the actuating springs and there was no significant stress in the optical grating
region (figure . The result also showed that maximum principal stress was

4.15 MPa, far less than the fracture strength of silicon (7000 MPa).

B: Transient Structural
Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa

Time: 1.1e-003
7/4/2017 2:15 PM

4.1527 Max
. 2.0892

1.8161

1.543

I_ 1.2699
0.99681

0.7237

0.45059
I 0.17749
-0.30884 Min

Figure 4.13: Stress distribution in the structure when subjected to a

shock of 5 G.

Mechanical strength of the device was also studied by subjecting it to me-

chanical vibrations. The first out of plane resonant frequency obtained from the
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simulations was found to be 230 Hz. Hence, it is important to make sure that the
natural frequency of the device does not fall within the range of this value, leading
to fracture of the device. To verify that the PTG is not susceptible to vibrations;
vibration test using a mini-shaker was carried out by varying its frequency using
a function generator. The amplitude of excitation was controlled by increasing
the voltage in the function generator. It was also observed that the amplitude of
excitation reduces with an increase in frequency. The vibration response of the
mini shaker was measured by a laser displacement sensor, and the corresponding

amplitude-frequency plot is shown in figure 4.14h. In-plane vibrations and out-of-

10° . . . . 1.5 : : :
4
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Frequency (Hz) Driving voltage (V)

Figure 4.14: Vibration test analysis of the PTG with (a) frequency
response of vibrations, measured using laser displacement sensor; (b)
Performance of our device measured experimentally before and after

the vibration test.

plane vibrations were performed by placing the device in different orientations. A
different device was used for vibration testing to avoid damaging the best device.
The process runs for 1h and no mechanical failure of the structure is observed.

After undergoing the vibration test, the device was evaluated in a probe station.
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Figure [4.14p shows the displacement-voltage relation of the device before and after

the test.

4.5 Summary

A silicon-based pitch tunable diffraction grating was designed and fabricated us-
ing micromachining technology. Detailed analytical modeling was carried out for
the PTG using a mass-spring model. The device was built with a 10 pm thick SOI
wafer. Micro-mechanical performance of the fabricated structure with the modified
design was analyzed. The tuning produced a displacement of 2.7 pm for an actua-
tion voltage of 40 V. With the application of different voltages, displacement was
found to follow the expected quadratic law, in good agreement with the nominal
parameters. The diffraction grating was tested on an optical bench by applying
actuation voltage to observe the positional shift in the diffraction orders. Finally,

the device was subjected to vibration tests to study its reliability.
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Chapter 5

Rotary diffraction grating

5.1 Introduction

Tuning by means of changing the grating pitch was investigated in chapter [4
However, the main limitation of pitch tunable grating using silicon micromachining
is the fabrication difficulties to achieve small grating pitch. Another challenge is
to make a big device with large dynamic range. Further, fabrication of bigger
device results in increase in mass of the structure, which leads to drop in resonant
frequency. In addition to that, for pitch tunable grating, majority of the space is
utilized for the actuation springs resulting in reduced fill factor. In terms of optical
performance, a shift in the dispersion angle by electrostatic tuning has a dynamic
range of only a few hundreds of micro-radians. Finally, the maximum theoretical
diffraction efficiency possible for such binary amplitude grating is less than 10 %.
To overcome these hurdles, a new method of tuning the grating is proposed by
means of rotation.

Fabrication of a good in-plane rotational actuator together with a highly effi-
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cient diffraction grating would overcome these problems. The optical element will
be integrated with the actuator thus preserving the advantages/performance of the
actuator as well as the optical quality. The rotary actuator is fabricated by silicon
micromachining technology and diffraction grating by replication techniques. Since
the diffraction grating is to be bonded on top of the actuator covering the flexures,
the fill factor would be significantly enhanced.

The micromachined rotary motor is designed with 3-phase electrostatic step-
per motor principle. Stepping motion allows move and hold precise motion that
enables use in imaging applications with conventional CCD or CMOS cameras,
where the frame rates are slow. The electrostatic micromotor is fabricated by a
frictionless bearing mechanism to avoid contacts that result in wear and tear. The
diffraction grating is fabricated on top of SU-8, a negative photoresist, using repli-
cation technique followed by photolithography to obtain the desired shape and
to bond with the microactuator. Diffraction grating realization with replication
could fabricate blazed angle grating, that significantly improves its diffraction ef-
ficiency [139, 140, 141]. Micro-scaled blazed diffraction grating can be made on
SU-8 with master mold. The replicated diffraction grating is later bonded with the
microactuator using UV curable optical glue. This structure would serve as one of
the possible ways of achieving optical transfer function diversity in quasi-snapshot

imaging spectrometer.
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5.2 Tuning of grating by rotation

5.2.1 Working principle

Rotation of diffraction grating introduces change in the dispersion orientation.
When a broadband light is illuminated onto a diffraction grating, the light splits
into individual wavelength based on the grating period and grooves inclination.
Smaller period (large number of grating-lines/mm) of the diffraction grating re-
sults in larger angular dispersion and vice versa. In case of rotation, dispersion
direction will change, resulting in different mixing of overlap signals, as mentioned
in section [3.6.2.2] Effect of dispersion by diffraction grating rotation is schemati-

cally presented in figure |5.1]

dispersed light

polychromatic light

i

(a) Before tuning (b) After tuning

diffraction grating

Figure 5.1: Schematic working principle of the rotational diffraction
grating to change the direction of dispersion when illuminated by a

broadband light source.
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5.3 Electrostatic rotary stepper motor

The design of rotational actuator for driving optical elements is inspired by butter-
fly flexural pivot invented by the Swiss Center for Electronics and Microtechnology

(CSEM) (figure [142]. The structure has a nearly perfect combination of a

Figure 5.2: Butterfly pivot structure designed by CSEM [101].

large deflection angle and a high precision. The butterfly pivot structure is found
to possess lateral stiffness, thereby providing very small center shift [143]. Planar
design allows monolithic manufacturing, and can be easily implemented on silicon
micromachining technology. Folded architecture provides larger angular rotation,
resulting in wide tunability. The structure posses a mechanical end stop that limits
angular rotation. Apart from all these features, the structure has high radial, axial
and angular transverse stiffness.

Previously, there were some similar attempts to fabricate MEMS device drawing
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inspiration from flexural pivot structure [144, 103]. In this work, the design is
modified to incorporate the diffraction grating on to the microstructure as depicted

in figure [5.3

rotor

stator Poles

older for
placing grating

Phasel Phase2 Phase3

Figure 5.3: Schematic depiction of electrostatic 3-phase rotary actu-

ator.

The schematic of stepper motor based microactuator with the integrated diffrac-
tion grating is depicted in figure [5.4l The structure works on the principle of 3-
phase stepper motor mechanism by exciting rotor and stator poles. The device is
designed with flexure mechanism having two four-beam pivot structures connected
in series. The advantage of having frictionless flexure allows going back to the
reference position when the signal is removed, which is advantageous in imaging
spectrometer design. The four-beam pivot structure attached to the rotor pro-
vides a maximum angular rotation of 30° (£15°). In total, the structure consists
of three pairs of stators and the grounded rotor. Each pair of the stator phase is
placed diametrically opposite to each other to avoid pull-in instability. The poles

of phase-1 are perfectly aligned with rotor poles. The poles of phase-2 and phase-3
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Diffraction
grating

Figure 5.4: Schematic of diffraction grating integrated on top of the

actuator device for rotational tuning.

are misaligned by (1/3)"" and (2/3)"* of the rotary pitch, respectively.

The stator phases are independently excited by voltage waveform, thereby gen-
erating torque to achieve the desired rotation. Applying a voltage to the three
phases generates an electrostatic force between the stator and the rotor poles.
This will re-align the rotor poles with the stator poles to compensate the gener-
ated electric field. At the next time instant, the adjacent phase is excited and the
rotor will again re-align its poles to the corresponding excited stator-poles. Hence,
at each time instants, only one-third of the rotor poles are aligned with the stator
poles. To obtain sub-steps, half-stepping or micro-stepping voltage sequence can be
employed. Micro-stepping provides a gradual transition in switching voltage levels

and leads to the smooth running of the motor with better positioning resolution.
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5.3.1 Micromechanical design

The electrostatic actuation of the rotor can be treated similar to a force between
parallel plate capacitor. In this regard, the angular displacement is produced by
the tangential force (or electrostatic torque) acting on the electrode poles. The

expression for computing electrostatic torque (7;) is given by [99]:

negrt

Te 2%

V2 (5.1)

where, n is the number of active poles in a phase, ¢, is the permittivity of free
space, r is the radius of the rotor, ¢ is the thickness of the rotor, g is the separation
between the rotor and the stator electrodes, and V is the actuation voltage. The
electrostatic torque is proportional to the rotation angle (#) defined by the angular

stiffness

Ky =

=[N

(5.2)

The expression for rotational stiffness of the butterfly pivot structure is derived in

[145], and the final expression obtained is

EI L L2 1
Kog=2—[1+3="2 432 I=—tw? 5.3

where, F is the Young’s modulus of the material, I is the moment of inertia, wy is
the width of the flexure beam, Ly is the length of the flexure, and L, (illustrated
in figure is the virtual length from centre of the flexure bearing to the flexure
beam. Multiple designs are incorporated in the masks by varying the these pa-

rameter values as described in table for the micro stepper motor fabrication.
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Table 5.1: Design values of the rotary actuator used in mask drawing.

Device Parameters | Symbol | D-1 | D-2 | D-3 | D-4
radius r (pm) | 700 | 800 | 900 | 1000
flexure length Ly (pm) | 400 | 500 | 600 | 700
flexure width wy (pm) | 3 4 4 5
pole width wy, (pm) | 5 4 515 | 5
number of active poles | n 60 76 76 88
device thickness t (pm) 50 50 | 50 |50
gap separation g (pm) |3 3 3 3

5.3.2 Finite element analysis

Before proceeding to the microfabrication, finite element analysis (FEA) based
Ansys simulation was performed to confirm that the maximum principal stress is
far below the yield strength of silicon. The static structural analysis was performed
for the designed micormotors by applying tangential force (24.9 uN) to obtain the
stress distribution. The stress distribution profile is depicted in figure [5.5h. The
maximum principle stress was found to be 79 MPa which is fas less than the fracture
strength of the Si.

Modal analysis was also carried out, which shows that the first resonant fre-
quency was in the range of a few hundred Hertz, and the first and second resonant
modes were in in-plane directions. The modal analysis performed in Ansys for the
first resonant mode is depicted in figure[5.5b. One of the greatest advantages of this
structure, when compared to other rotational based actuator realized with MEMS

technology is that the first resonant mode is not in the out of plane direction, which
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is not desirable for the optical imaging design.

(b) Modal
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Figure 5.5: FEM analysis of the butterfly pivot structure showing the

(a) stress profile; (b) modal analysis for determining resonant frequency.

5.3.3 Microfabrication

Microfabrication of the device involved two processes: fabrication of the actuator
and fabrication of the diffraction grating. The schematic representation of fabri-
cation of the microactuator is shown in figure [5.6f The device was fabricated on
an SOI wafer with device layer thickness 50 pm, < 100 > orientation, p-doped,
0.01Q2cm to 0.1 cm resistivity, the oxide thickness of 3pym and a handle layer
thickness of 450 pm. The wafer was initially cleaned with piranha at 120°C for
20min followed by multiple rounds of rinsing with de-ionized (DI) water. Soon
after, the wafer was dipped in buffered oxide etchant (BOE) solution for 2 min to
remove the thin surface oxide layer which might have formed by piranha, which is
a strong oxidizer. Cleaning with BOE enhance good ohmic contact of Cr/Au on Si.
Further, wafer was again rinsed with DI water and baked on a hot plate at 120°C
for 30 min to dehydrate it. Then the wafer was treated with hexamethyldisilizane

(HMDS) primer to improve adhesion of photoresist and wafer.

99



5. Rotary diffraction grating

1. Photolithography 5. Photolithography 9. Photoithography
(for contact pads) (for through hole) (for micro-motor)

2. Development (400MIF) 6. Development (400MIF)

12. PR stripping
10. Sticking back-in wafer

with AZ-9260 photoresist “

& Development (300MIF) 13. Al Etching

3. Sputtering (Cr/Au)

7. DRIE & PR strlppmg

“ . ) -
- u 14. BOE etching

4. Gold Lift-off 8. Al sputtering 11. DRIE & CO2 drying
Silicon Photoresist (PR) Sio2 Gold (Au) Aluminium (Al) Chromium (Cr)

Figure 5.6: Microfabrication steps in realizing micro-stepper motor.

Fabrication involves 4-mask process . The first mask for fabricating contact
pads employed similar steps described in PTG fabrication. The wafer was spin
coated with AZ-9260 (MicroChem) positive photoresists at 5000 rpm for 30s ob-
taining a uniform layer of 4.2 pm. The wafer was pre-baked on an iron hotplate at
110°C for 4 min to improve adhesion and to remove the solvent content of the resist.
Subsequently, photolithography was performed with Karl Suss MA-6 mask aligner
under a UV light of 365 nm wavelength having a lamp power of 8 mW cm~2 with
hard contact mode for 20s. The exposed regions were removed by 400 MIF devel-
oper (MicroChem). The wafer was sputtered with Cr/Au of thickness 20/400 nm
followed by lift-off (steps 1-4 in figure . These contact pads provide electrical
connections for driving the micromotor.

The second mask was designed for handle layer etching of the wafer. Pre-

preparation steps, which involve piranha cleaning, baking, and HMDS primer treat-

100



5. Rotary diffraction grating

ment were carried out on the wafer. Thereafter, the wafer was spin coated with
AZ-9260 photoresists with 2000 rpm to obtain a uniform thickness of 11 pm. The
wafer was soft baked for 6 min at 110 °C and slowly ramped down to room temper-
ature. The formation of cracks has been observed while performing photolithog-
raphy with thick resists (more than 7 pm thickness). The slow ramping down of
temperature after soft bake prevents cracking of the photoresist. UV-lithography
was performed subsequently for 40 s and the exposed regions were developed away
by the 400 MIF developer. The wafer was post baked for 4 min at 110°C before
performing deep reactive ion etching (DRIE), Bosch process, which produces a
nearly vertical profile. Etching was continued till the oxide layer, that acts as an
etch stop layer. The remaining photoresists were stripped by immersing the wafer
in acetone (steps 5-7 in figure .

Further, an intermediate thick Aluminium (Al) layer of 2 pm was sputtered on
the etched handle layer of the wafer before proceeding to device layer patterning
(step 8 in figure . It has been observed that this intermediate sputtering of Al
was crucial before performing the photolithography for the micromotor. This coat-
ing provides uniform heat conduction in the wafer while baking the photoresists,
without which the air in the hole (that was created by DRIE process) prevents
uniform transfer of heat. This non-uniformity in heat transfer affects the pho-
tolithography process, which is depicted in figure p.7a-b. The Al coating avoids
non-uniformity in baking to a large extent and thus significantly improves the
photolithographic resolution, as depicted in figure [5.7c-d.

The photolithography was performed with the third mask involving the de-

vice layer pattern of the microactuator. The wafer was spin-coated with a low
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Figure 5.7: (a)-(b) Poor photolithographic resolution at the edges of

the poles arises due to the non-uniformity in photoresist baking. (c)-(d)
Improvement on lithography, obtaining 90° at the corners of electrode

poles after Al coating on the backside.

viscosity resist, AZ-7217 (MicroChem), preceded by piranha cleaning and HMDS
treatment. Soft baking of 90s was performed at 110°C and allowed to cool to
room temperature. Subsequently, UV-lithography was performed in vacuum mode
for 3.4, after which post baking was performed for 60s at 110 °C. Before develop-
ing, another silicon wafer was spin coated with AZ-9260 photoresist and manually
bonded with the SOI wafer. This is an important process because the developer
contains hydroxide ions, which react with Al. Bonding with the protecting wafer,

avoids contact of the developer with the Al coating. The wafer was immersed in
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the 300 MIF developer (MicroChem) solution with a gentle agitation for 2min, to
remove the exposed regions (steps 9-10 in figure .

The resist was hard-baked for a further 2min at 110°C and DRIE was per-
formed for 22min 19s till it reaches the etch-stop oxide layer. Further, the alu-
minum was removed by the aluminum etchant. Finally, the sacrificial oxide layer
was removed by buffered oxide etchant and dried in a supercritical CO5 dryer (Au-
tomegasamdri Model: 915B) (steps 11-14 in figure . The SEM images of the

fabricated actuator are shown in figure [5.8

Figure 5.8: SEM image of the (a) rotary actuator, (b) flexural pivot

bearing, (c¢) flexure springs, (d) high aspect ratio electrostatic poles; (e)
close-up view of the poles that are misaligned by (1/3)™ of the pitch;
and (f) scalloping effects occurred by the Bosch process in the etched

profile.
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5.3.4 Static measurements of rotary actuator
5.3.4.1 Half-stepping motion measurements

The micro stepper motor was tested by applying half-stepping voltage waveform.
The half-stepping voltage sequence was generated by a Raspberry-Pi module. The
Python code for the generation of such voltage waveform is described in appendix
[C.3] Initially, the half-stepping time interval was set to 1s in the experiment. It can
be adjusted based on the camera frame rate and the applications. The generated
timing sequence was fed to a low noise voltage amplifier (Piezo Drive - PDul50).
The voltage amplifier amplifies the voltage generated from pins 11, 12, and 13 of
the Raspberry-Pi module from an amplitude of 3.3V to 33 V. The half-stepping
voltage sequence generated is depicted in figure [5.9p-b. The amplified output
signal was fed to the device through contact pads. Successful stepping motion was
obtained by the micro-stepper motor with the applied voltage sequence. It has
been verified that the stepper motor rotates in reverse direction by swapping the
phase-1 and phase-3 voltage waveforms. Each half-step produced an angular step
equivalent to one-half of the pole-width.

The images of stepping motion of the micromotor were captured with a CCD
camera for all the half-steps. The equivalent sub-pixel shift in the rotor poles
was measured by image analysis. The angular information calculated from image
analysis is plotted in figure [5.9c-d. Each step in the rotation produced approxi-
mately 0.2° which matches with the theoretical predictions. It was observed that
the measurements were consistent with each steps showing good repeatability in
the angular step control. By applying a higher voltage, a larger rotational range

can be obtained.
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(a) 1-HIGH = 33V, 0 - LOW = 0V (b) 1-HIGH =33V, 0 - LOW = 0V
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Figure 5.9: Illustration of stepper motor driving principle: driving
half-stepping voltage waveform for (a) counter clockwise rotational mo-
tion; (b) clockwise rotational motion. Experimental plots showing ro-
tation of 0.2° per step in (c) counter clockwise rotation; (d) clockwise

rotation mode.

5.3.4.2 Measurement by time delay variation

The rotary actuator was also tested by varying the time delay of the 3-phase
half-stepping voltage waveform. The stepping signal resulted in a realignment
of the movable poles achieves the desired rotation. The plot showing angular
displacement as a function of time is depicted in figure |5.10L The actuator was
tested for a two-step delay (t; = 1s and t; = 2s). This controlled stepping motion

allows a precise orientation of grating and can be used with conventional CCD
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Figure 5.10: Experimental plot showing angular change with respect

to time steps (ts) in half-stepping voltage.

camera for imaging.

5.4 SU-8 diffraction grating realization

5.4.1 Microfabrication techniques

The process is divided into two steps: the first step involves fabrication of the
mold. Here, an off-the-shelf diffraction grating was used for mold preparation.
In the next step, the generated mold was used for the replication process. The

detailed experimental procedure is described below.

5.4.1.1 Mold preparation

The fabrication of the diffraction grating involved preparation of a soft mold using
polydimethylsiloxane (PDMS), a soft material, which was used for replication on

SU-8 photoresists. PDMS is a widely used material for molding or prototyping
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because it is chemically stable after it is cured and possess weak adhesion. For
mold preparation, the PDMS base and the curing agent (Sylgard 184 Silicone
Elastomer - Dow Corning) were mixed in a 10:1 proportion and dispensed onto an
off-the-shelf diffraction grating. The solution was then placed inside a degassing
chamber for 30 min to remove the air bubbles generated in the solution during
mixing. Further, the solution was cured in an oven at 75°C for 2h 30 min. The
PDMS layer was peeled off from the off-the-shelf holographic diffraction grating,
thus forming the negative of the master grating. This mold was used in later steps

for the replication.

5.4.1.2 Replication methodology

The generic scheme of the proposed wafer-level fabrication technique of diffraction
grating using SU-8 is described in figure Initially, a 100 mm diameter silicon
(Si) wafer was cleaned in piranha solution (3:1 mixture of sulfuric acid and hydrogen
peroxide) at 120°C for 20 min followed by rinsing with de-ionized (DI) water. For
dehydration, the wafer was placed on hotplate at 110 °C for 30 min. Next, the wafer
was spin coated with OmniCoat (MicroChem) at 3000 rpm for 30s, which acts as a
sacrificial layer and will be removed later. The wafer was then baked at 200 °C using
a hotplate for 60s and allowed to cool to room temperature. SU-8 2050 negative
photoresist was dispensed on the wafer and spin coated at 3500 rpm for 30s to
obtain a uniform thickness of 40 ym. This was followed by soft-baking, that was
performed on a leveled programmable hot plate for precise temperature control.
Initially, the temperature was ramped up at the rate of 2°Cmin~! from room

temperature to 65 °C at which it was maintained for 10 min. Then the temperature
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1. Omnicoat spin coating 5. Photolithography
2. SU-8 spin coating 6. Post bake
PDMS mold
3. Molding at 95°C 7. Development

4. De-molding at 22°C 8. Liftoff (with IPA)

Figure 5.11: Fabrication process flow for replication followed by pho-

tolithography.

was again ramped up at 2°Cmin~! to reach 95°C and maintained at 95°C for
20 min allowing the solvent content of the SU-8 to evaporate. The glass transition
temperature (T,) of uncured SU-8 is ~65°C [146]. Hence, the resist remains soft
at 95°C. The PDMS master mold was then placed on top of the resist, making
sure that no voids were created between the mold and the resist. The temperature
slowly ramped down at 4°Cmin~" to reach the room temperature. The PDMS
mold was then peeled off releasing the diffraction grating pattern on top of the
resists.

The next step involves photolithography to obtain the desired pattern (footprint

of the grating). The wafer was exposed to UV light (365 nm) using contact mask
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lithography with a power of 8mW cm™2 for 21s, making the exposed region hard
due to cross-linking of the polymer. Photolithography was performed in hard mode
assuring a good contact between the mask and the wafer. After UV exposure, post
baking was performed on a programmable hotplate by ramping up the temperature
at 2°Cmin~! from room temperature to 65°C and maintained at 65°C for 5min.
The temperature was again ramped up at a rate of 2°Cmin~! to reach 95°C,
then maintained at 95°C for 10 min. Further, it was brought back to the room

1

temperature at a rate of 4°Cmin~". The schematic temperature profile for the

soft baking and the post baking SU-8 is depicted in figure [5.12l The wafer was
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Figure 5.12: Schematic of baking temperature profile of SU-8 for

(a) soft baking and (b) post baking.

immersed in the SU-8 developer solution for 10 min with gentle agitation, where
the unexposed part of SU-8 was removed. Finally, the wafer was cleaned with
isopropanol (IPA) solution and dried with a nitrogen gun.

Figure [5.13| shows the array of diffraction grating fabricated, both on silicon
and fused silica wafer. The baking steps and the UV exposure time of SU-8 on

glass substrate are 1.5 times longer than in the case of the silicon wafer.
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5mm

Figure 5.13: Micro-patterned diffraction grating fabricated on (a)

silicon wafer (b) glass wafer.

5.4.2 Optical characterization

The two parameters that determine the optical quality of a material are trans-
mittance and refractive index. To study optical transmittance, the SU-8 resist
was spin-coated on a fused silica, was illuminated by broadband light source cou-
pled with an optical fiber. The output light was collected by a fiber optic coupled
spectrometer (Avantez Ava Spec EDU UV /VIS). The optical transmittance was in-
vestigated by measuring the light received by the spectrometer. The transmittance
measurements were conducted at different stages in the course of fabrication. Fig-
ure shows the comparison of transmittance spectra of the fused silica wafer,
uncured SU-8 and fully cured SU-8 coated wafer. The plot indicates that SU-8
has relatively low optical absorption in the visible range. The deviation of trans-
parencies between cured and uncured SU-8 is calculated to be 1.1%. The mean
percentage difference between crosslinked SU-8 and fused silica in the visible range
is found out to be 2.44 % proving good transmittance.

To investigate the dielectric property of the material, SU-8 2002 was spin coated

on a silicon wafer obtaining a uniform thin layer (1.3 pm). The complex reflectance
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Figure 5.14: (a) Comparison of optical transparencies of fused-silica
and SU-8 on fused-silica in the visible spectral range, (b) refractive index
plot for the cured and uncured SU-8 polymer in the visible wavelength

range measured by a spectroscopic ellipsometer.

ratio was derived using spectroscopic ellipsometer (VASE, J.A. Woollam Co.) for
the visible range of wavelengths. The refractive index was measured from the
complex reflectance ratio. The data obtained was fitted against Cauchy’s empirical
relation given by Eq. , with Cauchy’s coefficients A = 1.5516, B = 0.0092, C
= 0.0001 for cured SU-8, and A = 1.5681, B = 0.0062, C = 0.0006 for uncured
SU-8.

n(\) = A+ (B/X?) + (C/X\Y) (5.4)

The plot showing the refractive index variation for 400 nm to 700 nm for un-cross-
linked and fully cross-linked SU-8 polymer is depicted in figure |5.14b. The refrac-
tive index of fully cross-linked SU-8 is slightly higher than that of the un-cross-
linked SU-8. The difference in the index is expected as it is evident from the
transmittance measurement that cross-linked SU-8 has slightly lower transmission

than the un-cross-linked polymer.
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5.4.2.1 SEM and AFM measurements

The fabricated device was characterized both by scanning electron microscope
(SEM) and by atomic force microscope (AFM). The SEM images of the fabri-
cated diffraction gratings on top of the patterned SU-8 is depicted in figure [5.15
This technique allows a reliable, wafer-level integration of complex micro/nano
structures within MOEMS using tools and processes, that are compatible with

standard micro-fabrication.

Figure 5.15: SEM images of the replicated diffraction grating im-
printed on (a)-(b) disc of diameter 50 pm, (c¢)-(d) on block with name

“NTU” patterned on SU-8 using photolithography.

To test the quality of the replication, the period and the height of the diffrac-
tion grating need to be investigated. The period of the grating determines the

diffraction angle of the incident light and the shape of the period determines the
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efficiency of the diffraction grating. To characterize the shape and the period of the
grating, AFM was used to obtain the surface profile. The scanning of the sample
with AFM was performed by so-called tapping mode. Although the tip of the AFM
is in the range of few nm, it would be difficult to obtain the exact-replica of the
sample if it posses steep features. However, it is a good choice of measurement
for comparison purposes. Figure [5.16] shows the AFM measurements, and the line
profile measured from both the original master and the replicated SU-8 grating.

It was found that the period of the diffraction grating almost remains the same.

06 pm
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Figure 5.16: Surface profile measured by AFM on (a) master grating,
(b) SU-8 replicated grating, (c) line profile showing the comparison of

original with replicated grating.

However, the amplitude of the replicated diffraction grating was slightly smaller
than the original structure. This difference could be probably due to the polymer
shrinkage /expansion during the thermal processing. To obtain the desired repli-

cated structure, this tolerance needs to be considered for replication, and needs
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to be incorporated into the mold design. This replication technique was also per-
formed for fabricating blazed angle diffraction gratings. Figure depicts the
surface profile obtained by AFM for a blazed angle grating having 600 lines/mm.

A similar trend of reduced amplitude was found in the blazed angle SU-8 replicated

grating.
92 nm 63 nm
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Figure 5.17: Surface profile of blazed angle diffraction grating
(600 lines/mm) on (a) PDMS mold, (b) SU-8, and (c) line profile com-

paring the quality of replication.

The SU-8 replicated blazed angle diffraction grating was optically tested by
shining a laser light of 532nm wavelength onto the grating, and the diffraction
pattern obtained was projected onto a dark screen that is depicted in figure [5.18
It was found that intensity of first-order diffraction pattern (m = 1) was higher

than the negative order (m = -1). This higher intensity distribution of light is due
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to the blazed angle profile.

Figure 5.18: Diffraction pattern obtained by the grating is illuminated

with a LASER source of 532 nm wavelength.

5.4.2.2 Diffraction efficiency measurements

The diffraction efficiency of replicated holographic (sinusoidal) grating was calcu-
lated both theoretically and experimentally. The efficiency (7) of sinusoidal grating

can be calculated from [122] as:

n=TJ (g) , (5.5)

where, J,, is the Bessel function of the first kind, m is the diffraction order, T'
is the percentage of transmittance for the incident wavelength , ¢ is the phase
constant defined by 27(ng,s — 1)h/A, where, h is amplitude of grating groves, A is
the incident wavelength, ng,s is refractive index of SU-8 (figure [5.14p).

The efficiency of the diffraction grating was computed experimentally by shin-
ing coherent light sources of multiple wavelengths. The power of the diffracted
light was measured by a power meter. The 0" order and the 1% order diffraction
efficiencies were measured for three sets of wavelength and are listed in table[5.2] It
was found that values of measured efficiencies matched with the theoretical predic-

tions. The efficiency of the 1%¢ order diffraction grating can be further improved by
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fabricating the master mold, and by taking into account of the polymer shrinkage
and the replication tolerances, as the efficiency mostly depends on the height of

the diffraction groves.

Table 5.2: Diffraction efficiency measurements. (h=0.15pm)

Wavelength | Measured (Calculated, Eq. (5.5)) n (%)
(nm) m =0 m =1
488 78.1 (73.7) 5.1 (6.7)
532 79.4 (77.6) 3.7 (5.6)
637 83.3 (82.2) 2.7 (3.9)

5.4.2.3 Dispersion effects of replicated grating

The dispersion of the grating was also investigated optically. To study the dis-
persion properties, an optical slit was illuminated with a broadband light source
(halogen lamp). The illuminated slit was re-projected on to a detector using a
standard 4-F imaging configuration. The experimental demonstration for disper-
sion measurement is depicted in figure[5.19} The focal lengths of the imaging lenses
were 50 mm, thus obtaining a magnification of unity. A camera was placed on the
imaging plane to get the image of the slit. The fabricated grating was placed on
the Fourier plane (2-F plane) of the 4-F imaging system. The grating produced
an angular dependent wavelength shift of the optical slit at the detector plane.
The camera was re-adjusted to capture the 15 order wavelength information in the
visible range. The dispersed image of the optical slit was captured by a camera,

which is shown in figure The change in the dispersion orientation was also
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Figure 5.19: Experimental realization of 4-F imaging optical system

to study the dispersion effects of replicated grating.

investigated by rotating the diffraction grating in the same optical configuration.
The grating was rotated in both clockwise and anti-clockwise directions. The cor-
responding change in the dispersion direction at the detector plane was captured
by the camera. The change in the dispersion direction corresponding to 13°, 0°,
—13° are depicted in figure 5.20p{5.20k. This changes in the dispersion direction
can be utilized for optical transfer function diversity in quasi-snapshot imaging
spectrometer.

Replicated gratings with different grating parameters were characterized to
study the dispersion spread. Dispersion spread depends on the grating period.
A smaller grating period has a large diffraction angle, which causes wide disper-
sion spread. Figure [5.21] shows the comparison of dispersion spread when two
different periods of grating are tested. It was verified that dispersion due to the
600 lines/mm grating shows a smaller dispersion spread, and was almost doubled

when the grating parameter was increased to 1200 lines/mm.
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Figure 5.20: Dispersion measured by rotating diffraction grating by
(a) 13°, (b) 0°, (c) —13°; (d) spectral profile of the dispersed light of a

halogen lamp used as the illumination source for 0° case.

5.5 Towards the integration of diffraction grating

on to the microactuator

The fabrication procedure for an array of diffraction gratings by means of replica-
tion followed by photolithography was described in section The fabricated
disc-shaped structures were removed for integration by immersing the wafer into
diluted isopropanol at room temperate for 24h. Isopropanol dissolves the omni-
coat sacrificial layer, resulting in lift-off of the disc-shaped SU-8 diffraction grating.
The devices were filtered out and dried in an ambient environment. The diffraction
grating is to be bonded on to the microactuator using UV curable polymer glue

via a pick and place mechanism.
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Figure 5.21: (a) Dispersion due to 600lines/mm grating showing

smaller dispersion spread, and (b) larger dispersion spread when the

grating parameter is increased to 1200 lines/mm.

5.5.1 Micropipette fabrication

Optical glue, Norland Optical Adhesive - 65 (NOA-65), was used for bonding the
diffraction grating onto the microactuator. For precise dispensing of the optical
adhesive on to the actuator, a glass micropipette was used, which can dispense
limited volume of glue. For the experiment, size of the pads for dropping the
glue is approximately 100 pm x 100 pm. Hence, the micropipette diameter has to
be as small as possible to avoid the formation of big droplet. A micropipette of
the desired diameter was fabricated by a micropipette puller on the glass pipette,
having an outer diameter of 1 mm and an inner diameter of 0.5 mm. The diam-
eter was carefully controlled by the pipette puller (Flaming/Brown Micropipette
Puller P-97) to obtain a micropipette that has a dispensing diameter of 10 pm. The
dispensing length of such custom made micropipettes are generally long and not
suitable for the experiments. The long protruding length was shortened by a mi-
croforge (MF-900 Narishige). The experimental set-up for making a micropipette
with a short and blunt tip is shown in figure 5.22h. A glass bead attached to

the microforge is heated to a high temperature to shorten the long tip. The tip
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micropipétte

Figure 5.22: (a) Experimental set-up for making blunt-micropipette
with micro forge (b) the fabricated micropipette observed under trans-

missive microscope.

was also made blunt (figure [5.22b) by carefully controlled movement of the pipette

towards the glass beed.

5.5.2 Dispensing methodology

The micropipette was filled with the optical adhesive using a syringe and attached
to a 27 G needle. Prior filling of the glue inside the micropipette was crucial for
precise dispensing of liquid. Also special care was taken to avoid bubble formation
inside the solution, as it affects the volume of the drop. Figure [5.23|shows NOA-65

that was filled inside the micropipette.

5.5.3 Droplet generation

The micropipette was then connected to a pneumatic dispensing system. A small
volume syringe of 15 L. (NanoFil”™ | Prime Bioscience) was used to push the liquid
by means of a computer controlled motor that enables precise step movement of the

syringe, thereby controlling the volume to be dispensed. Both, the dispensing unit
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Figure 5.23: Optical curable adhesive (NOA-65) filled in the mi-

cropipette.

and the sample stage, were attached on top of a precise x-y-z piezo stage controller.
Two sets of microscope (on top and bottom) were connected in the arrangement
for aligning samples with the pipette. It enables dropping the glue at the exact
location of the actuator. The experimental set-up of the dispensing system is
shown in figure [5.24] While dispensing the liquid through the micropipette, it was
observed that the drop wobbles around the pipette rather than being pulled by
gravity. It could be due to the surface tension of the liquid, which holds the drop
around the pipette. To circumvent this, before filling the optical adhesive, the
micropipette was treated with atmospheric plasma and followed by silanization for

3h.

121



5. Rotary diffraction grating
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Figure 5.24: Experimental set-up for dispensing pico-liter droplets of

NOA-65 for integrating the diffraction grating on the rotary actuator.

5.5.4 Diffraction grating integration

Silanization helped in generating the desired shape of the drop to dispense on the
pads. In the initial attempt, it was found that glue spreads out of the holding pads
and gets filled between the electrode poles, resulted in damage to the micromotor.
To avoid this, stepper motor was again fabricated as described in section [5.3.3

with a gold ring electrode on the dropping pad. The refabricated motor is shown

in figure [5.25] The gold ring was able to block the optical glue, thereby preventing

Figure 5.25: Micro steppermotor re-fabricated by with a gold ring on

the glue deposition pads.
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spreading due to hydrophobic behavior. Figure [5.26| shows the surface behavior

of gold preventing NOA-65 from spreading. The gold ring, not only limits the

gold
electrode

0612812017

Figure 5.26: Gold electrode stopping the overflow of NOA-65 on sili-

con surface.

spreading of the glue, but also helps in acting as a spacer between the optical
element and the microactuator. Extra care was taken by silanizing the wafer to
make the surface hydrophobic in nature. This process also helped in acting the
optical glue to form a spherical shape avoiding spreading.

The surface behavior of the wafer before and after silanization was studied by
dropping 7 pL of DI water on a side of the wafer without destroying the microac-
tuators. The surface interaction of the DI water before and after the silanization
is compared in figure The contact angle was measured from the images cap-
tured that is analyzed using Fiji-ImageJ with ‘contact angle’ plugin. The contact
angle measured before and after silanization was found to be 39.8° and 112.4°
respectively, clearly showing hydrophobic nature.

Finally, the micropipette was brought into focus by the bottom microscope
in the experimental set-up. In the subsequent step, the bottom illumination was

turned off and the sample was carefully placed beneath the micropipette. Fine
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(a) ' (b) | ]

Figure 5.27: The measurement scheme in determining the contact
angle of DI water on the silicon surface (a) before silanization, and (b)

after silanization.

movement of the sample was precisely controlled by the x-y-z piezo stage with a
computer. A small drop of optical glue was dispensed inside the gold ring (figure
5.28a). The SU-8 diffraction grating was then bonded on top by pick and place
mechanism. The diffraction grating was precisely placed using a vacuum pick-up
tool (HAKKO, H394-01) with a nozzle having a diameter of 0.4mm (HAKKO-
H392NA1164). The diffraction grating integrated on the microactuator is depicted

in figure [5.28b. Later, the optical adhesive between the grating and the actuator

Figure 5.28: (a) Drop of NOA-65 dispensed on the center of gold ring,

(b) diffraction grating bonded on the micro-stepper motor.
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was cured using a UV lamp of 8SmW ecm~2 for 15 min. The curing time was slightly
longer than the theoretical value of 10 min 30s. This is because the SU-8 layer

covering the glue, which limits the incoming power of light.

125



5. Rotary diffraction grating

5.6 Summary and discussions

An electrostatic rotary MEMS stepper motor was demonstrated using SOI tech-
nology. Precise stepping motion of 0.2°/step was achieved with the half-stepping
voltage. Six distinct steps of the micromotor were experimented with an actuation
voltage of 33 V. However, with the application of higher voltage, a larger angular
tuning can be obtained. The device was also tested by varying the delay of the
voltage sequence and a highly repeatable stepping sequence was observed. Step-
per motor based actuation serves better advantages over comb drive designs, since
displacement relation of the comb drive based device is vulnerable to fabrication
tolerance, where as displacement from stepper motor depends mostly on the width
of the electrode poles.

In the later part of the report, an array of variable size diffraction gratings was
fabricated by combining replication and photolithography patterning on SU-8 pho-
toresists. By this method, fabrication of both holographic and blazed angle grating
were successfully demonstrated. An in-depth characterization of the optical device
was conducted to obtain the transmittance function, and the refractive index of
the material. The shape and surface profile were extracted and analyzed from SEM
and AFM, respectively, and they showed a good indication in terms of the proof
of concept in fabrication. The diffraction efficiencies of the grating were calculated
and compared with the theoretical value. The 1%¢ order diffraction efficiency of the
replicated grating was found to be slightly lower than that of the master grating.
This reduction in efficiency is due to the multiple replication process (i.e. mold
preparation and transfer to the SU-8 resists) and polymer shrinkage eventually

leading to reduction in height profile. However, it could be rectified by taking into
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consideration the tolerance during the preparation of the mold. This technology
has huge potential in the applications where optical elements need to be imprinted
on the desired patterns along with alignment and integrations.

Finally, the method of integrating the optical element with the actuator was
demonstrated by pick and place mechanism. One of the major challenges faced
during the integration process was about the precise control of the volume of glue,
which often resulted in dispensing large volume of optical adhesive on to the ac-
tuator. The system can be further improved by using a low volume syringe with
a piezo actuation dispensing system. In this study, the integration was performed
manually, which can be further improved by automated systems by programming
the motor controlled x-y-z stage and dispensing system. The process of making a
dedicated actuator for driving optical elements opens up the possibility of future
deployment and mass production of dedicated devices. In addition to diversity
in imaging spectroscopy, the device has significant potential in scanning systems,

spectral sensing, and display technologies.
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Chapter 6

Conclusion and future work

6.1 Conclusions and discussions

A detailed study of hyperspectral imaging systems and state-of-the-art implemen-
tation schemes was discussed by geometrical optics. Various optical configurations
were analyzed for snapshot imaging systems to capture the spatial-spectral 3D
datacube. Most flavors of snapshot technology face a trade-off between spatial-
spectral resolution, and this work was an attempt to counter this challenge em-
ploying computational algorithms and optical diversity techniques. It resulted in
the improvement of spatial resolution by close packing of microlens and preserving
the snapshot advantage at the same time.

For implementing robust computational algorithm schemes, diverse measure-
ment schemes were adopted in the design. Based on the ray tracing simulation
results, it was concluded that tuning of the diffraction grating ensures optical trans-
fer function diversity, which was utilized together with reconstruction algorithm.

Ray tracing analysis demonstrated by tuning pitch or rotation of grating produces
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the desired outcome in the optical transfer function of integral field spectroscopy
(IFS).

Pitch tunable diffraction grating for diversity implementation in IFS is real-
ized by micromachining technology. The design, fabrication, and testing of the
pitch tunable grating (PTG) were performed on an SOI wafer. The design was
optimized for a relatively large resolving power that is very significant for high
spectral resolution if the number of measurements captured are limited. However,
a larger resolving power requires a bigger grating with more number of grating
groves, which leads to a decline in the tuning range. Since the tuning range of the
electrostatic actuation was limited, another possibility could be the fabrication of
grating with a smaller period, which was difficult from technological perspective.
Due to the fabrication tolerance and limitations in the photolithographic resolu-
tion, the PTG is difficult to fabricate with sufficiently high fill factor and possessing
a broad tuning range at the same time.

Concerning fabrication feasibility, tuning of the diffraction grating utilizing ro-
tation was found to have an advantage over the PTG in obtaining the desired
optical diversity. Fabrication of the diffraction grating and rotary actuator sep-
arately retains the benefit of obtaining a high quality actuator and a highly op-
tically efficient diffraction grating. The rotary actuator fabricated with stepping
motion, was designed, fabricated on an SOI wafer, characterized and tested. The
stepping motion sequence of the rotor using electrostatic actuation was obtained
with the application of a 3-phase half stepping voltage sequence. This provides
an excellent advantage over most comb-drive devices, where the device operates at

high-frequency resonant modes, which are difficult to be captured by conventional
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CCD/CMOS imaging cameras. The diffraction grating was fabricated using repli-
cation techniques. The proof of concept showing technological development was
demonstrated by fabricating the diffraction grating on an SU-8 photoresist and
later patterned as required. Replication allows making a blazed angle grating that
is difficult to achieve by conventional photolithographic techniques. Finally, an
integrating procedure of the actuator with the optical element was demonstrated.
Integration of optics with MEMS could possibly open up a new pathway of carving

MOEMS devices for their future deployment in imaging spectroscopic systems.

6.2 Major contributions

e This work gave an entry into the quasi-snapshot imaging spectrometer with
diversity techniques and computational imaging by overcoming detector size
limitation, and hence the spatial-spectral tradeoff that was faced by the con-

ventional hyperspectral imager.

e The work also explored the possibilities of deployment of MEMS technology
in imaging, which would be a reality in the future development of a miniatur-
ized imaging spectrometer. Two methods of tuning the optical element were

presented, and the tunable diffraction grating was designed and fabricated.

e A pitch tunable diffraction grating with relatively large fill factor was fab-
ricated by silicon micromachining, and performance analyses were carried

out.

e A rotary micro stepper motor for driving the diffraction grating was designed

and fabricated, which was compatible with imaging systems that use conven-
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tional CCD/CMOS cameras.

e Proof of concept validation of fabrication of optical elements by replication
on top of SU-8 photoresists followed by lithography patterning to achieve

desired footprint was demonstrated.

e Technological development perspectives of the integration of the MEMS de-

vice with optical elements were explored.

6.3 Future perspectives

6.3.1 Plenoptic imaging spectrometer

The imaging spectrometer that is discussed in this report is designed for obtaining
a 3-dimensional dataset (2 spatial and one spectral information). However, in
case of light field or plenoptic imaging, with the introduction of the lenslet array,
it is also possible to obtain angular information. In the present optical system,
the angular information is suppressed as it leads to complexity in computation.
Hence, by proper optics together with efficient reconstruction algorithms, it would
be possible to extract 5D information I(z,y, a,, a,, A). This might provide the
depth information, along with the refocusing mechanism of the object similar to a

light field photography [68] [147].
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6.3.2 Spatial resolution improvement with diffusive struc-
tures

Imaging spectrometer specifications are related to a number of spatial-spectral
band requirements. Based on this, the optical configuration can be designed or
modified. In the present IFS system, number of microlenses in the MLA defines
number of spatial samples in the datacube. However, for applications such as
medical imaging, larger number of spatial samples is desirable, that would provide
larger field of view (FOV) for the system. Larger FOV would allow fast imaging of
large areas of tissue in vivo that could be used in ophthalmology for retinal imag-
ing in order to diagnose hypertension or diabetic-related disorders [148]. Hence,
another future perspective could be an improvement in the spatial resolution of
the 3D dataset.

One of the possibilities to address this issue is by replacing the regular microlens
array by engineered diffusive structures, which is a middle ground between an
optical diffuser and a microlens array. This could be used to randomly sample the
spatial part of the spectral datacube. A similar approach was employed by Antipa
et al. [149] for obtaining compressive measurements of 3D (x,y, z) scenes.

Instead of getting a circular-spot as the point-spread-function (PSF), engi-
neered diffusive structures produce complex extended PSF. This assures that each
point is measured at several places on the detector and a high level of compres-
siveness can be obtained. The spectral data can be separated out effectively owing
to the multiple mixing of the dispersion between neighboring spatial pixels. Such
structures of desired shape could be realized by MEMS technology, and can be

replicated on hard materials. Preliminary results of a sparse array of elements for
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an engineered diffuser are shown in figure [6.1a-c.

(fpo

=

0 50 100 150 200
Width (um)

Figure 6.1: (a)-(c) Sparse structures for engineered diffusers fabricated
by resist reflow technique, (d)-(e) structures replicated on top of the SU-
8, measured with Olympus IX73 microscope in transmissive mode, (f)
surface cross-sectional profile showing a comparison between the mold

and the fabricated lens.

The desired structures were patterned by AZ-9260 photoresist by contact pho-
tolithography and shaped into a lens like structure by geometry guided reflow
technique. The reflow technique, followed by etching is a well experimented and
successful technology for microlens fabrication at wafer level [I50], [I51]. Here the
reflow technique was employed for obtaining lens profiles for various shapes. Later,
a soft polymer mold was fabricated with PDMS and used for replicating these struc-
tures on top of the SU-8 resist. The fabrication procedure on SU-8 is similar to the
method described in section for realizing the diffraction grating. One of the
challenges faced in fabricating deep structured devices was formation of the voids
during replication. It was prevented by spin coating a thin layer of resist on the soft

mold and baking it in a convection oven before molding. The fabricated structures
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were viewed under a transmissive microscope and depicted in figure [6.1d-e. The
focusing effect of the lenses was also observed on the replicated structure. Replica-
tion quality was investigated by measuring the surface cross-sectional profile of the
mold and the replicated structure using a confocal microscope. The result obtained
was plotted in figure shows that deep, smooth shape was well replicated. By
reducing the dimensions of such structures and with close packing, the diffusive
surface can be realized.

Another way of making the diffusive surface is by surface modification, followed
by a replication technique, results in formation of highly ordered diffusive micro-
patterns. Preliminary results of fabrication of the diffusive surface on top of the
polymer microlenses, to further refine the spatial resolution, are shown in figure
6.2l Testing, characterization and optical experiments will be performed in the

future course of time for such structures.

Figure 6.2: (a) Diffusive surface formed on top of the polymer lens,
(b) microscopic image of an array of microlens, and (c) quasi-random

diffusive micro structures.
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6.3.3 Application specific optical design for IFS

The optical analysis carried out in chapter |3| discussed the design of IFS using
geometrical ray tracing. The simulations were carried with paraxial approximation
without considering the aberrations. However, for the hardware realization, the
aberration in the lens is one of the main problems that degrade the imaging quality.
For example, chromatic aberration is the inability to focus all the wavelength to
a common point due to the change in the refraction angle at the curvature of the
lens for multiple wavelengths. Besides that, while considering a broad spectrum,
there could be the cases where the wavelength that has larger refraction angle,
may produce non-circular spot at the detector. Hence, imaging conditions have
to be taken care while carrying out the experimental demonstrations. Designing
custom-made lenses or adding additional optics to the system would minimize the
aberrations of the IF'S.

Additionally, the conventional CCD/CMOS camera responds only to VIS-NIR
wavelength and may not be suitable for FIR wavelengths. Hence, the camera also
needs to be selectively chosen based on the materials that are of interest (by looking
into the unique spectral signatures in the electromagnetic spectrum). Hardware
realization of IFS for a specific wavelength range will also be carried out in the

future.
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Appendix A

ABCD-EF formalism

A.1 Design description

The optical system behavior of different elements or interfaces are described by:

e Free space propagation (or medium with constant refractive index)

1 2 0

P.=10 1 0 (A1)

0 01

e Refraction at a flat interface with refractive index of medium (n;) and medium

(n2)

_1 0 0_
Ri2=10 = 0 (A.2)
0 0 1
e Thin lens (i.e. focal length (f) >>_ thickneés of the lens)
- 1 0 O-
Ly=1-% 10 (A.3)
0 01
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A. ABCD-EF formalism

o Tilt

e Coordinate shift

e MLA with focal length (fy) and with coordinate shift (z() can be expressed

by ABCD-EF system as a product of three matrices

Mmla(f,zo) - MxO'CZO'M*$0 <A6a)
1 0 0

Minta(fan) = | -3 1 2 (A.6D)
0 0 1
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Appendix B

Performance deviation analysis

due to DRIE tolerances

The etching by Bosch process produces tapered profiles that depends on the ma-
chine and etching conditions. Schematic depiction of negatively etched profile in
comb-drive fingers is shown in figure [B.I] It results in a drop in electrostatic force
generated between comb-drive fingers due to the larger gap separation at the bot-

tom (F o (1/g)). If the etching angle is 6, the equivalent capacitance for such

Figure B.1: Schematic depiction of negatively etch profile.
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B. Performance deviation analysis due to DRIE tolerances

profile (figure [B.1)) can be computed by

t
€0 neyr t
C=2 ——————dz=——In|14+—-2tand B.1

no/g—l—taanHZ tan9n( +g an) (B.1)

The drop in the capacitance value manifest the electrostatic force generated be-

tween the comb drive fingers given by

F(ne'w) =

10C 2 TLE()V2
i /2 1
2 0z v 2tanf (

1+ 2 - 2tan 9) (B.2)

In case of positively etched profile, the ‘0’ is replaced by ‘—6’ which results in

TlEOVZ t
E = — In{l—---2 B.
(new) 2 tan 0 n ( g tan 9) ( 3)

The etching brings positive tapered profile where the gap separation is small.
In case of actuation springs, it leads to an increase in spring stiffness as the width
of the beam becomes wider when it goes deeper. Figure [B.2] shows the positively

tapered etched profile with the etching angle ¢. Inertial momentum for such trape-

I :
—>! e

t/2).t i
(w2)an0. gt

Figure B.2: Schematic of positively tapered etch profile.

zoidal cross sectional profile can be obtained by integration. The cross sectional

area for such profile is obtained from figure calculated by

A=A+ Ay = (m—i—x—%tanqﬁ) -%—I— (a:—l—m—f—%tangb) -%szt (B.4)
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B. Performance deviation analysis due to DRIE tolerances

With reference to structural mechanics, the areal moment of inertia can be calcu-
lated by

Yiltang "
I= /xQdA = / 2t - v dw = 75 (w+t - tan ¢)? (B.5)
0
A

The spring stiffness in this regard is

i EI Et
knew = 12? = ﬁ (wa +t-tan )3 (B6)

Again, if in case of negatively etched profile, the equivalent stiffness is calculated

by replacing ¢ by —¢

ke, = — (w0, —t - tan ¢)* (B.7)
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Appendix C

Programming codes

C.1 Wiener deconvolution for spectrum recovery

(Python)

# Spectrum retrieval from spots

import cv2

import numpy as np

from matplotlib import pyplot as plt

import matplotlib.image as im

import scipy

from scipy.signal import convolve2d

from skimage import color, data, restoration

psf = im.imread(’/Users/sanathananms/Dropbox/PhD Works/Simulation
Files/Zemax Simulations/2016 03 31 LFIS Geometric Image analysis

/MLA analysis/psf_wave2.png’) #PSF
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14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

C. Programming codes

plt.figure(1)

plt.imshow(psf)

croppsf = psf[315:465, 575:725] # Cropping PSF
gpsf = cv2.cvtColor(croppsf, cv2.COLOR_BGR2GRAY)

plt.figure(2)

plt.imshow(gpsf, ’hot’) # Kernal psf

plt.show()

I = im.imread(’/Users/sanathananms/Dropbox/PhD Works/Simulation
Files/Zemax Simulations/2016 03 31 LFIS Geometric Image analysis
/MLA analysis/Image_MLA_1.png’)

I = cv2.cvtColor(I, cv2.COLOR_BGR2GRAY)

Icrop = I[275:525, 575:725] # Cropping bigimage for ease

in computation

plt.figure(3)

plt.imshow(Icrop,’hot’)

plt.show()

img = Icrop

psf =gpst

deconvolved_img = restoration.wiener(img, psf, 500) #Wiener
filtering operation with SNR= 500

plt.figure(4)
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plt.

plt.

imshow(deconvolved_img, ’hot’)

show ()

## Line profile extraction

line = deconvolved_img[:,75]*10000

N =

len(line)

lambd = np.linspace(471, 643, num=N)

plt.

plt
plt
plt
plt

plt

plt.

knowledge of wavelength

figure(5)

.plot(lambd,line,’~’)
.y1im((-30,300))
.x1im((500,600))
.ylabel (" Intensity’)

.xlabel(’Wavelength (nm)’)

show ()

## Normalization

## Prior

#plt.savefig(’/Users/sanathananms/Dropbox/PhD Works/Simulation Files

/Zemax Simulations/2016 03 31 LFIS Geometric Image analysis/MLA

analysis/lineprofile.eps’, format=’eps’, dpi=300)

C.2 Eigen value solutions (MATLAB)

%% Program to find the Eigen values of the mass-spring systems in

PTG
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clc;
clear all;

close all;

format long;

N = 84; % Number of Grating groves

ka = 0.2816; % Spring stiffness of single element actuation
spring

kh = 5.7274; % Spring stiffness of single element holding
spring

mh = 1.6347e-10; % Sum of the mass of the grating beam and the

four supporting holding beams
ma = 5.5926e-10 % Sum of the mass of the actuating arm and the

mass of comb-fingers

%% Stiffness matrix generation

K = zeros(N+2,N+2);
for i = 1:N+2
for j = 1:N+2
if i == j
K(i,j)=2%kh;

else if abs(i-j)==
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K(i,j) = -kh;
end
end
end
end
K(1,1) = (2xka)+kh;

K(N+2,N+2) = kh+(2xka);

%% Mass matrix generation

M = zeros(N+2,N+2);

for i = 1:N+2

for j = 1:N+2

if 1 ==j
M(i,j)=mh;
end
end
end
M(1,1) = ma;

M(N+2,N+2) = ma;

%% Modal analysis

[V,D] = eig(K,M);

% Eigen value calculation
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for i = 1:N+2

freqs(i) = sqrt(D(i,i)); % Angular Resonant frequency

end

modes = V;

freqs = freqs/(2%pi) % Resonant frequency (Hz)

C.3 Raspberry-Pi code for half-stepping motion

(Python)

import RPi.GPIO as GPIO ## Import GPIO Library

import time ## Import’time’ library. (Allows us to use
sleep)

GPIO.setmode (GPIO.BOARD) ## Use board pin
numbering

GPI0.setup(7,GPI0.IN, pull_up_down = GPIO.PUD_DOWN) ## Set-Up GPIO
pin to OUT

GPI0.setup(15,GPI0.IN, pull_up_down = GPIO.PUD_DOWN) ## Set-Up GPIO
pin to OUT

GPIO.setup(16,GPI0.IN, pull_up_down = GPIO.PUD_DOWN) ## Set-Up GPIO

pin to OUT
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GPI0.setup(18,GPI0.IN, pull_up_down

pin to OUT
GPIO.setup(11,GPI0.0UT)

pin to OUT
GPIO.setup(12,GPI0.0UT)

pin to OUT
GPIO.setup(13,GPI0.0UT)

pin to OUT

speed = 1

## Defining function name blink()

while 1:

if GPIO.input(7) == True:
rotation
print "CW step"
GPIO.output(11,True)
GPIO.output(12,False)
GPIO.output(13,False)
time.sleep(speed)
print "CW step"
GPIO.output(11,True)

GPIO.output(12,True)

#it

#i#

#it

#it

#Hit

#Hit

#it

#it

#Hi#t

#Hit

#i#

GPIO.PUD_DQOWN) ## Set-Up GPIO

## Set-Up GPIO

## Set-Up GPIO

## Set-Up GPIO

Setting timestep to 1s

Condition for infinite loop

Condition for clockwise

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11

Switch ON pin 12
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GPIO.output(13,False)
time.sleep(speed)
print "CW step"
GPIO.output(11,False)
GPIO.output(12,True)
GPIO.output(13,False)
time.sleep(speed)
print "CW step"
GPIO.output(11,False)
GPIO.output(12,True)
GPIO.output(13,True)
time.sleep(speed)
print "CW step"
GPIO.output(11,False)
GPIO.output(12,False)
GPIO.output(13,True)
time.sleep(speed)
print "CW step"
GPIO.output(11,True)
GPIO.output(12,False)
GPIO.output(13,True)
time.sleep(speed)
if GPIO.input(15) == True:

rotation

#i#t

#Hit

#it

#it

#it

#it

#Hit

#it

#i#

#Hit

#i#

#Hit

#Hit

#i#

#it

#it

#it

#it

#i

#it

#it

#it

#Hit

Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11

Switch ON pin 12

Switch OFF pin 13
Wait
Condition for anticlockwise
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print "ACW step"
GPIO.output(11,True)
GPIO.output(12,False)
GPIO.output(13,True)
time.sleep(speed)
print "ACW step"
GPIO.output(11,False)
GPIO.output(12,False)
GPIO.output(13,True)
time.sleep(speed)
print "ACW step"
GPIO.output(11,False)
GPIO.output(12,True)
GPIO.output(13,True)
time.sleep(speed)
print "ACW step"
GPIO.output(11,False)
GPIO.output(12,True)
GPIO.output(13,False)
time.sleep(speed)
print "ACW step"
GPIO.output(11,True)
GPIO.output(12,True)

GPIO.output(13,False)

#Hit

#it

#it

#it

#it

#i#

#it

#it

#i#t

#it

#i#t

#it

#it

#Hi#t

#it

#i#

#Hi#t

#Hit

#Hit

#it

#it

#Hi#t

#Hit

#i#t

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Print current loop
Switch ON pin 11
Switch ON pin 12

Switch OFF pin 13
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time.sleep(speed)
print "ACW step"
GPIO.output(11,True)
GPIO.output(12,False)
GPIO.output(13,False)

time.sleep(speed)

if GPIO.input(16) == True:

GPIO.output(11,False)
GPIO.output(12,False)
GPIO.output(13,False)
time.sleep(speed)

print "All Clear"

if GPIO.input(18) == True:

loop

GPIO.output(11,False)
GPIO.output(12,False)
GPIO.output(13,False)

time.sleep(speed)

#i#t

#Hit

#Hit

#it

#it

#i#t

#Hit

#it

#Hi#t

#Hit

#i#

#it

#it

#it

#it

#Hi#t

#Hit

Wait

Print current loop
Switch ON pin 11
Switch ON pin 12
Switch OFF pin 13
Wait

Condition to clear all pins
Switch OFF pin 11
Switch OFF pin 12
Switch OFF pin 13
Wait

Print clear status

To exit from the rotation

Switch OFF pin 11
Switch OFF pin 12
Switch OFF pin 13

Wait

print "Leaving from the loop" ## Print loop leaving status

break

GPIO.cleanup()

#it

Exiting from the loop
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