
 ADAPTIVE OPTICAL MICROSPECTROMETERS

AND SPECTRA-SELECTIVE SENSING

A DISSERTATION

SUBMITTED TO THE DEPARTMENT OF APPLIED PHYSICS

AND THE COMMITTEE ON GRADUATE STUDIES

OF STANFORD UNIVERSITY

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

Sameer R. Bhalotra

May 2004



ii

© Copyright by Sameer R. Bhalotra 2004

All Rights Reserved



iii

I certify that I have read this dissertation and that, in my opinion, it is fully adequate in
scope and quality as a dissertation for the degree of Doctor of Philosophy.

____________________________________

David A. B. Miller, Principal Advisor

I certify that I have read this dissertation and that, in my opinion, it is fully adequate in
scope and quality as a dissertation for the degree of Doctor of Philosophy.

____________________________________

James S. Harris, Jr.

I certify that I have read this dissertation and that, in my opinion, it is fully adequate in
scope and quality as a dissertation for the degree of Doctor of Philosophy.

____________________________________

Olav Solgaard

Approved for the University Committee on Graduate Studies:

____________________________________



iv

Abstract
The demand for miniaturized optical spectrometer systems is steadily increasing,

for applications such as biochemical material identification, atmosphere monitoring, and

military target tracking.  Unfortunately, sensing front-ends typically generate a

burdensome amount of data that must be processed by large computing systems; the

required processing back-ends often limit the compactness and efficiency of complete

systems.  Ideally, we would design new devices that enable easy implementation of data

filtering in a miniaturized front-end, with the capability to adapt to a wide range of

sensing tasks.

Here we present a new microspectrometer and compatible information processing

system, for applications requiring a flexible, portable, complete sensing system.  The

standing-wave spectrometer enjoys the advantages of a traditional Fourier transform

spectrometer, including spectral multiplexing and simple interferogram output; however

it has a compact, linear optical design requiring only two components, a partially

transmitting photodetector and a movable mirror.  We discuss development of a low

power, continuously scanning, miniature Si mirror-actuator, and Si and GaAs

photodiodes with thin active regions, for visible and near-infrared devices as small as

17 x 13 x 1 mm.  We demonstrate spectral resolution of 100 cm-1 (4 nm at λ = 633 nm),

and the unique ability to adapt resolution in real time to optimize signal-to-noise ratio.

For spectral data processing, we present a new time-domain filtering concept that

minimizes computing requirements.  For discrimination among a set of known spectra,

we directly use the interferograms generated by a Fourier transform spectrometer to

calculate inner products in the time domain.  Our method efficiently uses prior

knowledge of the known spectra to relax data handling requirements, typically by factors

of 10 – 100, enabling real-time spectra-selective imaging.  We can also directly identify

optical source types by their spectral bandwidth, or temporal coherence, without prior

knowledge of other wavelength-based characteristics.  With simple processing we

demonstrate coherence-selective imaging, enabling a system to discriminate among

broadband sources, LEDs, lasers, or other spectrally narrow reflections in a 2D scene.
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Integration of these optical microspectrometers and spectral data processing

methods could enable a new generation of portable sensing systems.
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CHAPTER 1: INTRODUCTION

1.1 MOTIVATION FOR MICROSPECTROMETER

RESEARCH

Optical spectrometers have been used for centuries to investigate the nature of

light.  From the simple prisms of centuries past to the advanced instruments of today,

there has been tremendous progress in the field of optical spectroscopy.  Recent

generations of optical physicists have made great efforts to standardize a solid theoretical

foundation and codify experimental techniques for building practical systems.  Today this

mature field is dominated by precise instruments capable of detailed spectral

characterization.

In the last few decades spectrometers have been implemented outside the

laboratory for a wide range of monitoring applications.  In many cases, research-type

instruments have been customized to enable continuous measurement of optical spectra

and fitted with large computing systems to handle, process, store, and/or transmit the

continuous flow of generated data.  In the often-used “hypercube” example [1-2], an

imaging spectrometer records a complete spectrum at every pixel in a two-dimensional

(2D) array, for each frame in a video sequence.  For a modern spectrometer that measures

spectra with hundreds of wavelength bins, arrays of millions of pixels, and standard video

frame rates, data is generated at a rate of many gigabits per second (GB/s).  Enormous

computing resources are required to deal with this data and thus these systems are

difficult to use in practical applications outside of a research environment.

Recently, the availability of compact, lightweight, off-the-shelf computing power

(e.g. laptop computers and personal digital assistants (PDAs)) and commercial digital

communication networks (e.g. cellular and global satellite telecommunications) has made

truly portable sensing systems feasible and affordable.  With the necessary electronic

control, computation, and communication capabilities emerging, there has been a surge in
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the development of compact spectrometers.  In the past 15 years in particular, there have

been many great successes in miniaturizing simple optical spectrometer architectures [3-

6].  However, these systems still depend on significant computing power to operate, and

unfortunately most miniaturized systems cannot easily scale to handle more complex or

more advanced sensing tasks.

With this in mind, my co-workers and I have worked on launching a new

generation of portable optical sensors for monitoring applications.  The designs we will

present here minimize digital computing requirements by enabling the sensors to improve

or optimize the sensing response to each particular sensing task.  For the vast majority of

field tasks, a system must detect, analyze, or identify a target by discriminating among

known spectra.  By designing a sensor capable of using the a priori information of its

particular assigned task (i.e., knowledge of the target spectra and other spectra likely to

be encountered), a simple device can be capable of handling a wide range of sensing

tasks with the performance level of a more complex system.  Rather than miniaturizing

existing sensing and data processing systems, we have developed new architectures based

on unique optical, optoelectronic, and information processing ideas that are well-suited to

portable sensing applications requiring spectral discrimination with compactness,

efficiency, and flexibility.

1.2 APPLICATIONS

Many important solids, liquids, gases, natural and manmade materials, etc., that

are difficult or impossible to distinguish with the human eye or a visible-range three-

color camera, have optical absorption or reflection spectra with unique distinguishing

characteristics.  When measured with the spectral resolution of a simple spectrometer,

much useful information can be gathered.  As portable spectral sensing systems have

become feasible, research and development have increased, and promise to continue

growing in the foreseeable future.  Some of the earlier well-known applications were

sponsored by government organizations, chiefly for air-based or space-based remote

sensing platforms, and are still in high demand today.  Infrared (IR) sensing systems
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measure air quality, pollution, or chemical emissions to monitor industrial processes or

assist in meteorological and climate studies.  Systems such as the successful Landsat

satellite program [7] measure reflectivity of the surface of the earth in multiple spectral

bands to determine crop health and predict food supplies, monitor deforestation, and

visualize large-scale geographic effects of natural disasters for disaster relief.  Defense

applications are numerous and can include identification of launched chemical rockets

and detection of camouflaged military vehicles.

Commercial applications have been growing and now include a large variety of

industrial and manufacturing process monitoring systems [8].  Assembly-line

spectrometers inspect solid and liquid products for quality control or sorting, devices in

factories screen gaseous emissions, searching for dangerous leaks or checking for

adherence to pollution standards, and small sensors monitor in-car or in-cabin atmosphere

composition.  Relatively recently, there has been an explosion in biochemical detection

applications [9-12], including water supply monitoring, detection and identification of

biochemical warfare or terrorism materials, and noninvasive in vivo blood diagnostics,

specifically for detection of glucose concentrations or blood toxins [13-15].  The

expanding field of microfluidics-based systems [16-20] for handling small amounts of

biological or chemical material is also helping to drive development of new compact

optical sensors for a new class of portable material analysis systems known as Micro

Total Analysis Systems (µTAS).  There are many opportunities for growth in the field of

inexpensive, portable spectrometers.

1.3 MICROSPECTROMETER ARCHITECTURES

There are many types of spectrometer designs; a summary of common

architectures and their characteristics appears in the thesis of former co-worker Dr. Helen

Kung [21].  However, only a small number have been miniaturized for current

applications.  In the upcoming sections I will review key miniaturized designs and

qualitatively discuss their strengths and weaknesses, following definition of important

spectrometer figures of merit.
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1.3.1 SPECTROMETER FIGURES OF MERIT

When designing a spectrometer for a particular application, we consider a number

of characteristics including optical throughput, spectral multiplexing, spectral range,

spectral resolution, noise performance, and data readout.  Throughput refers to the

fraction of light available at the spectrometer input that is able to traverse and be

analyzed by the system.  It is often limited by a required aperture (e.g. a slit, mirror, or

lens).  Multiplexing is the ability to measure multiple wavelengths simultaneously.

While some spectrometers must measure one wavelength bin at a time, others can encode

all spectral information into one measurable signal.  Range refers to the span of

measurable wavelengths, or bandwidth.  This is always limited by detector sensitivity,

but some designs impose additional limitations.  Resolution is the minimum separation

between two different wavelengths such that the system can distinguish them.  This is

quantified by separation ∆λ or the dimensionless ratio R = λ/∆λ, where λ is the

measurement wavelength.  This critical design parameter is usually limited by

characteristics of the components of the system; in a given spectrometer resolution is

typically fixed but in some designs it is variable.  The term “multispectral” generally

refers to spectrometers that can measure optical intensity at 4-20 separate spectral bands

(wavelength bins), and the term “hyperspectral” generally refers to spectrometers that

divide the spectrum into more than 20 (and typically hundreds of) wavelength bins.

Noise refers to characteristic signal-to-noise ratio (SNR) performance in standard noise-

limited cases, derived from throughput, multiplexing, or other characteristics.  Data

readout involves the output format of the spectral data.  Some systems require readout of

many detectors, while others require a linear transform of only one detector output, to

generate the measured spectrum.

1.3.2 FILTER, FABRY-PEROT, AND HADAMARD

SPECTROMETERS

A filter spectrometer is simply a detector screened by a material (the filter) that

only transmits the spectral band of interest.  This can be easily miniaturized.  However,

this design requires a distinct filter (usually made of a different material) for each spectral
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band to be measured, so it does not scale well to high numbers of spectral bands.  Thus

this is limited to multispectral applications, and not used for more complex sensing tasks.

As this is a mature and low-risk design, it has been used in space-based instruments such

as the Landsat remote sensing system [7] mentioned above.

A Fabry-Perot spectrometer relies on an optical cavity to transmit a narrow

wavelength band to a detector.  If this cavity is tunable and placed in front of a detector,

or the cavity length is varied spatially and placed over a linear array of detectors, it

behaves as a variable filter.  With proper control of the cavity length, impressive

resolution is attainable and this can be used in hyperspectral applications.  Unfortunately

the cavity will reflect much of the input light, so throughput is poor.  The cavity also

limits the spectral range, so this design is typically used in applications with a known,

relatively narrow spectral range of interest.  It is well-suited to and commonly used in

telecommunications applications, but not preferable for broadband sensing.  This design

has been miniaturized by OCLI [22-24].

The Hadamard transform spectrometer uses a grating (described in the next

section) to disperse input light and then directs the light through a complex spatially

varied mask to a detector.  While this design has a multiplexing advantage that the filter

and Fabry-Perot types do not, the requirement for a complex changeable mask hindered

miniaturization until the recent development of Texas Instruments Digital Mirror Array

(DMA).  With this a compact Hadamard spectrometer is possible [25], though the DMA

remains a relatively complex and expensive component.

Each of the three miniature spectrometer types mentioned above can be used in

some sensing applications, but each has a significant negative characteristic that argues

against implementation in a flexible, portable system.  I will now discuss two more types,

the grating spectrometer and Fourier transform spectrometer, which are potentially ideal

solutions to a broad set of sensing problems requiring flexibility and portability.
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1.3.3 GRATING SPECTROMETER

A simple grating spectrometer is composed of an entrance aperture, a

(transmission or reflection) grating that disperses light such that different wavelengths

emerge at different angles, an exit slit aperture that blocks all wavelengths except the

narrow wavelength bin to be measured, and a detector behind the slit that measures the

optical intensity in that wavelength bin.  This type of spectrometer essentially maps the

spectral axis to a 1D spatial axis.  The slit and detector can be scanned across this spatial

axis, or the grating can be rotated, so that each wavelength bin is measured sequentially.

The detector output vs. time is the spectrum, requiring no data processing.

Now that detector arrays are commonly available, the exit slit can be eliminated

and a linear array of detectors can measure the entire spectrum at once.  Given that we

have used one spatial dimension to disperse the spectrum, an entrance aperture is still

required.  This yields a more severe throughput limitation than other designs, which is a

significant disadvantage.  Regarding multiplexing, the single-detector design is very

poor, since it wastes all photons outside the narrow wavelength bin being measured.  On

the other hand, with a linear detector array the multiplexing situation is ideal.  However,

the signal is divided among the many detectors so for detector noise-limited situations the

SNR still suffers.  Detector noise often dominates in IR systems, so in these cases the

grating design is not preferable.  However, in photon noise-limited or background noise-

limited cases, the grating spectrometer is at no disadvantage.  Spectral range can be

limited by the potential overlap of diffraction orders, though ranges as wide as practical

detector sensitivity ranges are possible.  Resolution is typically excellent, and usually

limited by the size of available detector arrays (commonly hundreds or thousands of

pixels).  Data output involves reading a large number of detectors simultaneously in the

case of a detector array, and processing is rarely performed before the entire data set has

been sent to a digital controller.  This is acceptable if sufficient digital computing

resources are available, but if data filtering is to be done at the source, simpler data

readout would be desirable.  This design has been successfully miniaturized [26-32]

though there is always a need for space for the optical input, dispersed in angle by the
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grating, to propagate and separate to the width of the detector array.  Thus grating

microspectrometers are not as compact as other types.

In practice the grating is the only complex element, there are no moving parts, and

this system can be assembled in permanent alignment relatively easily.  A well-known

prototype was developed by G. Yee under Prof. G. Kovacs at Stanford [33].

CCD
array

Grating

Fig. 1.1.  Schematic of microspectrometer with transmission grating and CCD array, from G. Yee [33]

Here a 0.4 µm grating was written on top of a charge-coupled device (CCD) array (Fig.

1.1), yielding a resolution of R = 70 over a 450-750 nm wavelength range.  The device

was 1.5 x 14 x 6 mm in size. Commercial grating spectrometers [34], often fiber-coupled

for field applications, are available now with similar characteristics.  The grating

spectrometer is currently the most mature miniature spectrometer technology, and it is

clearly the most popular choice for equipment makers.

1.3.4 MICHELSON SPECTROMETER

A standard Michelson spectrometer [35-39] is composed of a beamsplitter, a

moving mirror, a fixed mirror, and a single detector (Fig. 1.2).  The optical input is split
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equally into two beams; one beam reflects off the fixed mirror and back toward the

beamsplitter, while the other beam reflects off the moving mirror and back.  The beams

recombine at the beamsplitter and interfere with each other; this interference, dependent

upon the path lengths traversed by the two beams, is measured at the detector.

Photodetector

Beamsplitter

Mirror

Moving
mirror

In
te

rf
e

ro
g

ra
m

 

 

Time (ms)

Fig. 1.2.  Schematic of Michelson spectrometer

As the moving mirror scans, it changes the path length of its optical arm (on the

order of optical wavelengths) over time.  Thus the relative optical path length of the two

arms varies, and the interference varies over time.  A monochromatic input yields a

sinusoidal (DC-offset sinusoid of intensity, to be more precise) interferogram.  For

known mirror motion, the optical wavelength can be calculated directly from the

frequency of this sinusoid.  For a polychromatic input, the detector output is simply a

sum of sinusoids from the individual input wavelengths.  A Fourier transform (FT) of the

detector output yields the optical spectrum, and thus the Michelson is a type of FT

spectrometer.  In this case, the spectrum axis is mapped (via a FT) to the time axis (the

time of one end-to-end mirror scan).  Though this design requires more optical

components than other designs, no component is particularly difficult to fabricate, and

only one detector is required to measure the entire spectrum.  So there is an inherent

multiplexing advantage, since one detector simultaneously measures all wavelengths.
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Accordingly, as the spectral resolution is improved, the SNR does not necessarily

decrease, as it must in the grating design.  No aperture is necessarily required, and so

compared to the grating, the Michelson can also provide a throughput advantage (or a

lack of throughput disadvantage).  For this single-detector system, up to half of the input

photons can be measured.  Spectral range is not typically limited by any optical element

other than the detector sensitivity, so this design typically provides maximum range.

Resolution is determined by the total change in optical path length normalized by

operating wavelength; in terms of total end-to-end mirror scan length L, this means

R = 2L/λ.  Readout is simple since the spectrum is encoded in just one output waveform;

however a FT is required, in addition to compensation for any mirror scan nonlinearities,

to determine the spectrum. This design is preferable if desired processing can be done

directly on the detector output signal; then it is possible to process with a single

electronic channel.

In practice, the moving mirror is the limiting element.  The requirement of a

moving component is enough to dissuade many engineers from utilizing this design, and

mirror actuation is often challenging in a miniaturized system.  Common actuators, such

as piezoelectric transducers (PZTs), can require significant drive power, though custom-

made electrostatically actuated micro-electro-mechanical systems (MEMS) mirrors can

be implemented and use much lower power.  Optical alignment can be difficult in these

2D systems (beams propagate in a 2D plane), but the required propagation space (for

mirror displacement, on the order of microns) is minimal so the system can be made very

compact.  To compare this design to the grating spectrometer overall, this design is

potentially superior to the grating design in throughput, multiplexing, SNR, range, data

output, and size.  Resolution can be better for the grating design given current detector

arrays, but it is fixed upon fabrication; resolution for the Michelson is limited by the

capabilities of miniature mirror-actuators, but can be varied during operation.  The

Michelson is inferior in terms of overall design complexity, the moving mirror

requirement, alignment, and the FT processing.

Though there have been significant efforts to develop portable FT spectrometers

designed for field use [40-46], there have been few truly miniaturized Michelson
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spectrometers.  One impressive prototype was made at the University of Neuchâtel,

Switzerland [47-48].

Fixed mirror

Moving mirror Input fiber

Fig. 1.3.  Photo (top view) of miniature Michelson spectrometer, from Univ. Neuchâtel [47-48]

In this device (Fig. 1.3), grooves are etched for the optical paths into a Si substrate in

which a comb drive MEMS actuator is fabricated.  A 250 x 75 µm moving mirror can

move 39 µm, yielding a system resolution of R = 50.  The total size of the device is only

2 x 3 x 0.5 mm, however the beamsplitter and detector must be manually placed in the

grooves.  This research has ceased due to difficulties with further miniaturization

(difficulties micromachining beamsplitters and detectors).

1.3.5 MICROSPECTROMETER IDEALS

The monitoring applications listed in section 1.2 require frequent or continuous

spectral analysis in a non-laboratory setting; to that end, compactness, adaptability, and

data handling efficiency are important [49-62].  Regarding optical design, a portable

spectrometer does not necessarily require research-grade sensitivity or resolution.  In

many applications, small size is more important than high spectral resolution and high
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sensitivity.  To maximize flexibility, spectral range would be large and restricted only by

detector sensitivity.  Resolution would be widely and quickly adaptable to each task, to

optimize SNR.  The device would be easy to permanently align and integrate with other

components.  For persistent surveillance or long-term monitoring, actuator power usage

and data handling (processing, storing, transmitting, etc.) power usage would be

minimized.

Data handling efficiency is important, and we believe there is much room for new

research in this area.  In most applications, sensing tasks are quite well defined; the task

can often be reduced to simple discrimination among known optical spectra.

Unfortunately, according to the current spectrometer paradigm, sensors typically generate

a complete set of spectral data – a data set that would satisfy all tasks the sensor is

capable of handling – then pass it on to a computing system that processes and filters the

data down to the relatively small amount of information actually needed to complete the

task at hand – in many cases, a simple binary decision (“yes, this is what we’re looking

for” or “no, this is irrelevant”).  We believe some or all of the frequently required spectral

data filtering functions can be implemented at the sensor level, in optoelectronics or

simple analog electronics, so that the sensor outputs the minimum information relevant to

the task at hand.  In this dissertation I will present novel microspectrometer designs and

data processing systems that demonstrate these ideas.

1.4 OVERVIEW OF THESIS

This chapter was intended to provide an introduction to microspectrometers and

motivation for my research.  In chapter 2 I will introduce the standing-wave

spectrometer.  This novel device enjoys many of the advantages of FT spectrometers, is

compact and adaptable in real time, and is specifically well-suited to in-line analog data

filtering.  I will review the optical architecture and our development of the two main

components, a miniature mirror-actuator and a thin active region photodetector.  This will

be followed by a discussion of three major generations of prototypes, including visible
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and near-IR devices, and experimental demonstrations of key attributes including tunable

spectral resolution.

In Chapter 3 I present our novel method for adaptive spectral data processing.

Using direct time-domain filtering on interferograms measured by the standing-wave

spectrometer or other FT spectrometer, we perform real-time spectral discrimination.  I

will review experimental results from in-line analog electronic filtering as well as

optoelectronic filtering using a photoconductor.  I will then discuss a related application:

the direct measurement of temporal coherence (or spectral bandwidth) of optical sources.

I will present experimental results utilizing the standing-wave microsensor as well as

coherence-selective imaging with a Michelson interferometer.   Finally, I will summarize

and conclude in Chapter 4.

My research goal has been to develop, test, and demonstrate a variety of novel,

interesting, and applicable concepts relevant to the future of spectral sensing, with the

time and resources available to me.  To that end, in some projects less time was spent on

device engineering details, in favor of more time for systems analysis; in other projects

the opposite was true.  In all, my aim has been to attain successful “proof-of-concept”

level demonstrations.
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where E is the modulus of elasticity of the flexure material, w is the width of the arm (in

the mirror plane), t is the thickness (perpendicular to the plane), and L is the effective

length.  Typical mirror dimensions are w = 0.4 mm, t = 28 µm, L = 5.9 mm, and

E = 190 GPa for bulk Si, thus k ~ 8 N/m.  Including all eight flexures, the total K is 8

times the single flexure spring constant, so K ~ 64 N/m.  The relatively large Si pillar

behind the reflective center square has a calculated mass m = 2.8 mg, which provides the

inertia necessary for large displacement on-resonance.   The resonance frequency f,

1
2

K
f

mπ
=   (2.37)

is typically measured to be ~ 700-800 Hz, which matches theory well.  An individual

device’s resonance frequency is determined by its exact flexure thickness.  We have

tested devices with flexure thicknesses in the range 19-31 µm, yielding resonance

frequencies of 450-900 Hz.

The resonance frequency is also temperature dependent, partially due to the

temperature dependence of the Si modulus of elasticity.  We observe a change in

measured resonance frequency of approximately 5% over a 10°C ambient temperature

range near room temperature.  The resonance itself is quite wide for a given temperature,

with a full-width-at-half-maximum (FWHM) on the order of 100 Hz.

We can now express the full equation of motion:
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∂ ∂ +
  (2.38)

The displacement is represented by z.  The first element is the acceleration term with

mass m.  Second is the friction term where b is a general friction coefficient. Third is the

first-order restoring force, with spring constant K.  Last is the electrostatic force between

two ideal parallel plates (ignoring possible deformation of the surface and fringe effects)

for voltage V between the plates, common surface area A, and equilibrium separation

distance zo; ε0 is the permittivity of free space.  For a sinusoidal applied voltage with a
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DC offset, the solution to Eq. 2.38 is similar to the motion of a driven, damped harmonic

oscillator.  Thus the electrostatic driving force causes the mirror to oscillate

approximately harmonically at the driving frequency.  To expand on the electrostatic

force term, when the driving voltage is expressed as

( )[ ]ft
V

V pp π2sin1
2

+=   (2.39)

where Vpp is the peak voltage and f is the drive frequency, the electrostatic force

Felectrostatic is

( )[ ]

( )

( )
( ) ( )






 −+

+
=

+









+

=

ftft
zz

AV

zz

ft
V

A
F

pp

pp

ticelectrosta

ππ
ε

πε

4cos
2
1

2sin2
2
3

8
             

2

2sin1
2

2
0

2
0

2
0

2

0

  (2.40)

The first term above is a DC offset due to the asymmetric attractive force, the second is a

driving term at the fundamental frequency, and the third is a weaker second harmonic

driving term.  Thus the mirror motion will be enhanced when the driving frequency is

either the resonance frequency or half the resonance frequency of the device.  When the

mirror-actuator is driven on-resonance, large displacement on the order of tens of

microns is attained for moderate Vpp on the order of tens of volts. Fig 2.8 shows a

theoretical mirror position vs. time curve calculated with the described model for on-

resonance motion at 814 Hz, Vpp = 85 V, and a total scan length of 20.8 µm.  A ~ 1.5 µm

bias toward the electrode (the negative end of the position axis) is evident.  The motion is

almost exactly sinusoidal, with a small sinusoidal correction at twice the driving

frequency due to the second harmonic driving term.
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Fig. 2.8. Graph (theoretical) of on-resonance mirror motion.

Fig. 2.9 presents results from an experimental measurement of mirror oscillation

amplitude vs. driving frequency for Vpp = 20.8 V.  The curve shows that there is very

little motion (< 1 µm) except when the mirror is driven at the resonance and half-

resonance frequencies, as expected.  In addition to the amplitude dependence on driving

frequency, Eq. 2.40 predicts a dependence on the square of the driving force magnitude,

Vpp.  Thus increasing Vpp should result in a quadratic increase in mirror displacement.

Graphs of theoretical and experimental displacement vs. Vpp in excellent agreement are

presented in Fig. 2.10.  Circles represent experimental measurements for an equilibrium

mirror-detector spacing of 30 µm.  The filled-in circles were used to determine the air

damping frictional coefficient (b = 4.9 x 103 kg⋅m/s) for the theoretical calculation,

marked by the thick blue curve.  This model predicts snap-through of the mirror to the

electrode above Vpp = 113 V, however air cushion effects [5] allow for stable operation at

higher voltages, as we have observed.  A maximum mirror scan length of 52.6 um was

measured for Vpp = 141 V.
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Fig. 2.9. Graph of measured mirror displacement vs. drive frequency, for mirror resonance f = 814 Hz.
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Fig. 2.10. Graph of mirror displacement vs. drive amplitude Vpp.  Circles connected by thin black lines
represent measured data, and the thick blue line represents theory.

Another important characteristic of the mirror-actuator is the power it consumes

in normal operation.  For this capacitive actuator in harmonic motion, the electrical

power P required is

2 pp DCP fCV V=   (2.41)
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where f is the drive frequency, C is the device capacitance, and VDC is the average applied

voltage.  With a typical mirror-detector spacing of 30 µm, our actuator capacitance is

measured to be ~ 4.2 pF.  Here C is 5-6 orders of magnitude lower than the capacitance

of a common PZT actuator with comparable displacement (on the order of ten microns),

and the power consumption is lower by the same factor.  For typical f = 700 Hz,

Vpp = 70 V, and VDC = 35 V, the power consumed by our mirror is only 14 µW.  This low

power device can be operated at high frequencies (i.e. 450-900 Hz) without considering

cooling, whereas many PZT actuators cannot generate high displacement at high

frequency without failing.  This is important for many applications that require

continuous monitoring.  As a side note, we have tested mirror-actuator reliability over

tens of millions of continuous cycles, and never observed damage from normal operation.

When damage does occur, it is always from mechanical shock (e.g., human error during

mounting or experimentation).

Now that the mirror motion properties have been discussed, I will discuss the

reflective mirror surface, a 2 x 2 mm square of wafer-thick Si coated with 2000 Å of Au.

In practice we can use either the top side of the mirror pillar (adjacent to the flexures) or

the bottom side (hanging below the flexures) as the reflector; in the most advanced tests

we have used the bottom side, so I will discuss that here.  The large reflecting area,

4 mm2, allows for easy alignment of the mirror and detector components and allows for

large optical beams.  This is well above the minimum aperture size limitation imposed by

typical spectral resolution requirements, as described in section 2.1.3.

It is also important that the mirror surface be optically flat and smooth over the

entire reflecting area.  Flatness is important so that the forward and backward beams

overlap properly at the detector.  Smoothness is important so that optical power is not lost

due to scattering upon reflection.  In this design the bottom of the mirror pillar is an

essentially untouched part of the original, polished Si wafer, so we can expect excellent

reflecting characteristics.  Flatness was measured with an imaging white-light

interferometer, and the resulting surface height profile is shown in Fig. 2.11.  A slight

bowing was observed, with a total height range of ~ 55 nm.  This translates to an
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effective radius of curvature of 6 m, which is excellent for use in a SWS.  As a measure

of smoothness, the root-mean-square (RMS) surface height was measured to be only

10 nm.  In terms of a typical visible-range operating wavelength λ, this is ~ λ/50, which

is superior to the specification for many research-grade optics. Fig. 2.12 consists of

pictures of the mirror surface from a scanning electron microscope.  In the picture on the

left (~ 5 mm wide), the bottom side of the mirror is in the center surrounded by

connectors to the four rectangular flexures.  The uneven, thin square frame around the

mirror is a harmless residue of the fabrication process.  The picture on the right (~ 25 µm

wide) shows a closeup of the right corner of the mirror.

Fig. 2.11. 3D representation of mirror surface height profile, from an imaging interferometer, for analysis
of mirror flatness.
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Fig. 2.12. Picture from a scanning electron microscope of the mirror pillar surface, for analysis of mirror
smoothness.

To summarize, we have developed and analyzed a MEMS mirror with a large,

flat, and smooth reflective surface that is easy to fabricate, integrate, and operate.  With a

parallel-plate design for low power consumption and large displacement for continuous

scanning on-resonance, this device is well-suited to the SWS.

With the standing-wave architecture and the mirror and detector concepts

discussed above, we designed, fabricated, and tested the first SWS devices.  In the next

three sections, I will summarize the three major generations of SWS prototypes.

2.3 INTEGRATED SWS WITH SILICON MSM

PHOTODETECTOR

The first integrated SWS [12-13] was made with a packaged micromirror as

described above and a polysilicon MSM photodetector (Fig. 2.13).  The components were

fabricated as separate planar elements preceding integration.  The entire device was

17 x 13 x 1.5 mm in size, provided easy surface-normal optical coupling, and guaranteed

optical alignment of the mirror and detector.  This was the first demonstration of a
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microspectrometer based on the standing wave architecture.  In the upcoming sections I

will discuss the detector, device integration, data processing methodology, and

experimental results.
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Fig. 2.13. Schematic (not to scale) of first generation integrated SWS with MSM detector and MEMS
mirror.

2.3.1 DETECTOR

Polysilicon, an inexpensive, easily available, easy to process photodetector

material with sensitivity in the visible-range, was used in this SWS.  A MSM detector

design with a metal interdigitated finger pattern was chosen since it offered simple

fabrication.  This detector was a safe choice for a first prototype, allowing us to focus

attention on integration and system issues.
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Detector thickness was the most important design parameter here.  Given the

analysis of visibility vs. detector thickness, the optimum thickness would have been

λ/4n = 44 nm, at the first visibility peak.  Unfortunately our thinnest detectors had

extremely poor response time and responsivity, possibly due to dominance of surface

states.  We ultimately chose to operate at the third visibility peak, with a detector

thickness of 5λ/4n = 220 nm for λ = 633 nm, because of the significantly better quantum

and collection efficiency of these thicker detectors. This design decreased the ratio of

surface area to volume, thus making surface state effects less significant.

The detector was fabricated by low pressure chemical vapor deposition (LPCVD)

of 220 nm of polysilicon on a quartz wafer at 620 °C.  100 Å of Ti, 300 Å of Ni, and

2000 Å of Au were evaporated on the wafer, and it was patterned with interdigitated

fingers with a 5 µm spacing.  A 13 x 13 mm Au frame was patterned on the back side of

the quartz substrate, then the quartz area within the frame was etched 10 µm with 6:1

BOE to provide clearance for the mirror motion.

Metal-semiconductor contacts were used to extract photocurrent from the

1 × 1 mm active area of thin polysilicon.  The frequency response of the detector was

poor; a –3 dB roll-off was observed above 5 kHz, which diminished the amplitude of

high frequency interferograms.  To explain this, consider a given mirror resonance

frequency f.  The one-way mirror scan time, or interferogram period, is fixed at 1/(2f).  If

higher mirror scan length is desired, more interferogram fringes are generated in the same

period, thus the interferogram contains higher frequency components.  For a detector with

limited bandwidth, this limits the useful mirror scan length and thus limits the spectral

resolution of the device.

For measurement of a typical interferogram with frequency components up to

40 kHz, the responsivity was 5 µA/W with 35 V applied bias.  This responsivity could be

improved by making the metal fingers out of a transparent material to eliminate the 50%

loss on reflection from the contacts, by adding an anti-reflection coating to the detector

surface, and by using a different detector material with superior quality.  In principle any

photodetector material can be used, potentially allowing for better frequency response
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and different spectral ranges.  The only significant limitation is that the detector must be

fabricated on a substrate that is transparent in the wavelength range of interest, or the

substrate must be removed and the detector bonded to a transparent mount.  Direct band

gap material systems such as GaAs or InP are good possibilities; they offer faster

response and larger absorption coefficients than Si, though they come with higher cost

and fabrication complexity.

2.3.2 INTEGRATION

All three SWS components (detector, mirror front plane, and mirror back plane)

were designed to be planar and oriented perpendicular to the optical axis.  Thus

sandwich-type integration of the three layers was straightforward, yielding a compact,

mechanically stable structure.  To integrate the device, first 5 µm of In was electroplated

on the mirror back plane and the detector (back side) Au frame.  All three components

were then aligned with the mirror back plane on the bottom, the mirror front plane in the

middle, and the detector on the top.  The wafer stack was heated to 190 °C to melt the In

and pressure was applied.  After cooling, epoxy was applied around the edges of the

integrated device to add mechanical strength.  Electrical leads were soldered onto the two

detector electrodes, the moving mirror electrode, and the back plane electrode.  Finally,

the integrated package was bonded with epoxy to a 1” Al round for mounting in a

standard optics mount (Fig. 2.14).  With this design, the mirror-detector spacing is

approximately the thickness of one wafer (in this case, ~ 490 µm).


