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Preface

Applications of microelectromechanical systems (MEMS) and microfabrica-
tion have spread to different fields of engineering and science in recent years.
Perhaps the most exciting development in the application of MEMS technol-
ogy has occurred in the biological and biomedical areas. In addition to key
fluidic components, such as microvalves, pumps, and all kinds of novel
sensors that can be used for biological and biomedical analysis and mea-
surements, many other types of so-called micro total analysis systems (TAS)
have been developed. The advantages of such systems are that microvolumes
of biological or biomedical samples can be delivered and processed for
testing and analysis in an integrated fashion, thereby dramatically reducing
the required human involvement in many steps of sample handling and
processing. This helps to reduce the overall cost of measurement and time,
while improving the sensitivity in most cases.

Many books have been published on these subjects in recent years, but
most of them have focused primarily on various fabrication technologies
with a few application areas highlighted. Unfortunately, in this burgeoning
area, only a couple of books have been directed specifically toward biomed-
ical MEMS. As MEMS applications spread to all corners of science and
engineering, more and more universities and colleges are offering courses
in the bio-MEMS area. In comparison with other MEMS areas, which typi-
cally involve different engineering disciplines, such as the mechanical, elec-
trical, and optical fields, the development of bio-MEMS devices and systems
involves a truly interdisciplinary integration of basic sciences, medical sci-
ences, and engineering. This is the primary reason bio-MEMS is still in the
earliest stages of development in comparison with electrical and mechanical
sensing devices and systems. Due to the complexity and interdisciplinary
nature of bio-MEMS, it is critical to include a diverse range of expertise in
the composition of a book that attempts to cover the bio-MEMS area from
both a fabrication and application point of view. This is the reason we have
assembled a large group of leading researchers actively working in basic
science, engineering, and biomedical areas to contribute to this book. Bio-
MEMS: Technologies and Applications is divided into three sections:

1. Basic Bio-MEMS Fabrication Technologies
2. Microfluidic Devices and Components for Bio-MEMS
3. Sensing Technologies and Bio-MEMS Applications

The book targets audiences in the basic sciences and engineering, both indus-
trial engineers and academic researchers. Efforts have been made to ensure
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that while enough topics on the cutting edge of bio-MEMS research are
covered, the book is still easy to read. In addition to structurally organizing
the book from basic materials to advanced topics, we have made sure that
each chapter and subject area are covered beginning with basic principles
and fundamentals. Because of the shortage of suitable textbooks in this area,
this collection is designed to be reasonable for graduate education as well
as working application engineers who are interested in getting into this
exciting new field.
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1

Introduction

Wanjun Wang and Steven A. Soper
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1.2 Suggestions for Using This Book as a Textbook ..........cccceeuerurvuriuninnnne. 7

The last decade has been an exciting period for people working in the fields
of microelectromechanical systems (MEMS) and microfabrication technol-
ogies. Starting from the earliest devices in electromechanical transducers,
such as accelerometers and pressure sensors, which are among the most
commercially successful MEMS devices and systems, the technologies have
observed a rapid expansion into many different fields of engineering,
physical sciences, and biomedicine. MEMS technologies are assisting in
bridging the gap between computers, which work in the digital domain,
with the analog world in which we live. For example, various sensors and
actuators may be produced using MEMS technologies, and these sensors
and actuators can then be used as interfaces between computers and the
physical environment for the purposes of information processing and intel-
ligent control.

In recent years, one of the most exciting progresses in MEMS applications
is the rapid evolution of biological-microelectromechanical systems (bio-
MEMS). In addition to basic components, such as microchannels, microv-
alves, micropumps, micromixers and microreactors for flow management at
microscopic volumes, various novel sensor and detection platforms have
been reported in the microfluidic and bio-MEMS fields. Many of the so-called
micro total analysis systems (UTAS), or lab-on-a-chip systems have also been
reported, and will offer new paradigms in biomedicine and biology, in par-
ticular the ability to perform point-of-care measurements. The advantages
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2 Bio-MEMS: Technologies and Applications

of such systems are the microvolumes of biological or biomedical samples
that can be delivered and processed for testing and analysis in an integrated
fashion, therefore dramatically reducing the required human involvement
in many steps of sample handling and processing, and improving data
quality and quantitative capabilities. This format also helps to reduce the
overall cost and time of the measurement and at the same time improves
the sensitivity and specificity of the analysis.

Though it is believed that the long-term impact of MEMS technologies on
our life will be similar to that made by the microelectronics industry, the
market for MEMS products has grown at a much slower pace than many
people had expected. In comparison with the market development history
associated with the microelectronics and computer industries, the market for
MEMS is much more diversified with highly specialized, individual catego-
ries of products with specifically targeted applications. The research and
development efforts are therefore very diversified, often requiring multidis-
ciplinary teams to work collaboratively to build effectively operating sys-
tems. In addition, it is often desired that the researchers and product
development engineers also possess multidisciplinary backgrounds—a
requirement that is often extremely hard to meet. This may be particularly
true for the field of bio-MEMS. In comparison with other MEMS subareas,
which typically involve only different engineering disciplines such as
mechanical, electrical, and optical engineers, the development of bio-MEMS
involves a truly interdisciplinary integration of basic sciences, medical sci-
ences, material sciences, and engineering. Functioning in an interdisciplinary
endeavor requires researchers to possess the ability to cross-communicate,
work in a team-directed fashion, and compartmentalize research tasks. This
is a primary reason why bio-MEMS science and engineering, as well as the
systems they produce, are evolving at a relatively slow rate of development
in comparison with electrical and mechanical sensing devices and systems,
whose developments primarily depended upon a specific discipline.

There have been many high-quality books published in the general areas
of design and fabrication technologies of MEMS devices and systems. Most
of these books have focused on silicon-based technologies, such as surface
micromachining, and wet and dry etching technologies (RIE and DRIE pro-
cesses). As bio-MEMS technologies develop and many educational institu-
tions begin to offer courses on this subject matter, textbooks covering both
the fundamental fabrication technologies in a variety of different substrates
(Si, thermoplastics, ceramics, etc.), metrology, and device characterization as
well as the latest technology applications are needed. While there are a
number of seminal books covering conventional MEMS-based technologies,
there are very few that focus on the design and fabrication of bio-MEMS
devices and systems. There are several reasons for this phenomenon. The
first is that bio-MEMS technology is still in a much earlier stage of develop-
ment in comparison to other MEMS technologies. The second, and perhaps
the most important one, is that the topics to be covered in a bio-MEMS
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Introduction 3

textbook are so widely diversified that it is virtually impossible for a single
author to fully understand or become expert in all of the relevant areas of
expertise required to build effective bio-MEMS devices and systems. This is
also the main reason why an edited book that includes contributions on
different subjects from specialized researchers who work on the frontiers of
bio-MEMS from both the basic science and engineering realms is highly
desirable. As editors, we were fortunate enough to have a group of well-
recognized researchers and educators as contributors in their specific areas
of expertise, and to cover both fundamental knowledge and the latest
research progresses in various areas of importance to bio-MEMS.

This book was prepared with the intent of targeting two main areas. First,
we wanted to cover enough fundamental materials so that it could be used
as a textbook for classes at either the graduate or senior undergraduate levels.
This book may also be suitable for those people who are not currently in the
bio-MEMS field and may need to learn the fundamentals in order to enter
the field. Second, with enough application examples covered and the latest
research progress presented, the book may also be used as a reference for
scientists or engineers who work in the bio-MEMS field to provide a guide
as to what has been accomplished in many related areas to date.

Because the materials to be covered in a bio-MEMS book are so widely
diversified, to be able to cover all the key contents in a limited space is
definitely a challenge. Some compromises and balances were obviously
needed in compiling the contents of this book in order to cover relevant areas
in bio-MEMS, but also to make it manageable for the reader. In this book,
topics on microfabrication technologies focus primarily on nonsilicon-based
methods. There are two reasons for this decision. First, there are already
numerous books available on silicon-based microfabrication technologies
and interested readers can always refer to these books. Secondly, the current
trends in bio-MEMS seem to be in the direction of using nonsilicon-based
fabrication technologies and materials. Because biologists and chemists have
long used nonsilicon materials, such as glasses and polymers (PMMA, poly-
carbonate, etc.), various surface treatment technologies have been developed
and processes are well understood. Micro- and nanoreplication using mold-
ing, imprinting or hot-embossing technologies also help to reduce the batch
fabrication cost, making these substrates very appealing for bio-MEMS-
related application areas.

Because the potential readers of this book may have various educational
backgrounds, it was also necessary to balance the fundamental fabrication
principles with the advanced contents, as well as the scientific and engi-
neering materials. To be able to serve readers who are interested in learning
the fundamentals of bio-MEMS technologies as well as researchers who
work in the field and need a good reference book, efforts were made by
the contributors of this book to balance fundamental knowledge with the
latest advancements in related subject areas. In addition, the readers with
engineering backgrounds may have difficulty in fully understanding the
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4 Bio-MEMS: Technologies and Applications

biological or biomedical aspects of the materials covered in these chapters.
The same may hold true for readers with basic science or life science back-
grounds when reading the engineering sections of this book. The authors of
each chapter have tried to include some basic introduction references to allow
readers to obtain relevant background materials to augment those that are
presented herein.

1.1 Main Contents and Organization of the Book

The contents in this book can be generally divided into three basic sections:

1. Basic Bio-MEMS Fabrication Technologies (Chapters 2, 3, 4, and 5);

2. Microfluidic Devices and Components for Bio-MEMS (Chapters 6,
7,8, and 9);

3. Sensing Technologies and Bio-MEMS Applications (Chapters 10, 11,
12, 13, 14, 15, and 16).

1.1.1 Microfabrication Technologies

In this section, we focused on nonsilicon-based micro- and nanofabrication
technologies, such as LIGA—a combination of deep-etch x-ray lithography
with synchrotron radiation (LI), electroforming (G = Galvanoformung [Ger-
man]), and molding (A = Abformung [German]), or UV-LIGA (using ultra
violet lithography instead of x-ray lithography), hot-embossing, nano-
imprinting, and so forth. Because UV lithography of SU-8 has become a
popular choice for a lot of researchers in recent years, this topic is covered
in Chapter 2. In addition to the basic lithography processing steps and
optimal processing conditions, example applications in microfluidic devices
and micro-optic devices are also presented. Chapter 3 provides a very
detailed presentation on the LIGA process. Applications of LIGA technol-
ogies in fabricating polymer bio-MEMS are also introduced. Nanoimprint
lithography (NIL) is a low cost and flexible patterning technique particularly
suitable for fabrication of nanoscale components for biological applications.
Its unique advantages are that both topological and chemical surface pat-
terns can be generated at the micro- and nanometer scales. Chapter 4 pre-
sents an overview of NIL technology with the focus on the compatibility of
materials and processes used for biological applications. Examples are also
presented to demonstrate how NIL technology can be employed to fabricate
devices used to understand and manipulate biological events. Hot emboss-
ing is another reasonably fast and moderately inexpensive technique used
to replicate microfluidic elements in thermoplastics. In the hot-embossing
process, polymer and the prefabricated master containing the prerequisite
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Introduction 5

structural elements are heated above the glass transition temperature (or
softening point) of the thermoplastic, then a controlled force is applied under
vacuum. The assembly is cooled below the glass transition temperatures and
de-embossed. The technology offers the advantage of a relatively simpler
replication process with few variable parameters and high structural accu-
racy, and is well suited for a wide range of microfluidic applications from
rapid prototyping to high-volume mass fabrication. Chapter 5 presents an
introduction to hot embossing for microfluidic lab-on-a-chip applications.
Following an introduction to polymer characteristics, fabrication of masters
for hot embossing and the process itself will be examined in detail.

1.1.2 Microfluidic Devices and Components for Bio-MEMS

In most bio-MEMS, it is commonly required to prepare, deliver, or manipu-
late microscopic amounts of biosamples or reagents in either microchannels
and/or microchambers. Fluid behavior at the microscale is often different
from those at macroscales. For example, factors such as surface tension may
become dominant in microfluidic devices and systems. When the size of
biological samples, such as cells, are close to those of the flow channels
through which the samples are delivered, the dynamics of the flow may not
be readily predicted based on conventional fluid dynamics. Significant
research efforts have been made in the last decade in the area of microfludics,
basic components, and fabrication technologies. Many novel devices and
systems have been reported in the field. In this book, conventional fluid
dynamics was not presented because the topic has been covered in numerous
textbooks. Instead, we have focused on the fundamental principles, the
design and fabrication of basic microfluidic components such as micro-
pumps, micromixers, flow cytometers, and so forth, for sample extraction,
preparation, and manipulations. Information on microfluidics and sample
preparation is presented in Chapters 6 through 9.

Micropumps are used for sample delivery and manipulation. They are
among the most important components in most microfluidic devices and
systems. In Chapter 6, operation principles of commonly used micropumps
are presented, analyzed, and compared. Representative fabrication proce-
dures are also presented and discussed. Mixing is of significant importance
to realizing lab-on-a-chip microscale reactors and bioanalysis systems because
the reactions carried out on the micro- or even nanoscale in such devices
require the on-chip mixing of samples and reagents. Unfortunately, to mix
microvolumes of fluids in microfluidic systems is always a very difficult task
due to diffusional constraints. The topic of mixing on the microscale has been
at the forefront of research and developmental efforts over roughly the last
fifteen years because the technological thrust toward miniaturization of flu-
idic systems began. Chapter 7 covers the basic principles of mixing techniques
on the microscale. This chapter also presents a detailed review of various
micromixers reported in the field. In order to produce lab-on-a-chip devices,
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6 Bio-MEMS: Technologies and Applications

it is necessary to integrate all of the components for sample preparation
(including sample extraction, sample preconcentration, and sample deriva-
tization), sample introduction, separation, and detection onto a single micro-
chip made from either glass, silica, or polymers. In most bio-MEMS, the
sample usually undergoes some kind of sample preparation or pretreatment
steps prior to being submitted to the actual analysis. This step may involve
extracting the sample from its matrix, removing large matrix components
from the sample that may mask the analysis or removing interfering species,
derivatizing the sample to make it detectable, or performing a sample pre-
concentration step. Chapter 8 provides a thorough overview of the develop-
ments in this field. Another commonly used technology for manipulations
(sorting and counting) of biological particles is flow cytometry. A complete
microcytometer would require an integrated microfluidic unit for either
hydrodynamic or dielectrophoretic focusing of biological entities undergoing
sorting, and the optical measurement unit to count the number of sorted
species. There are many research reports in the literature detailing advance-
ments in this area. Chapter 9 covers an introduction to the basic principles
of flow cytometry and a review of the state-of-the-art in this field.

1.1.3 Sensing Technologies and Bio-MEMS Applications
(Chapters 10, 11, 12, 13, 14, 15, and 16)

Because of the enormous variations in biological and biomedical samples,
the processing and detection principles required for the analysis of targets
are often completely different. There have been numerous bio-MEMS either
in commercial applications or reported in the literature that have described
the integrated processing of biosamples in a microfluidic platform. It is
virtually impossible to cover all of them in the limited space of this book. In
addition, bio-MEMS technologies are still in their early stages of develop-
ment and as such new and novel technologies are constantly evolving with
the potential for integration into bio-MEMS. The seven chapters in this
section cover some of the representative technologies in this rapidly devel-
oping area.

Chapter 11 focuses on the topic of culture-based microchips for the rapid
detection of environmental mycobacteria. Because much of the research
work in PTAS devices has focused on the use of capillary electrophoresis
(CE), materials related to the applications of capillary electrophoresis have
been presented in two chapters. Chapter 10 covers an introduction to micro-
chip CE with electrochemical detection (CE-ECD), while Chapter 13 intro-
duces microchip capillary electrophoresis systems for DNA analysis. Bio-
MEMS technologies have lead to some breakthroughs in both on-spot and
controlled drug delivery as well as new technologies for drug development.
Two chapters cover the progress in this area. Chapter 12 provides a complete
review of bio-MEMS technologies for drug delivery. Chapter 16 presents
studies on pharmaceutical analyses using bio-MEMS. Chapter 14 discusses
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Introduction 7

the recent advances of bio-MEMS applications in assay development,
improved separation performance, and enhanced detection strategies. As
the dimensions of processing bio-MEMS elements is reduced, the analysis
and detection of the basic building blocks of biology, such as single cells
and single molecules, becomes necessary to consider. Chapter 15 offers an
overview of novel technologies for single-cell and single-molecule analyses
using microfluidic devices.

1.2 Suggestions for Using This Book as a Textbook

Because this book is well organized and covers three major aspects of bio-
MEMS technology—fabrication and microfluidics, detection and analysis
technologies, and applications—it is suitable as a textbook for either senior-
level technical elective courses or graduate courses. However, with fifteen
chapters (excluding this chapter) the book is most likely too much to be
covered in a typical semester of fourteen to fifteen weeks (45 plus hours for
a three-credit-hour course). It is therefore necessary to omit some chapters.
Based on the interests and foci of the particular class, it is suggested that one
third of the instruction be spent on the microfabrication technologies pre-
sented in Chapters 2 through 5, another third devoted to microfluidics
offered in Chapters 6 through 9, and the remaining third used for coverage
of selected topics on specific devices and systems for different applications,
which is encompassed in Chapters 10 through 16.
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2.1 Introduction

Ultraviolet (UV) lithography of ultrathick photoresist with high-aspect-
ratio, high sidewall quality, and good dimensional control is very important
for microelectromechanical systems (MEMS) and micro-optoelectrome-
chanical systems (MOEMS). Although x-ray lithography of methyl meth-
acrylate (PMMA) can meet these requirements, the expensive beamlines
are not readily available to many researchers. The high cost of x-ray lithog-
raphy also made it impractical for many applications. As a cheaper alter-
native, UV lithography of SU-8 has received wide attention in the last few
years. As the obtainable results with UV lithography of SU-8 get better and
better, ever more applications have been found for the technology in MEMS
and MOEMS.

SU-8 resist is a negative tone, epoxy-type photoresist based on EPON™ SU-
8 (also called EPIKOTE™ 157) epoxy resin from Shell Chemical, and originally
developed by IBM [1-5]. It is commercially available from MicroChem Corp.,
Newton, Massachusetts. Mixed with a photoinitiator, SU-8 epoxy is dissolved
in a standard gamma-butyrolactone (GBL) solvent, which can be replaced by
cyclopentanone, and has improved properties. Due to its low optical absorp-
tion in the near-UV range, SU-8 can be lithographed in thicknesses of hundreds
or thousands of micrometers with very high aspect ratios by standard contact
equipment. SU-8 can also be patterned using x-ray or e-beam. Cross-linked
SU-8 also has good chemical and physical properties and can serve as excellent
structural material for many applications [6-13]. For SU-8s near-UV contact
printing, normally broadband near UV light between 320 nm and approxi-
mately 450 nm is used for the exposure. With well-controlled lithography
conditions, with pressure contact exposure or vacuum contact exposure, cross-
linked polymer microstructures with high aspect ratios could be obtained at
heights of more than 1000 micrometers [14-20]. Chang and Kim obtained a
1 pm feature size with 25 pm thickness [14]. Ling et al. obtained 360 pm-thick
structures with a 14 pm feature size [15]. With the help of a well-collimated
proximity ultraviolet source, Dentinger et al. obtained aspect ratios exceeding
20:1 for film thicknesses of 200 to approximately 700 pm [19]. Williams and
Wang obtained a 65:1 high-aspect-ratio structure up to 1 um high with a Quntel
aligner [20]. Yang and Wang reported a work covering both numerical simu-
lations and an experimental study of the air gap effect and compensation, with
optimal wavelengths of the light source for UV lithography of ultrathick SU-
8 resist for high-aspect-ratio microstructures with an aspect ratio of more than
100 and thickness of the resist to more than 2 pm [21].
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In this chapter, recent developments in SU-8 lithography of ultrathick SU-8
resist will be presented first, followed by a summary of UV lithography con-
ditions and some processing tips. Finally, some applications of UV lithography
of ultrathick SU-8 resist in microfluidics and micro-optics will be demonstrated.

2.2 Numerical Study of Diffraction Compensation
and Wavelength Selection

For ultrathick SU-8 lithography, several important parameters need to be
carefully controlled: temperature in prebake and postbake, Fresnel diffrac-
tion and wavelength-dependent absorption in exposure, and agitated devel-
opment. Among these parameters, the effects of the absorption spectrum
and diffraction on lithography quality are two key factors limiting the side-
wall quality of UV lithography of ultrathick SU-8 resist; these will be the
topics of this chapter.

2.2.1 Diffraction Caused by Air Gap and Wavelength Dependence
of the UV Absorption Rate of SU-8

SU-8 in general has excellent surface planarizing properties. However, as the
thickness of SU-8 resist increases, the nonuniformity of the resist can become
a serious issue. To fabricate ultrathick, high-aspect-ratio microstructures com-
monly requires spin-coat resist layers ranging from several hundreds to thou-
sands of micrometers. In such cases, high viscosity SU-8, such as SU-8 50 or
SU-8 100, is always preferred. The surface flatness can be a very severe prob-
lem, with typical flatness errors of 10 pm to 100 pm. Other factors, such as
unintentional tilt in the baking process, dirt particles, curvatures of the sub-
strate or mask, and so forth, may also contribute to reduced surface flatness.
The flatness error then forms air gaps between the mask and resist surface,
and results in serious diffraction, aerial image distortion, and printing errors.

For the ultrathick photoresist, the absorption of the resist with respect to
the light source also greatly affects the lithography quality. As the light beam
penetrates the SU-8 resist layer from the top to the bottom, the light intensity
drops gradually as the light is absorbed. The top part of the SU-8 resist
therefore absorbs more than the bottom part does. There is, therefore, over-
dosage at the top and underdosage at the bottom. This is one of the major
reasons that inexperienced operators often produce mushroom types of
microstructures in UV lithography of SU-8. It is also one of the reasons x-
ray lithography is normally preferred for high-quality vertical sidewall and
high-aspect-ratio structures. The extremely high transmission of the x-ray
beam line helps to provide about the same absorption across the entire
thickness of the photoresist.
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The absorption spectrum of unexposed SU-8 resist shows much higher
absorbance at shorter wavelengths than at long wavelengths. Figure 2.1a
shows the transmission spectrum of 1 mm-thick unexposed SU-8 100, a
thickness close to that used in our experimental study as will be presented
in the later sections. The absorption coefficient of unexposed SU-8 at 365 nm
(where the photoresist is the most sensitive) is about 4 times that of the
absorption coefficient at 405 nm. The shorter wavelength components of light
are primarily absorbed by the surface layer, while the longer wavelength
components penetrate farther down and expose the bottom part. It is there-
fore desirable to filter out the wavelengths shorter than (or near) 365 nm to
avoid overexposure at the top layer. Longer wavelengths (either & line or g
line) with much lower absorbance are used to permit more energy to reach
the bottom part of the thick SU-8 resist layer and to achieve better sidewall
profiles. Figure 2.1b shows the measured refractive index of SU-8 as a func-
tion of the wavelength.
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FIGURE 2.1

Properties of SU-8 resist: (a) transmission of 1 mm-—thick unexposed SU-8 film; (b) SU-8 refrac-
tive index vs. wavelength. (Courtesy of Mark Shaw, MicroChem Corp., Newton, MA.)
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The absorption coefficient of unexposed SU-8 at 436 nm is about 1/3 of
that at 405 nm and 1/12 of that at 365 nm. A light source with primarily g-
line components may therefore be suitable to expose ultrathick SU-8 resist;
sidewall quality may also be much better than using 365 nm or 405 nm as
a lithography source. Of course, the diffraction effect may become more
serious with longer wavelengths.

For ultrathick SU-8 lithography, there are several important parameters to
be carefully controlled: temperature in prebake and postbake, Fresnel dif-
fraction and wavelength-dependent absorption in exposure, development
processing, and so forth. Normally, optimization of the temperature control
in prebake and postbake can minimize the stress of the SU-8 and reduce the
possibility of debonding; the Fresnel diffraction and photoresist’s absorption
cause the aerial image shape to be degraded and the light intensity distri-
bution changed in the cross-section of the light beam in the propagation
direction; optimization of the exposure dosage helps to obtain enough dos-
age for the bottom part of the SU-8 to improve the adhesion and avoid
overexposure for the top part.

Fresnel diffraction of the micropatterns on the mask degrades the geometry
of the aerial images and reduces the sidewall qualities of the printed micro-
structures. With increased thickness of the photoresist layers and the
mask—photoresist gaps, effects of Fresnel diffraction become more severe and
the pattern aerial image distortion more significantly. Full understanding of
the Fresnel diffraction is therefore very important to obtaining a high-quality,
ultra-high-aspect ratio in UV lithography of thick SU-8 resist.

2.2.2 Numerical Analysis of Diffraction and the Absorption Spectrum
on UV Lithography of Ultrathick SU-8 Resist

As collimated light passes through an aperture on the mask in UV exposure,
diffraction happens because of the mask patterns” limitation for light wave-
front. In lithography, the collimated light source can be considered as infi-
nitely far away, but the mask patterns (i.e., diffracting apertures) are so close
to the photoresist (observing screen) that the curvature of the wavefront
becomes significant.

Based on Huygens’ principle, the diffraction produced by an aperture with
an arbitrary shape in an otherwise opaque partition can be stated by the
Fresnel-Kirchhoff integral formula:

—1(ot lk(’*"o)
u,=- zkllo J.J. [cos(n,7) — cos(n, 1,)]ds, (2.1)

where k = 27, i is the incident light wavelength, U, represents spherical
monochromatic source waves, r and r, stand for positions of a point on the
aperture relative to the screen and the source, respectively, (1, ¥) and (1, ,)
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denote the angles between the vectors and the normal to the surface of
integration, and ds represents the integration on the surface of the aperture.

For a rectangular pattern on the mask, the diffraction distribution at an
arbitrary plane z will be:

2

e "2 imu " i
Up(x,y,z): EMJ.e 2 duje 2 do, (2.2)

Uy v

where u :\/E(x—xo)
2
and v:\/;(y—yo)

are Fresnel numbers, z is the vertical distance to the photomask pattern, and
x and y are the horizontal distance-to-pattern edges. The integrals in Equa-
tion (2.2) are evaluated in terms of the integral known as the Fresnel integral:

a iniz a 2 a 2
jerg - J.cos(%)dﬁ + iJ.sin(%)d& . 2.3)

0 0

Patterns such as slit, straightedges, and so forth, can be treated mathemat-
ically as modified cases of a rectangular aperture. For other arbitrary pattern
shapes in UV lithography, the same method can be used to obtain the aerial
light distribution caused by diffraction based on Equation (2.1).

A commercial software called ZEMAX EE (ZEMAX Development Corpo-
ration, San Diego, CA), based on the principles as stated in Equations (2.1)
through (2.3) were used to simulate Fresnel diffraction in UV lithography of
SU-8. Light intensity distribution data were exported from ZEMAX and
imported to Excel or Sigma Plot. The effect of the substrate reflectivity (such
as silicon substrate, about 0.575 for vertical incident light with a wavelength
of 365 nm, and 0.473 for a wavelength of 405 nm) was considered in the
numerical simulations.

Using ZEMAX EE software, numerical simulations were conducted for
two different cases: (1) with an air gap between the mask and wafer and no
compensation; (2) using glycerin liquid compensation. In all the simulations,
the slot on the mask was assumed to be 20 um wide and infinitely long, as
shown in Figure 2.2. The ideal distribution of the light intensity without any
diffraction effect (entering the slot) is plotted as uniformly distributed.

Numerical simulations were conducted to study the effects of diffraction
caused by the air gap, and the diffraction compensation effects using an
optical liquid, such as glycerin. In the simulations, the gaps between the
mask and resist surface were assumed to be 50 um, and the slot was assumed
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FIGURE 2.2
A slot pattern on a photomask exposed to a collimated UV light source.

to be at 20 pm. The simulation results show that with gap compensation,
using glycerin produced improved intensity distribution as compared with
the air gap.

Because SU-8 is a negative tone resist, the pattern profile is defined by
light intensity higher than the threshold energy to cure SU-8 within the
targeted region. With the attenuation of intensity in SU-8 in the vertical
direction (Z direction) and diffraction caused by the micropatterns, the aerial
dimension of the projection image is varied. The edges of the aerial image
are defined as the edges of the Fresnel diffraction pattern with energy higher
than the cross-link dosage.

The light intensity in the vertical direction is

I=1,-e%, (2.4)

where 4 is the absorption coefficient, and Z is the distance in vertical direction
from the film'’s surface. The transmission is then

T=1/1,=¢". (2.5)

Figure 2.3 shows a measured transmission for unexposed SU-8 with a dif-
ferent thickness. As can be seen from the results in Figure 2.3, the intensity of
i-line light decayed much faster than h-line as light penetrated deeper into the
resist. The absorption coefficient 4 is found to be about 0.0031 for the i-line
and about 0.0005 for the h-line. The measured data presented in Figure 2.3 was
used in numerical simulations for the combined effects of wavelength depen-
dence of the absorption of unexposed SU-8 and the diffraction. Similarly, a 20
mm opening slot on the mask is assumed. Two different wavelengths, i-line
and h-line, were considered separately. Numerical simulations were conducted
to obtain the Fresnel diffraction pattern at the bottom of the resist layer.

After using ZEMAX EE to obtain the light energy distribution at the dif-
ferent depth of the SU-8 resist based on the transmission of SU-8 thick film
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FIGURE 2.3
Measured transmissions for both the i-line and h-line for different thicknesses of SU-8.
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FIGURE 2.4
(a) Fresnel diffraction pattern in the bottom of the resist layer as projected by the i-line light

source. (b) Fresnel diffraction pattern in the bottom of the resist layer as projected by the h-line
light source.
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as shown in Figure 2.3, a Fresnel diffraction pattern was numerically obtained
and is shown in Figure 2.4. Figure 2.4a shows the simulated results for the i-
line light source and four different resist thicknesses. Figure 2.4b shows the
simulation results for the h-line light source at different resist thicknesses.
Two observations can be made from the results shown in Figure 2.4. First, as
the resist thickness increases, the nonuniformity of light intensity caused by
diffraction becomes more serious. Second, shorter wavelength light (i-line)
has less of a problem in diffraction, but the light intensity drops quickly with
depth and may have difficulty cross-linking SU-8 resist at the bottom region.

Figure 2.5 shows the simulated sidewall profiles when a 20 pm-wide slot
pattern is exposed using i-line and h-line light sources, respectively [15]. The
sidewall profile is defined by the threshold exposure dosage of lithography.
The resist in the left side of the threshold boundary line received enough
exposure dosage to fully cross-link the resist. The lithography dosage in the
resist on the right side of the boundary line is below the required threshold
dosage and is removed in the development process. Because of the symmetry
of the exposed pattern, only the right half of the exposed region is shown in
simulated results in Figure 2.5. The sidewall profiles in Figures 2.5a and 2.5b
are for the exposure with a zero gap and 50 pm gap between mask and SU-8
resist, respectively. Several different situations have been examined: i-line or i-
line exposure, air gap, or with glycerin. The simulation results show that glyc-
erin reduces the Fresnel diffraction. With wavelength selection (for example,

0 [ H
\
Yy V V VY VY VYY ‘| i
:\ Sidewall of
200 ! = 1 mm SU-8 with
‘ h-line exposure
e Sidewall of 1 mm SU-8 ]'
El with i-line exposure tl
5 400 R 4
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"' Edge ofideal/ |
it slot pattern
1000 o T ¥
0 5 10 15
(a)
FIGURE 2.5a

The simulated sidewall profiles for a 20 pm-wide slot on the mask. On the left side of these
profile lines, the exposure dosage is enough to cross-link the resist. The gap between the mask
and SU-8 is assumed to be zero.

© 2007 by Taylor & Francis Group, LLC



20 Bio-MEMS: Technologies and Applications

I |
VVVYVYVYYVYYVYYY
0 N
5um 10 pm
i-line exposure
with no air gap
200 um compensation
i-line exposure
with glycerin
Edge of deal
% 400 um 7 " slot pattern
g . 2@’ ]
o) L =
v 600 um —aF Air gap with
b2 h-line exposure
® l ']
i
800 um i
éz’f \“\ Glycerin with
p ' h-line exposure
1000 um 4 & 1 .
(b)

FIGURE 2.5b

The simulated sidewall profiles for a 20 pm-wide slot on the mask with a 50 pm gap between
the mask and SU-8. On the left side of these profile lines, the exposure dosage is enough to
cross-link the resist.

using an h-line-dominated light source), the lithography quality may be fur-
ther improved. From the foregoing analyses, it can be seen that the wave-
length selection played the most important role in optimal lithography of
ultrathick SU-8, while the air gap compensation played a secondary role. In
comparison with the air gap, glycerin compensation is proved to be margin-
ally better in producing better sidewall profiles.

2.2.3 Development with One-Direction Agitation Force

Development of thick SU-8 film is another challenge in fabrication of high-
aspect-ratio microstructures. The SU-8 developer cannot effectively work in
ultradeep and narrow structures by simple diffusion and conventional stirring
mechanisms. The development may last hours, damage the fine structures,
and often is incomplete. Strong agitation is normally used to completely
develop the SU-8. However, the strong stirring process or supersonic vibration
often produce vibrations in random directions and cause severe vibrations of
the microstructures. They may also reduce the sidewall quality, deform or
debond some fine patterns, and destroy the high-aspect-ratio microstructures.

© 2007 by Taylor & Francis Group, LLC



UV Lithography of Ultrathick SU-8 21

In contact lithography, the light source is projected perpendicular to the
substrate. With no external agitation, the unexposed SU-8 is developed from
the top layer to the bottom layer and is based on diffusion of the SU-8
developer solution. If the direction of the agitation force is perpendicular to
the substrate (parallel with the sidewall of the microstructures), the agitation
would accelerate the development but not affect the sidewall quality or
minimize the possibility of damaging the microstructures. There are two
methods of accelerating the development process. One is to immerse the
sample in a face-down orientation to take advantage of the gravity force for
better convective transport. Another method is to use a megasonics agitation
perpendicular to the substrate.

The mechanism of SU-8 development should be understood in the follow-
ing way: when the SU-8 developer enters the uncross-linked SU-8, a por-
ridgelike region is produced between the SU-8 and the developer. Inside this
porridgelike region, as the developer diffuses, the uncross-linked SU-8 dis-
solves into the SU-8 developer. The concentration of uncross-linked SU-8 is
nonuniformly distributed. The concentration decreases closer to the bound-
ary line between the dissolved and the solid sections of the uncross-linked
SU-8. With the sample positioned in a face-down orientation, the diffusion
and removal of the dissolved SU-8 from the boundary region of the developer
and the uncross-linked SU-8 were accelerated by gravity force. This may
help to achieve a much higher development rate based on our experience.
Our experiments have proved that the development rate for face-down-
oriented samples can be at least two times that obtained when the samples
were placed in a face-up orientation. SU-8 microstructure edges and trenches
were also found to be much cleaner after the development.

With megasonic agitation, when the wave propagates perpendicular to the
substrate, much faster development rates can also be achieved. Our experi-
ments found that excellent uniformity of development can also be realized.
This technique is commonly used in x-ray Lithographie, Galvahoformung,
Abformung (LIGA) processes and has been reported to work well with SU-
8. In megasonic agitated development, the range of frequencies is normally
several MHz. This reduced wavelength helps to agitate the fluids in the
porridgelike region between the uncross-linking SU-8 and the SU-8 devel-
oper. This leads to higher dissolved speed and faster development.

2.3 Experimental Results Using Filtered Light Source
and Air Gap Compensation for Diffraction

To demonstrate the superiority of the proposed optimal lithography of a
filtered light source and gap compensation, we will show three different
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FIGURE 2.6
Light intensity before and after filter for the Oriel UV station at 200 W output.

groups of experiments in this section: (1) a broadband light source without
gap compensation, (2) a broadband light source using glycerin for gap com-
pensation; and (3) a filtered light source with PMMA sheet (i-line eliminated)
and gap compensation using glycerin as suggested here.

A broadband light source was used in a lithography process and a thick
plate of PMMA used as an optical filter to eliminate the short wavelength
components. The broadband spectra of an Oriel UV station before and after
the PMMA filter are shown in Figure 2.6, which were measured using an
Ocean Optics 52000 spectrometer. The UV light source has three major
spectrum lines: the i-line, h-line, and g-line. A 4.538 mm-thick PMMA plate
(not annealed) was used as a filter to eliminate the short wavelength com-
ponents of the light source of the Oriel UV station. The optical transmission
spectrum of a 4.538 mm-thick PMMA sheet without anneal is also shown
in Figure 2.6. The transmission of this PMMA sheet is about 0.3% at the i-
line, 82% at the h-line, and 82% at the g-line. The PMMA sheet filters out
most of the light with a wavelength less than or equal to 365 nm. The
spectrum of the Oriel UV station used in this study after filtering with this
PMMA sheet was measured and shown in Figure 2.6 where the i-line is
removed, and the h-line and g-line are reduced. It was found that light
intensity at 365 nm dropped from 15.08 mJ/cm? to 0.47 mJ/cm?, and at 405
nm dropped from 42.08 mJ/cm? to 34.15 mJ/cm?. This result is consistent
with that expected from the transmission spectrum of PMMA measured
using a spectrometer. Because the absorbance of unexposed SU-8 around
the g-line (A= 436 nm) is only about one-third of that around h-line
(A =404.7 nm), and total exposure dosage from the light source as shown
in Figure 2.6 after PMMA filter is dominated by the h-line, the effect of the
¢-line in the lithography of SU-8 will therefore be neglected under such
conditions.

The detailed processing conditions for 1150 pm-thick SU-8 100 film are as
follows:
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1. Clean Si wafer with acetone, IPA (isopropyl alcohol), and DI (deion-
ized) water.

2. Spin coat SU-8 100 at 400 rpm.

3. Level hot plate, bake 10 hours at 110°C, cool down to 60°C inside 1
hour, dwell at 55°C (uncross-linked SU-8's glass temperature is 50°C
to approximately 60°C) for 4 hours, cool down to room temperature
inside 3 hours.

4. Expose the sample using a broadband light source (with spectrum
as shown in Figure 2.6; includes the i-line, h-line, and g-line) with
total exposure dosage of 2 J/cm?, for PMMA filter wavelength selec-
tion exposure (with spectrum as shown in Figure 2.6; includes the
h-line and g-line) with total exposure dosage 12 J/cm?.

5. Postbake at 110°C for 20 minutes, cool down as in step 3.

6. Develop sample using SU-8 developer at 32°C with SONOSYS
megasonic actuator driven with a 250 W power supply for 2 hours.
The megasonic transducer was placed in a water bath supporting a
quartz tank in which the developer and substrate were located.
Wafers were facing the megasonic actuator.

7. Rinse sample with IPA several times, dry naturally.

To measure the sidewall quality of the microstructures fabricated using
filtered a light source and gap compensation, a 20 um feature-sized micro-
structure with a flat edge was removed from the substrate and placed on the
measurement stage of the Veeco optical profiler. The R, (roughness of stan-
dard deviation) was then measured along the 1150 pm length. It was found
that the roughness of standard deviation (in the light incident direction) was
2.72 pum over the entire length of 1150 pm.

Figure 2.7 shows a group of microcrosses produced with different condi-
tions: (a) broadband light source with no air gap compensation, (b) broad-
band light source and air gap compensation using a glycerin solution, (c)
the filtered light source (i-line eliminated) with no air gap compensation,
and (d) filtered light source with gap compensation using a glycerin solution.

The minimum designed thicknesses of the crosses achieved are 20 pm for
the air gap and 8 um for the glycerin gap compensation. The dark region in
Figure 2.7a was due to the residuals of the development.

The theoretical optical resolution of the line and space of the width b can
be estimated by the following equation:

b =2 s +1d)
2 2

where b is the width of line or space, A is the wavelength of the lithography
light, s is the air gap between the mask and the photoresist, and d is the
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(b)

()

FIGURE 2.7

Cross-patterns made using a filtered light source and three different UV lithography processing
conditions. (a) Broadband exposure with no air gap compensation. Crosses with designed
thickness of 20 pm and height of 1150 pm. (b) Crosses with designed thickness of 8 pm and
height of 1150 um. Processing conditions: broadband exposure and air gap compensation using
glycerin. (c) Crosses with designed thickness of 9 pm and height of 1150 pum. Processing
conditions: filtered light source and no air gap compensation. (d) Crosses with designed thick-
ness of 9 pm and height of 1150 pm. Processing conditions: filtered light source and air gap
compensation using glycerin.

resist thickness. For 1150 um-thick SU-8 resist, and assuming no air gap,
the optical resolution can be estimated at 21.7 pm for the i-line and 22.9 ym
for the h-line. Because of the low absorption in the g-line, the lithography
processes in broadband lithography were dominated by the combined effect
of the i-line and h-line, especially the i-line. These calculated results are very
consistent with what was observed in the experiments for broadband lithog-
raphy without air gap compensation or using glycerin compensation. The
lithography quality of comb structures with a broadband light source
becomes quite bad as the feature sizes dropped to about a width of 20 pm
and a height of 1150 pm, with some improvement after gap compensation
using glycerin. Figure 2.8 shows a comb structure made using a filtered
light source and gap compensation with glycerin. It can be seen that the
comb structures obtained using the suggested filtered light source and gap
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FIGURE 2.8
Comb structures made using filtered light source and gap compensation with glycerin.

compensation with glycerin have excellent sidewall quality and resolutions.
Both structures were developed all through and clearly separated. The top
fingers are removed together by the liquid surface tension in the drying
process.

2.4 Basic Steps for UV Lithography of SU-8 and Some
Processing Tips

The standard lithography processing procedures of SU-8 include: (1) pretreat
the substrate, spin-coat SU-8; (2) preexposure bake, UV exposure (320 to 450
nm); (3) postexposure bake; and (4) development. The process parameters
determine the final quality of the microstructures. The curing process of SU-
8 is completed in two steps: formation of acid during optical exposure and
thermal epoxy cross-linking during the postexposure bake. A flood exposure
or controlled hard bake is recommended to further cross-link the exposed
SU-8 microstructures if they are going to be used as parts of the final prod-
ucts. Because most of the publications in the field do not provide detailed
lithography conditions, beginners often have to learn from their own expe-
riences and the learning curve can sometimes be exceptionally long. Some
basic lithography conditions are provided here as guidelines for those read-
ers who may need something to start from [21-24].

2.4.1 Pretreat for the Substrate

To obtain good adhesion for SU-8 on a substrates, the substrate needs to be
cleaned with acetone, IPA, and DI water sequentially, and then dehydrated
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at 120°C for 5 to approximately 10 minutes on a hotplate. The substrate may
also be primed using plasma asher immediately before spin-coating the
resist. In addition, an adhesion promoter may be used as needed. For the
applications involving electroplating metals and alloys and stripping of
cured SU-8, the vendor of SU-8, MicroChem, recommends using OmniCoat
before coating of SU-8.

2.4.2 Spin-Coating SU-8

The thickness of SU-8 film is dependent on several factors: the viscosity of
the SU-8 used, the spin speed, and the total number of turns. The vendor of
SU-8, MicroChem, provides some spin-coating curves for different SU-8
formulations, such as SU-8 5, SU-8 50, and SU-8 100. Some research labs have
also developed their own spin-coat curves based on the particular equipment
used. Figure 2.9 shows some typical spin-coating curves of SU-8.

SU-8 spin speed curves
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FIGURE 2.9

Selective SU-8 spin-speed vs. film thickness curve. (Courtesy of Mark Shaw, MicroChem Corp.,
Newton, MA.)
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Bubbles formed during the spin-coating step may lead to reduced lithogra-
phy quality. To eliminate bubbles in resist film, the substrate should be placed
on a flat and horizontal plate for 2 to approximately 10 hours before prebake.
This is an especially critical step for obtaining good quality of thick SU-8 film.

2.4.3 Soft Bake

The spin-coated sample needs to be soft baked to evaporate the solvent on
a leveled hotplate or in convection ovens. The heat transfer condition and
ventilation are different for the hotplate and the convection ovens, and the
preferred soft baking times are therefore different as shown by the curves
for measured soft baking times in Figure 2.10. Ramping and stepping the
soft bake temperature is often recommended for better lithography results.
The glass temperature of the unexposed SU-8 photoresist is about 50 to
approximately 60°C. Figure 2.11 shows a typical soft-baking temperature
curve used in our laboratory. This soft-bake process consists of multiple steps
of ramping up, dwell, and ramping down. The total cooling time is about 8

Soft bake time vs. thickness

10
—A— Bake in oven

= 81 —o— Bake on hot-plate
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FIGURE 2.10
Soft bake time vs. SU-8 thickness.

Dwell at 110°C/10 hrs

Ramp to 110°C in 30 m Ramp to 75°C in 40 m

Dwell at 75°C/15 ms

Dwell at 75°C/15 ms Ramp to 50°C in 40 m

Dwell at 50°C/4 hrs
20°C/1~2 hrs Ramp to 20°C in 3 hrs

FIGURE 2.11
A selected soft bake profile for 1100 mm-thick SU-8 film.
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to approximately 10 hours for a 1000 pm-thick SU-8 resist. For ultrathick
SU-8 film (more than 1000 pum thick), a baking temperature of 110°C is used
as shown in Figure 2.11. To improve the adhesion of the SU-8 film on substrate
coated with Cr/Au film (as commonly used in the UV-LIGA process as the
plating seed layer), a 110°C bake temperature is suggested instead of 96°C. At
the same time, the bake time should be slightly reduced.

2.4.4 Exposure

A near UV (320 to 450 nm) light source is normally used for lithography of
SU-8. As the wavelength of the light source increases, the absorbance of the
light reduces and the transmission increases significantly. The transmission
increases from 6% at A = 365 nm to about 58% as the wavelength increases to
405 nm. SU-8 has high actinic absorption for wavelengths less than 350 nm,
but is almost transparent and insensitive for above 400 nm wavelengths.
Because of the high absorption of SU-8 for light with shorter wavelengths, a
light source dominated by shorter wavelength components often results in
overexposure at the surface of the resist and underexposure at the bottom part
of the resist layer. This is the main reason that UV lithography of SU using an
i-line-dominated light source tend to produce microstructures with T-topping
geometric distortions. Thickness of the resist is another key parameter that
dictates the required dosage of the exposure. Figure 2.12 shows two curves
of required exposure dosage and the thickness of SU-8. MicroChem, the
vendor of SU-8, advises that the user filter out the light with a wavelength
lower than 350 nm to improve lithography quality. After filtering the light
components with wavelengths shorter than 350 nm from the light source of
the Oriel UV station used in our laboratory, with its spectrum as shown in
Figure 2.6, the total exposure dosage ratio between the i-line and h-line are
kept in a range of 1:7 to approximately 1:10 to achieve perfect vertical side-
walls, especially for the SU-8 resist with thickness around 1 mm. For lithog-
raphy of a very thick resist, multiple exposures are required to avoid
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FIGURE 2.12
Exposure dosage vs. film thickness: the preferred exposure dosage should fall between the top
and bottom curves. (Courtesy of Mark Shaw, MicroChem Corp., Newton, MA.)
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overheating, scattering, and diffusion on the surface of the resist. Typically,
exposures need to be separated in 20-second (or less than 400 m]J/cm? per
time) intervals with 60-second waiting periods in between. For a highly
reflective substrate, the effect of the reflection needs to be taken into account
in estimating the total exposure time.

2.4.5 Postexposure Bake (PEB)

Postexposure bake (PEB) is performed to cross-link the exposed regions of
the SU-8 resist. The cross-link, or the curing step of SU-8, can be achieved
at room temperature. Postbaking at a raised temperature helps accelerate
the polymerization process [20]. Figure 2.13 shows a typical PEB temperature
profile. For resist thickness up to a few hundred micrometers, postbake at
96°C for 15 to approximately 20 minutes is required either on a hotplate or
in a convection oven. SU-8's cross-link process may cause significant residual
stress, which may cause cracks or debonding. In order to minimize possible
residual stresses, wafer bowing, and cracking, rapid cooling from the PEB
temperature should be avoided. For resist films with thicknesses more than
1000 micrometers, ramping the PEB temperature down from 96°C should
take more than 8 hours. Another possible way to reduce postbake stress is
to use lower PEB temperatures, such as 50°C or 55°C, but longer baking
times. This method would result in much lower thermal stress in comparison
with using a PEB temperature of 96°C.

2.4.6 Development

After exposure and postbake, the sample is then developed by SU-8 devel-
oper. Recommended development times can be found in the catalog pro-
vided by vendor of SU-8 or your lab’s experiment data. The development
process can be optimized based on the experiment’s agitation rate, develop-
ment temperature, and SU-8 resist processing conditions. After the sample
is developed by SU-8 developer, it is sometimes dipped into a fresh SU-8
developer to rinse, then rinsed with isopropyl alcohol (IPA) for 3 to 5 min-
utes. If white spots can be observed in the IPA, the SU-8 is underdeveloped.

Dwell at 96°C/20 m

Ramp to 96°C in 20 m Ramp to 75°C in 30 m

Dwell at 75°C/10 m

Dwell at 75°C/10 m Ramp to 50°C in 30 m

Ramp to 75°L i Dwell at 50°C/4 hr
Ramp to 20°Cin 3 hr

FIGURE 2.13
A possible temperature profile to be followed in PEB for 1100 um-thick SU-8 film.
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The sample needs to be immersed into SU-8 developer or rinsed with fresh
SU-8 developer to further development. After the sample is completely
developed, it needs to be rinsed using fresh IPA. If possible, avoiding a
deionized (DI) water rinse is preferred. Finally, the sample is dried naturally
or by nitrogen gas blow.

2.5 Tilted Lithography of SU-8 and Its Application

SU-8 is well suited for the fabrication of three-dimensional microstructures
using tilted exposure. A variety of SU-8 resist structures, such as slope,
trapezoids, dovetails, as well as various conical shapes, can be fabricated
using tilted lithography. In recent years, we have fabricated micromixers
[25], out-of-plane microlens [26-28], out-of-plane microlens arrays [30], fiber
bundle couplers [31], and three-dimensional hydrofocus components [31].

Because of the refraction of light at the surface of the SU-8 resist, a light
beam projected on the resist at an incident angle may propagate at a reduced
refraction angle. Based on the refraction index of the SU-8 (n = 1.668 at A =
365 nm, n = 1.650 at A = 405 nm), the refraction angle can be approximately
calculated to be 25.08° for the i-line with a 45° incident angle as shown in
Figure 2.14. The critical angle is about 36.8° at 365 nm. If a larger refractive
angle is needed, optical liquid and a coupling prism are used to compensate
for the light refraction.

The working principle to achieve a bigger refraction angle for SU-8 lithog-
raphy is shown in Figure 2.15. The positions of the prism, mask, SU-8, and
the substrate are as shown in Figure 2.15.

Incident
light
45°

Incident =

light g

Air 90° Air
SU-8 SU-8
45° 37.3°
Refracted light Refracted light
FIGURE 2.14

The refraction of the SU-8 resist may cause the projected light beam to bend over and therefore
leading to reduce angle of the light projection. SU-8's refraction and the critical angle (critical
angle is about 36.8° at 365 nm).
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FIGURE 2.15
The working principle to obtain a bigger refraction angle inside SU-8.

If the angle at which the light enters SU-8 resist needs to be 6,, from
Snell’s law,

n,sin0; =n,sin0, = n,sinO, = n, sin6, = n, sin O, (2.6)
05 can be obtained as

n, sin 6,

= Sin_] ( ) (27)

ns

From the geometry relationship, we know

1, sin 0

0, =0, —45° =sin~'(———1) — 45°, (2.8)
ns
From Snell’s law, 6, can be obtained:
_ . Ng-sin®g, _ . Mg . . . n;sin®, o
0, =sin™ (——%) =sin™ {—* - sin[sin " (——) — 45°]}. (2.9)
1y ny N5
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0=45°+6, (2.10)

The substrate therefore needs to be kept at 6 = 45° + 6, with the horizontal
level (because the light beam in the UV station is always in the vertical
direction) to completely compensate for the refraction at the interface to
obtain a 45° refractive angle inside the SU-8 photoresist.

2.5.1 Micromixer/Reactor

As an example of tilted lithography of SU-8, we present a novel passive
micromixer/reactor based on arrays of spatially impinging microjets, which
takes a three-dimensional approach in design and is based on a fabrication
process using UV lithography SU-8 photoresist [25].

To mix microvolumes of fluid samples in microfluidic systems is always
a challenging task. Because the flow in all microfluidic systems is laminar
and has a low Reynolds number, diffusion is the dominant mechanism.
Various efforts have been made to improve the mixing process by introduc-
ing geometric irregularities in inflow channels to create localized eddies and
turbulent flows. Efforts have also been made to use special actuation mech-
anisms to disturb the flow with such noncontact measures as ultrasound
waves. Because it is very difficult to obtain high mixing efficiency with a
diffusion mechanism, some reported efforts used active disturbance to create
turbulence in the microfluidic systems. An obvious approach to increased
diffusion efficiency is to maximize the effective interfacial areas of the two
samples to be mixed. According to the scaling law, the most effective way
to maximize the effective surface area of liquid is to convert it into plumes
of stream. This is the approach we have adopted in our design of the micro-
mixer. The micromixer/reactor has a simple structure and significantly
boosts the mixing efficiency by increasing the interfacial contact with the
impinging plumes from two opposite arrays of more, but smaller-sized,
micronozzles.

The micromixer/reactor is based on large arrays of spatially impinged
microjets mixing. The schematic design for the micromixer/reactor is shown
in Figure 2.16. Two arrays of micronozzles are in opposite directions. The
micronozzles are parallel with the substrate plane. There are two possible ways
to arrange the opposite arrays of nozzles: directly opposite orientations or with
a designed offset. The two sample fluids are delivered to inlet A and inlet B,
respectively. Then they are converted into plumes of streams by the large
micronozzle array and driven into the mixing chamber. The mixing processing
is three-dimensional with multiplayer spatially impinged jet arrays. This helps
to enhance the Reynolds number; increase the effective interfacial areas; con-
vert a higher percentage of the kinetic energy into microscopic molecular
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FIGURE 2.16
Schematic design diagram of the micromixer/reactor.

motion, thereby effectively boosting the eddies; increase the Reynolds number
in the micromixer chamber; and improve the diffusion effects for mixing.

The Reynolds number at the input channels just before the liquid enters
the nozzles is at a very low level (about 0.0002), the micromixer/reactor
based on a spatially impinged jet array with an offset can still locally mix
the two flows in less than one second. The pressure drop of this micromixer/
reactor is about 200 Pa. By increasing flow eddies generated and increased
interfacial contacts, the mixers based on arrays of impinging jets with offset
have better mixing efficiency. A higher possibility of microjets traveling to
the opposite side of the chamber to achieve better interfacial contact with
the incoming jets to be mixed gives the mixer with a narrow mixing chamber
a higher mixing efficiency. This micromixer/reactor can be easily integrated
with other microfluidic components or microfluidic channels for various
biochemical, biological, and chemical applications.

The micromixer was fabricated using UV lithography of SU-8. Two optical
masks were used: one was used to fabricate the large arrays of micronozzles
by tilted exposure; the other was used to form the inlet and outlet channels
and sidewalls. As shown in Figure 2.17a, when two arrays of narrow light
beams are projected on the photoresist, the intersection forms an array of
micronozzle channels. Conventional contact exposure was used to fabricate
the inlet and outlet flow channel sidewalls.

In the fabrication process, the substrates were spin-coated with SU-8 100
negative photoresist at 400 rpm for 1100 pm thickness and baked at 110°C
for 10 hours, then cooled down to room temperature over an 8-hour time
interval. Following exposure, the substrates were postbaked at 96°C for 25
minutes and cooled down to room temperature again over another 8-hour
interval. Then samples were developed with megasonic agitation. Figure
2.17b shows a SEM image of the bottom part of a prototype mixer.

A top cover glass was then bonded to it and the inlet and outlet with flow
connectors were sealed. The experiment, as shown in Figure 2.18, tested by
mixing a fluorescent dye solution and DI water, shows the high mixing
efficiency. The micromixer with offset can locally mix the two test solutions
in less than one second.
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Array of light beams  Array of light beams

FIGURE 2.17
Schematic fabrication diagram and SEM image of the fabricated micromixer/reactor. (a) Li-
thography principle. (b) SEM image of the prototype mixer.

2.5.2 Three-Dimensional Hydrofocus Component for Microcytometer

Flow cytometric devices are very important for biomedical research and
clinical diagnostics. The labeled cell is driven to flow through a nozzle so
that light scattering or fluorescence measurements can be used for analyses.
Many research efforts have been made to develop microcytometers to reduce
the device and sample sizes, develop low-cost and single-use disposable
devices, and to improve device portability along with low consumption of
sample and buffer fluids, and to reduce the biohazard risk level.

The principle of hydrofocusing in a microchannel is based on laminating
cells with sheath flow [31]. A small volume of sample flow is injected into
a much larger volume of sheath fluid. Both the sheath flow and sample flow
require a small Reynolds number. Most of the reported hydrofocusing units
for microcytometers based on sheath flow are two-dimensional, which only
focuses the samples in the same plane as the substrate. A truly three-dimen-
sional hydrofocusing component can focus the cells along the core stream
to flow with an almost uniform velocity.

Based on the three-dimensional hydrofocusing requirements and the
microfabrication limitations of SU-8 UV lithography, a three-dimensional
hydrofocusing unit for microflow cytometry was designed as shown by the
schematic diagram in Figure 2.19. There are three inlets for the hydrofocusing
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(b)

FIGURE 2.18
Test results for two types of micromixer. (a) Micro-mixer with direct opposition: photography
taken 2 mm downstream along the outlet channel. (b) Micro-mixer with offset: 5/6 second
locally mixed.
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FIGURE 2.19
A schematic diagram of the three-dimensional hydrofocusing unit.

microfluidic unit. Left-side and right-side inlets are for the sheath flow, while
the center inlet is for the sample flow. In the center of the end of this sample
flow inlet, there is a diamond-shaped nozzle with a width of 100 pm. There
are three slopes formed by tilt-exposed, cross-linked SU-8 polymer in which
the center slope configured to a 30° angle with the substrate. The flat covering
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glass and sloped bottom help focus the flow upward to a central region in
the direction perpendicular to the substrate. The left-side slope, right-side
slope, and the two sloped sidewalls perpendicular to the substrate assist in
achieving flow to the central region in a horizontal direction [31].

In the fabrication process, all the slopes and the sample injection holes
were fabricated using tilted exposure. A total of three exposures were
required: (1) a 60° angle tilt exposure to achieve slopes having a 30° angle
with the substrate, (2) a 45° angle tilt exposure to obtain a suspended sample
injection nozzle in the center position of the sample inlet end, and (3) a
conventional contact exposure to produce all of the SU-8 sidewalls.

The fabrication procedures were as follows: clean the Si or glass substrate;
spin-coat SU-8 100 photoresist to obtain a 500 pm-thick resist layer; soft
bake the sample; conduct a 60° tilted exposure of SU-8 with the help of a
prism and optical liquid for refraction compensation to obtain slopes tilted
at 30° with the substrate; postbake the sample; spin-coat SU-8 100 photore-
sist to obtain the second 500 pm-thick resist layer; prebake the sample; use
a 45° angle tilted exposure of the SU-8 with a correction prism and optical
liquid to obtain a suspended sample injector nozzle in the center of the
sample inlet end; expose all of the SU-8 sidewalls; postbake the sample;
develop with SU-8 developer; bond cover glass, seal inlet and outlet tubes.
Figure 2.20 shows three SEM images of a prototype hydrofocusing unit
fabricated using the tilted lithography method.

The three-dimensional focusing function of the prototype hydrofocusing
unit was tested using a fluorescent dye solution. The images in Figure 2.21
show experimental results that clearly demonstrated the three-dimensional
hydrofocusing function. The main advantages of this polymer hydrofocusing

Sheath
Sloped flow inlet
sidewall
Center Sample
slope flow inlet
Sample
Outlet injection
nozzle

Sample
injection
nozzle

FIGURE 2.20
SEM pictures for the three-dimensional hydrofocusing components.
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FIGURE 2.21
Three-dimensional hydrofocus function. (a) Top-view image showing the hydrofocusing func-
tion in horizontal plane. (b) Side-view image showing the focusing function in vertical direction.

microstructure include its easy fabrication and its ease of integration with
other polymer microfluidic and micro-optical components and subsystems.

2.5.3 Out-of-Plane Polymer Refractive Microlens, Microlens Array,
Fiber Bundle Aligner

Integrated free-space optical benches are widely used in military, telecom-
munications, metrology, biochemistry, and so forth. Microlens and microlens
arrays are the important components in the integrated micro-optical system.
There are two kinds of conventional methods for fabricating the microlens or
microlens array. One is based on the surface tension needed to form the micro-
lens, such as reflow photolithographyed photoresist, inject polymer drop, and
press polymer through micro holes. Another is based on chemical or physical
removal of materials, such as ion-milling, dry-etching, and wet-etching.

The optical axis of microlens arrays fabricated with conventional approaches
is normally in the same plane as the substrate because the fabrication process
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is based on regular lithography and surface technologies. Integrated optical
systems often require the lenses” principal planes to be perpendicular to the
substrate on which the system is constructed. One approach is to use a flexible
hinge [32,33]. Another is using microstereolithography [34,35].

We reported a method to obtain a quasiparabolic surface for an out-of-
plane prealigned polymer microlens [25-29]. This out-of-plane polymer
microlens can be easily prealigned with other optical components with no
additional adjustment and assembly required, and dramatically reduce the
running cost and improve the quality and performance of the optical system.
The other optical components also can be fabricated by direct lithography
of SU-8. All of the optical components are prealigned with the same optical
axis in mask design, and no changes and adjustments between the mask and
the photoresist are needed during lithography.

The basic fabrication principle for out-of-plane, prealigned polymer refrac-
tive microlenses and microlens arrays can be explained using the schematic
diagrams shown in Figure 2.22. The intersection region as shown in Figure
2.22a was double exposed and formed the lens base. The intersected region
included four pieces of cylindrical surface with sharp edge lines as shown in
Figure 2.22b. The development rate for the unexposed SU-8, single-exposed
SU-8, and double-exposed SU-8 are different. By careful control of the expo-
sure dosage and the optimized development time, the double-exposed region
formed the microlens or microlens array as shown in Figure 2.22c.

Figure 2.23a shows an SEM image of a sample microlens array fabricated
using this method. Figure 2.23b shows the focus function of the out-of-plane
microlens and microlens array.

A simple application of the out-of-plane prealigned microlens and micro-
lens array [29] is to design and fabricate an integrated fiber coupler and fiber
bundle couplers. The substrate coated with 1100 pm-thick SU-8 100 was soft

Unexposed g d . Single-exposed
SU-8 );%)_S; Ellipse open SU-8 cylinders

Sharp edges
Double-exposed
Edges region formed
smoothed the microlens
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FIGURE 2.22

Combining microstereolithography and thick resist UV lithography for 3D microfabrication.
(a) Two cylindrical beams used to expose the negative resist. Exposed regions are kept and the
unexposed regions removed in development. (b) The intersection region formed by two cylin-
drical beams is doubled-exposed and formed the lens base. (c) After development, the sharp
edges were rounded and a smoother surface profile is obtained.

© 2007 by Taylor & Francis Group, LLC



UV Lithography of Ultrathick SU-8 39

> YN R

(b)

FIGURE 2.23
(a) SEM image of an out-of-plane microlens array. (b) Microlens array and measured focus pads
of the out-of-plane microlens and microlens array.
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FIGURE 2.24
SEM images of fiber bundle coupler. Each pixel of the microlens array and fiber-fixing grooves
are pre-aligned together.
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FIGURE 2.25
.(a) SEM image showing one pair of optical fibers inserted in a prototype fiber bundle coupler;
(b) optical image of the fiber coupler with light supplied.

baked and tilt exposed for the biconvex microlens or microlens array with
optimized exposure dosage. After the exposure for the biconvex microlens or
microlens array, a shield mask was placed on the optical mask to cover the
regions for the biconvex microlens or microlens array, and exposure for fiber
fixing grooves with different exposure dosage was conducted. The sample was
then postbaked and developed. The exposed regions of SU-8 formed the micro-
lens array and fiber-fixing grooves as shown in Figure 2.24 [30]. Figure 2.25
shows a photograph of the fiber coupler with just one pair of fibers inserted and
light from a laser diode (wavelength of 635 nm) supplied to the fiber pair [30].
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2.6 Conclusions

In this chapter, we have presented some detailed discussions on optical
lithography of SU-8. Detailed processing tips have been provided. In addi-
tion, we have also presented some theoretical and experimental studies on
air gap effects on the lithography quality of ultrathick SU-8 resist and the
method to compensate for it. The combination effect of diffraction compen-
sation, wavelength selection, and one-direction agitation development is
present by ultra-high-aspect-ratio SU-8 microstructures. SU-8 tilted lithog-
raphy and its application are also presented. Some representative applica-
tions of UV lithography of SU-8 in microfluidics and micro-optics have also
been presented.

The polymer out-of-plane microlens can be fabricated using direct tilted-
lithography of SU-8 resist. The microlens array fabricated this way is perpen-
dicular to the substrate without requiring any assembly or adjustment, and
can be designed to any prealigned positions. With optical components pre-
aligned in mask design, it is possible to have all components integrated onto
a single platform for an optical bench without any assembly or adjustment
required. Unique microfluidic components and systems can also be made
using the direct lithography method as demonstrated by the micromixer and
the hydrofocusing unit for the microflow cytometer presented in this chapter.
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3.1 The LIGA Process: A Brief History

The LIGA process was initially developed in the late 1970s at the Forschung-
szentrum Karlsruhe (FZK) as an alternative way to produce very small
slotted nozzles for uranium isotope separation [1,2]. These separation noz-
zles were to be made from metal, with small lateral dimensions of a few
micrometers, and several hundred micrometers tall. A large number of them
had to be arranged in a cascaded array in order to achieve a high separation
yield. While silicon-based MEMS technologies allow batch production of
structures with small lateral dimensions, it is the LIGA process—a combi-
nation of deep-etch x-ray lithography with synchrotron radiation (LI), elec-
troforming (G = Galvanoformung [German]), and molding (A = Abformung
[German])—that was proposed and developed to build these structures.

From its beginning LIGA was in competition with, but also used comple-
mentary to, commonly practiced micropatterning techniques such as wet-
chemical etching of single-crystalline silicon [3], or dry-etching processes by
means of low-pressure plasma [4]. Typical structure geometries are similar,
but material choices, including polymers, metals, and ceramics, as well as
production methods, are significantly different. Materials for LIGA micro-
structures can meet a broad range of application requirements, for example,
optical transparency, mechanical stiffness and hardness, electrical conduc-
tivity, and magnetic properties, and offer additional design freedom to
MEMS system engineers [5]. As a consequence, hybrid systems such as
millirotational motors, linear motors, micropumps, photonic systems, and
various analytical devices assembled with high-precision LIGA components,
are currently being developed and introduced into the marketplace [6-12].

The goal of this text is to briefly introduce the reader to the technology
basics of the three main LIGA process steps, demonstrate the properties of
LIGA microstructures, and provide some examples used in various MEMS
applications.
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3.2 The LIGA Process: A Brief Introduction

The three main steps of the LIGA process are:

* Deep x-ray lithography (DXRL) typically using x-ray photons emitted
from a synchrotron source to shadow print microstructures from an
x-ray mask in an extremely precise manner into thick resist layers;
the actual pattern is produced in a subsequent wet-chemical devel-
oping process.

e Electroplating is employed to fabricate complementary metal micro-
structures used either as an end product or mold insert.

e Molding techniques such as injection or reaction molding and hot
embossing are used to replicate the microstructures in a cost-effective
way suitable for mass production in a great variety of materials.

A typical fabrication sequence is illustrated in Figure 3.1 and described in
the following text. The absorber pattern of an x-ray mask is transferred into
a thick resist layer by shadow printing with synchrotron radiation (step 1).
The thick resist layer is applied onto a conductive substrate used as a cathode
in the electroplating process. Polymethylmethacrylate (PMMA) or Plexiglas®,
a positive resist, and SU-8 [13], an epoxy-based negative resist are commonly
used as x-ray resists. Within the irradiated sections, the x-ray photons are
absorbed and lead to radiation-induced changes of the resist materials. For
example, in PMMA resist, main-chain scissions occur reducing the molecular

FIGURE 3.1

Typical sequence for the production of microstructures using the LIGA process. The primary
pattern is generated by deep x-ray lithography using synchrotron radiation (1) and wet chemical
development (2). Next, electroplating typically manufactures metal microstructures as a mold
insert (3). Replication techniques (4) such as injection molding or hot embossing enable cost-
effective mass production of LIGA parts (5) in a variety of materials.
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weight of the irradiated material so that it can be selectively removed in an
appropriate developer (step 2). By means of electroplating of metals, includ-
ing copper, nickel, and nickel alloys, the complementary microstructure
pattern is grown from the conductive substrate (step 3). This process can
be terminated at the height of the resist template resulting in metal micro-
structures, or continued up to several millimeters in height forming a mas-
sive metal block. After stripping the remaining PMMA resist and further
polishing and machining, this block can be used as mold insert for repli-
cating the microstructures into polymers or ceramic materials by employing
replication techniques including reaction injection molding, injection mold-
ing, or hot embossing (step 4) resulting in a replicated microchip as the final
product (step 5).

3.3 Deep X-Ray Lithography Process

Employing x-ray photons for patterning microstructures is, in principle,
similar to the use of UV light. However, light source, mask, and resist mate-
rials, as well as light-matter interaction are significantly different and will
be briefly discussed in the following paragraphs.

3.3.1 Synchrotron Light, Beamlines, and Scanner

In order to cost-effectively use x-rays for patterning of microstructures, a
suitable light source like a synchrotron is required. In a synchrotron, charged
particles forced onto a circular orbit and traveling nearly at the speed of light
are generating a continuous radiation spectrum, so-called synchrotron radi-
ation, ranging from the infrared to the hard x-ray regime [14]. Synchrotron
radiation forms a homogeneous narrow fan in the direction of propagation
with a Gaussian-shaped profile perpendicular to it.

Synchrotron radiation is a powerful tool for many fields in basic and
applied science including physics, chemistry, and biology as well as in
microengineering, and a number of dedicated synchrotron light sources have
been built and are operated serving the growing demands of the scientific
community [15].

Table 3.1 summarizes the basic synchrotron radiation properties and the
interested reader will find further information about this powerful scientific
tool in [14].

The spectrum and total emitted power are defined by the characteristics
of the source, such as maximum electron energy (E) and electron current (I),
radius of curvature (r,) of the bending magnets, and distance of the experi-
ment to the source point. The spectrum of a synchrotron light source can be
qualified by the characteristic energy (E.) or corresponding wavelength (A.)
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TABLE 3.1

Important Properties of Synchrotron Radiation

Continuous light spectrum ranging from the infrared to the hard x-rays

High intensity

High degree of collimation (nearly parallel light)

Clean environment—light is generated inside an ultrahigh vacuum system

High stability of intensity and source position ensuring predictable experimental parameters
Long beam lifetime (more than 10 hours) allowing experiments with quasi-constant conditions
Well-defined structure enabling time-resolved spectroscopy and imaging experiments

that describes the photon energy at which the power spectrum is divided in
half. The basic properties of the light source can be calculated from Equations
3.1 through 3.3 [16]:

Total energy loss per revolution

E*[GeV] |

P[kW]=88.5
1o[m]

[A] 3.1)

Characteristic energy and wavelength, respectively, of the emitted synchro-
tron spectrum

3
E.[eV]=2218 ElGev] A [A] = 5.59?[7“‘] (3.2)
rolm] E’[GeV]
Vertical opening angle of the emitted light cone
2
S R [ s - (3.3)
v E[GeV]

For example, using Equation 3.3 the vertical beam width for the CAMD
(Center for Advanced Microstructures and Devices at Louisiana State Univer-
sity (LSU) in Baton Rouge, Louisiana) storage ring (electron energy = 1.3 GeV)
is calculated to approximately 0.4 mrad resulting in a typical vertical Gaussian
intensity distribution of 4 mm full width half maximum (FWHM) at the mask-
resist plan at a distance of approximately 10 m from the source point.

In the 1970s, the use of synchrotron radiation as a short wavelength light
source was already being intensively discussed for lithographic patterning
of small microelectronic circuits [17,18]. X-ray lithography was a serious
contender for the next generation lithography (NGL) and dedicated compact
synchrotron light sources like HELIOS 1 [19] designed by Oxford Instru-
ments were built and operated successfully [17]. In the early 1980s a second
property of x-rays—their large penetration depth into matter—was then
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considered for patterning of tall structures using deep x-ray lithography
(DXRL) shadow printing [20]. This initial effort grew to the point that today
a number of dedicated synchrotron radiation facilities worldwide provide
easy access and sufficient beamtime for many users from academia and
industry, enabling continuous process improvement and commercial use
[21-24].

CAMD at LSU in Baton Rouge, LA, is one of these dedicated synchrotron
radiation facilities with a strong program in LIGA technology [25]. The ring
delivers light from 8 bending magnets as well as one insertion device—a 7-
Tesla superconductive wiggler—to its users, and four microfabrication
beamlines offer a large variety of patterning opportunities using soft and
hard x-rays. The exposure spectra for the bending magnet and wiggler
sources are shown in Figure 3.2, representing typical light spectra used for
x-ray lithography.

Figure 3.3 illustrates the schematic setup of an x-ray micromachining beam-
line at a synchrotron light source. The ultrahigh vacuum x-ray beamline is
directly attached to the vacuum system of the electron storage ring. A number
of safety components including gate valves, a fast-closing shutter, and pho-
ton- and Bremsstrahlungs-shutters ensure both a vacuum- and radiation-safe
operation of the beamline. The beamline is terminated by an exposure station
or x-ray scanner. The x-ray scanner in its simplest design consists of a vacuum
chamber and houses a linear motion stage that moves the mask or substrate
assembly vertically across the narrow, collimated synchrotron beam. By using

0.5
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Photon energy (eV)

FIGURE 3.2

Power output for an average current of 100 mA as a function of photon energy for different
CAMD source points and wiggler operating conditions. The low energy part of the “white
spectra” is typically absorbed by a vacuum window made from beryllium resulting in photon
energies of the exposure spectrum ranging from 2 keV to 40 keV.
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FIGURE 3.3

Schematic of an x-ray beamline attached to an electron storage ring. At the end of the beamline,
an exposure station or x-ray scanner houses a linear motion stage carrying the mask and
substrate assembly perpendicular or at a desired angle across the synchrotron beam.

this scanning method, a uniform dose deposition across the entire mask field
of up to 100 mm is ensured. Typically, the ultrahigh vacuum beamline is
terminated by a beryllium foil, so-called window, separating the beamline
vacuum system from the vacuum system of the scanner. A filter unit either
located in an additional vacuum chamber in front of the exposure station or
inside the scanner chamber accommodates different filter materials, which
can be inserted into the beam in order to adapt the synchrotron spectrum to
the resist thickness.

As an example, commercial scanners operated at CAMD are shown in
Figures 3.4a and b. Besides regular normal incident exposures, these scanners
also provide more advanced exposure techniques including aligned, tilt, and
tilt-and-rotate exposures (DEX 2) as well as large-format exposures (DEX 3),
More information about the scanners is available from Jenoptik Mikrotechnik
GmbH, Germany.

3.3.2 X-Ray Mask

A critical tool for x-ray lithography is the x-ray mask, which contains the
structure design information. Compared with quartz glass masks used in
conventional optical and UV lithography, architecture and commercial avail-
ability of x-ray masks is significantly different.

While glass is transparent for UV and visible photons, x-ray transparent
mask substrates typically consist of low-atomic-number materials. Beryl-
lium, carbon (amorphous or glassy graphite), and polyimide are suitable
substrates with acceptable thicknesses ranging from 50 to 1000 pm, while
a few micrometer-thin membrane masks from silicon, silicon-nitride, dia-
mond, or titanium offer an alternative option. Mask contrast is achieved
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(b)

FIGURE 3.4
(a) DEX 03 scanner inside the radiation hutch at the CAMD XRLM 4 beamline. (b) DEX 02
scanner inside the radiation hutch at the CAMD XRLM 1 beamline.

using high-atomic-number material, typically gold, forming the absorber
pattern. The thickness of the gold absorber ranges from a few micrometers
when using soft x-ray photons (1 to 4 keV photon energy) up to 50 pm and
more when using hard x-ray photons (50 keV) [26]. Due to this wide range
of photon energies as well as different specifications regarding resist thick-
ness, resolution, and structure tolerances, no standard mask fabrication pro-
cess exists, but individual solutions are used [27-32].
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FIGURE 3.5

(a) Optical lithography and gold plating used to fabricate x-ray masks with critical dimensions
down to 10 pm. (b) A combination of optical and soft x-ray lithography with subsequent gold
plating is used to fabricate x-ray masks with critical dimensions down to 2 pm.

Mask fabrication combines a number of techniques starting with electron
or photon or laser beam writing of the initial design onto a chromium or
optical mask substrate. The optical mask will then be transferred into a thick
optical resist, for example up to 70 pm-thick SU-8, using optical lithography
(Figure 3.5a) [32]. After exposure, baking, and development, the resist struc-
ture is used as a template and the open areas are filled with gold by electro-
plating. Resist removal and mask mounting onto a support ring completes
the process. Masks fabricated with this rapid prototyping approach have,
typically, the smallest feature sizes of 8 pm for a 15 um-—thick resist, which
will increase with thicker resist layers. Short mask fabrication times of
approximately 3 days is attractive for performing initial exposure tests and
is commonly practiced when exploring new designs.

For designs with smaller critical dimensions, the optical lithography is
done into a thinner, positive resist (3 to 10 um thick) and after development
approximately 2 to 6 um-thick gold is electroplated into this template (Figure
3.5b) resulting in the so-called x-ray intermediate mask. Using soft x-rays
from a mirror beamline, the pattern is then transferred into a thicker positive
resist, for example, 10 to 80 um PMMA. After development and gold elec-
troplating, a so-called x-ray working mask is completed containing very fine,
micrometer-sized structures. Typical fabrication time for working masks is
2 weeks with significantly higher costs compared to the rapid prototyping
approach but also superior critical dimensions.

For even smaller, submicrometer critical dimensions, high energy electron
beam lithography (100 keV) has to be employed directly into 2 to 3 pm-thick
electron beam resist. After development, this pattern serves as a template
for gold electroplating resulting in the x-ray intermediate mask, which will
then be transferred with soft x-ray into the final working mask, similar to
the process scheme illustrated in Figure 3.5b. Figures 3.6a through 3.6¢c show
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different examples of x-ray masks illustrating the wide range of technical
solutions available today. Figure 3.6a demonstrates approximately 1 pm
small features on an electron-beam-written x-ray intermediate mask [33]
(mask fabricated by the Institut fiir Mikrostrukturtechnik, Forschungszen-
trum Karlsruhe) and a successful soft x-ray lithography copy into approxi-
mately 6 pm-thick PMMA resist performed at the CAMD XRLM 1 mirror
beamline (grazing angle of the Cr-coated silicon mirror was 1°).

Typically, the pattern of an x-ray mask can cover an area of up to 85 mm
on a 100 mm-wide substrate. However, when using thin membrane masks,
a free-standing membrane size with this dimension cannot be fabricated
reliably. Instead, smaller open areas are etched into the silicon wafer as
illustrated in Figure 3.6b. A third example, an x-ray working mask made on
a beryllium substrate, is shown in Figure 3.6c. This mask was copied from
an x-ray intermediate mask resulting in a gold height of approximately 30
Um with accurate control of dimensions down to 2 pum.

3.3.3 Resist Application and X-Ray Exposure

PMMA and SU-8 are commonly used x-ray resists, with most of the initial
work in LIGA being done in PMMA because of its high resolution and good
availability. One challenge is to apply uniform resist layers over a wide range
of thickness from micrometers to millimeters. For PMMA, a number of
methods including casting and in-situ polymerization [34] as well as gluing
or solvent bonding of PMMA [35] sheets have been invented and are rou-
tinely applied for substrate coating. A main advantage of the latter methods
is the use of well-defined, high-molecular-weight PMMA sheets that will be
bound to the substrate in a press at room temperature. Uniform resist per-
formance across the entire substrate with minimum stress in the glue layer
are unique properties of these methods. The adjustment of the resist height
is achieved by fly-cutting the initial PMMA sheet to the desired height within
a +5 um tolerance. Figure 3.7a shows an example of a PMMA sheet firmly
attached to a silicon substrate and ready for exposure using the solvent
bonding method [35]. Substrates suitable for the x-ray lithography process
include silicon and ceramic wafers as well as steel and copper blanks. Various
methods of surface treatment are employed to ensure good adhesion of the
PMMA resist to the substrate surface. The commonly used seed layer on
silicon and ceramic wafers is sputter-deposited titanium, which is wet-chem-
ically etched prior to applying the PMMA resist [34]. Best adhesion results
on substrates with a titanium surface are achieved through a combined
chemical bonding and mechanical locking due to the surface porosity of the
wet-etched titanium [34].

In the case of SU-8 resist, single and multiple spin-coating as well as casting
are commonly used methods allowing to resist layers to build up to several
millimeters in thickness [36,37]. While controlling the solvent contents of
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FIGURE 3.6

(a) Approximately 1 pm-diameter gold post on intermediate mask (top) and copy into approx-
imately 6 pm-thick PMMA resist (bottom). (b) 2 um-thick silicon nitride mask covering a 4"
wafer with seven exposure fields. (c) Be mask with gears and a patterned field of 85 mm o
(top) and detail of Au absorber of test structures (bottom).
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(b)

FIGURE 3.7
(a) Three millimeter—thick PMMA sheet solvent bonded to a silicon substrate. (b) Four milli-
meter—thick SU-8 layer applied to a silicon substrate using the double-dry chip casting method.

spin-coated SU-8 layers is possible up to a height of approximately 500 um,
thicker layers show a nonuniformity of the solvent contents over the height,
and consequently nonuniform lithography performance compromising the
structure quality [36].

Although hard x-ray photons easily penetrate through matter, in particular
organic materials like resists, photon absorption and energy transfer into the
polymer [38] has to be considered when choosing the right exposure condi-
tions. Consequently, the amount of absorbed energy in units of J/cm?® is a
measure for dose instead of the incident power per area commonly used in
optical lithography [39]. Furthermore, two dose values are commonly
used—the top dose defining the amount of energy absorbed at the resist
surface, and the bottom dose indicating the minimum dose required at the
resist-substrate interface to fully destroy the resist and make it soluble (see
Figure 3.8).

In order to properly expose the resist, the top to bottom dose ratio should
not exceed a value of 5 for PMMA resist. This ratio further decreases for
thicker resist layers in order to prevent foaming of the surface layer. A third
dose is related to the dose that is absorbed underneath the gold absorber.
This dose, the so-called critical dose, determines the minimum gold absorber
thickness needed to sufficiently absorb the synchrotron radiation.

Dose calculation and optimizing exposure conditions benefit from the
properties of synchrotron radiation, namely, that the incident power spec-
trum can be precisely calculated from the machine and operating parameters.
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FIGURE 3.8

Exposure doses used in x-ray lithography. Critical dose: maximum dose underneath absorber
to avoid development. Top dose: maximum dose allowed at the top of the resist before foaming
or bubble formation occurs. Bottom dose: minimum dose required at the resist-substrate interface
to completely dissolve the resist.

Beamline properties as well as absorption coefficients from window, mask,
filter, and resist materials are included in a program named DOSESIM [40]
and offer a convenient way to perform the calculation. The basic equation
for dose calculation is presented in Equation 3.4 [41].

NetanqoeE L1
D@ /e 1 = 142010 e e F ]

hong A - WM (3.4)
j G3(59) Mg (W) - e o2 T[]
. A
where:

D(z) Absorbed dose [J/cm?®] in depth z

E Electron energy [GeV]

E, Rest mass electron [GeV]

7o Radius of curvature of bending magnet [m]

R Distance source to scanner [m]

I Electron current [A]

H Scanning height [mm]

G; Universal spectral distribution function

A Characteristic wavelength of the source

(A Linear absorption coefficient of i-th material [1/pm]
Thickness of i-th absorber [um]
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TABLE 3.2

Comparison of Typical Exposure Dose Values for PMMA and
SU-8 Resists

Property PMMA Resist SU-8 Resist
Top Dose [J/ccm?] Maximum 20,000 Less than 100
Bottom Dose [J/ccm?] Minimum 4,000 Minimum 15
Dose Ratio <5 <7

Critical Dose [J/ccm?] <100 < 0.05

Besides resist performance, exposure costs are another critical factor, espe-
cially for commercial applications. Systematic studies have been performed
comparing PMMA and SU-8 resist for x-ray lithography applications [42—44].
While key structure features, such as sidewall verticality and roughness are
comparable, SU-8 is of superior sensitivity allowing patterning of millime-
ter—thick resist layers in only a few minutes (see Table 3.2).

It should be mentioned, however, that the extreme sensitivity of SU-8 requires
thicker gold absorber structures to more completely block the radiation.

Another critical issue of fully cross-linked SU-8 resist is the inability to
fully remove the cross-linked material [45], limiting the use of this resist
predominantly to applications where the final product is made from SU-8.

3.4 High-Aspect-Ratio LIGA Structures

Examples of high-aspect structures made from PMMA and SU-8 are shown
in Figures 3.9a through g. The examples also demonstrate typical LIGA
properties such as smooth and vertical sidewalls, and arbitrary, two-dimen-
sional geometry.

Besides the increased sensitivity, SU-8 also offers the option of building
multilevel microstructures by performing the basic SU-8 process multiple
times. Figure 3.9g shows an example of a three-layer structure fabricated by
combined optical lithography and x-ray lithography, respectively.

An important feature of LIGA resist structures are vertical, smooth side-
walls. Early work performed at the Forschungszentrum Karlsruhe/Insitut
fiir Mikrostrukturtechnik showed that LIGA sidewalls are nearly perfectly
vertical, showing a slope error of only 0.04 pm per 100 pm of resist height
[34]. This value has been confirmed in later experiments by other groups
[46-48]. When using harder x-ray photons, for example from the CAMD
wiggler source, this value has to be slightly corrected, to approximately 1um
per 100 pm of resist height [49], due to increased dose deposition from
secondary radiation [50,51] in the shadowed resist areas, primarily due to
larger penetration depth of high-energy x-ray photons and photoelectrons.
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FIGURE 3.9

(a) Approximately 2.5 mm-tall gear patterned into PMMA. (b) Approximately 1.5 mm-tall free-
standing PMMA mesh with approximately 150 pm~thick ridges. (c) Approximately 3 mm-tall
posts in SU-8. The gap between adjacent posts is approximately 300 pm.

The contributions to any measured deviation from a perfectly vertical
sidewall are manifold and include engineering as well as fundamental effects
[52]. Inaccuracies in scanner motion during x-ray exposure, high but not
perfect selectivity of the developer, or a sloped absorber sidewall profile are
engineering effects related to the performance of the process and as such can
be more readily controlled. The more fundamental limits are related to pri-
mary effects including natural divergence of the synchrotron light source,
Fresnel diffraction at the absorber pattern and penetration depth of photo
electrons into shaded areas [53] as well as secondary effects from fluorescence
light produced by the mask and the substrate materials [54,55] and thermal
effects [56] in the mask and resist [57].
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1.5 kV x58.0

FIGURE 3.9 (continued)

(d) 20 pm grating pattern in SU-8 in 400 um height; close-up illustrates high patterning accuracy
at the substrate-resist interface.’® (e) Fluid channel structure with approximately 5 um-wide
post pattern on a graphite substrate to provide a densely packed column. (f) 1 mm-tall conical
posts in SU-8, achieved with 6x tilt-and-rotate exposures as an example for tapered sidewalls.
(g) 3-level SU-8 structure fabricated by combined optical and x-ray lithography, total height is
1.5 mm, of a microengine.

By combining x-ray lithography with other microfabrication processes,
multilevel and quasi-three-dimensional microstructures [58] are possible.
One example involves using a sacrificial layer (titanium) and aligned x-ray
lithography exposure to build acceleration sensors that are partly anchored
to the substrate and partly released [59]. By performing this process on a
complementary metal oxide semiconductor (CMOS) substrate, very compact
acceleration sensors with minimum length of conductive wires connecting
the sensor electrode with the underlying CMOS circuit have been built and
successfully tested [60].

Development of tall, narrow microstructures is a challenging task. With
developing times for millimeter-tall PMMA microstructures of several days,
developer, developing procedures, and parameters have to be carefully cho-
sen to ensure excellent structure properties, and systematic results are
reported in a number of publications [61-64].
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3.4.1 Electroplating of DXRL Microstructures

The electrodeposition of metals and alloys plays an important role in the
fabrication of LIGA or UV-LIGA microstructures, for example, electrolytic
gold deposition in the mask fabrication technology or nickel deposition for
the production of mold inserts. Among metals and alloys, nickel and copper
are two of the most commonly used in microfabrication. In this section, a
very brief introduction to electroplating technology, specifically for plating
of Ni, is given. Interested readers are encouraged to read the book by
Schlesinger and Paunovic [65] and various publications in the LIGA field
[66-68] for further information.

Electrodeposition, or electroplating, is a technology that deposits a functional
surface layer on metals or metalized, nonconducting materials, for example, to
enhance corrosion resistance or for decorative applications. In this process a
solid metal surface is grown on a conductive cathode when a potential is
applied between the anode and cathode inserted into a bath of metal salts [65].
The process requires strict control of several parameters, including the salt and
buffer concentrations, pH, and temperature of the bath, to deposit the metal.
Other conditions, such as the applied potential, bath current, pattern geometry,
and rate of mixing in the bath, also affect the uniformity of the deposition.

3.4.1.1 Basic Principle of Electrodeposition

Electroplating is basically an electrochemical reaction induced by the current
(or potential) applied between the two electrodes. The metal salts are dis-
solved into the electroplating solution (electrolyte). The current flowing
through the plating tank is a flow of positive ions (electron in opposite
direction), and it can be used to measure the reaction rate.

The anodic process is oxidation,

M— M" +ne, (3.5)

while a reduction reaction happens at the cathode:

M"™ +ne” — M. (3.6)

If the current efficiencies at both the anode and cathode are assumed to be the
same, there would be no change in mass of the metal ions. Figure 3.10 shows
schematically a basic setup for electroplating. It consists of electrodes (anode
cathode, and sometimes a reference, too), an aqueous-metal solution, and a
DC or AC power supply.

To keep the plating solution clean, some type of filtration mechanism is
occasionally used. Mechanical mixing of the solution enhancing plating uni-
formity is typically employed, too.
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Current supply
(or potential supply) Mixer
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(plating sample) Zreduction
—reduction
Water bath with
temperature control
FIGURE 3.10

Schematic setup of an electroplating experiment.

The plating seed layer, which is normally a thin metal film deposited on
the substrate, serves as the cathode. The anode is the metal from the plating
ions. An electrical potential is applied across the electrodes, which are
inserted into the tank filled with the electrolyte (salt plating solution with
the targeted metal ions). A current flow is formed between the cathode and
the anode and through the electrolyte solution. When the metal ions in the
electrolyte obtain electrons from the cathode, they are reduced to nano-sized
metal particles and deposit on the surface of the metal film coated on the
substrate.

In LIGA or UV-LIGA, Ni is commonly electroplated because it has excellent
electroplating properties. The aqueous-metal solution is made of nickel
(Ni?*), hydrogen (H*), sulfate ions (SO,*), and additives such as sodium
lauryl sulfate (CH;(CH,);;OSO;Na). With an external electric field applied,
nickel ions are attracted to the negatively biased cathode. The nickel ions
that reach the cathode receive free electrons and are converted to metallic
nickel at the cathode surface forming the electrodeposits. Simultaneously,
nickel anodes produce ions in the plating solution by the electrochemical
etching process. Hydrogen ions, which also gain electrons from the cathode,
form bubbles of hydrogen gas. The formation of hydrogen gas is undesirable
because it lowers the plating efficiency and the bubbles can obstruct the
deposition of the intended electrodeposit [69].

3.4.1.1.1 Galvanostatic and Potentiostatic Plating

Galvanostatic plating is the process in which a constant current is supplied
across the bath with no direct control of the bath potential. Potentiostatic
plating is the process in which the potential across the electrodes is controlled
at a required level. The galvanostatic plating technique is commonly used
for electroplating processes with an established relationship between the
current and overpotential. The advantage of this method is that it does not
require complex electronics, such as an electrochemical potentiostat or a
reference electrode. It is typically carried out using a heated bath, standard
cathode, and a constant current power supply. Potentiostatic electroplating
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is sometimes preferred in electroplating alloys or multilayer structures such
as giant-magnetoresistive (GMR) film because mixed plating baths are com-
monly used and selective electroplating is achieved with controlled poten-
tials across electrodes.

3.4.1.2 Electroplating Rate and Calculation of the Deposition Thickness

Theoretical calculation of electroplating rate and thickness could be per-
formed using Faraday’s law.

w=Te 14 (3.7)
F-n

el

where w is the amount of metal deposited at the cathode or dissolved at the
anode in grams, A, is the atomic weight of the metal to be plated, n, is the
number of electrons involved in the reaction, F = 96487 (C/mol) is Faraday’s
constant, I is the current flowing through the plating tank, and ¢ is the
electroplating time.

This calculation assumes that all of the current is effectively used in the
deposition or dissolution of the metal. In practice, secondary electrochemical
reactions may occur such as the reduction of hydrogen, which consume a
small percentage of the current.

Therefore, the previous equation needs to be modified as:

A
wpractiml =n- L. :Jl I-t, (38)

el
where 1 is plating efficiency.

The thickness of electroplated metal can be calculated by considering the
volume and density of the electroplated metals as follows,

w=p-A-h (3.9)

where p is the density of plated metal, A is the area being electroplated, and
h is the thickness of deposition. The deposit thickness can be determined as
follows,

A, -1t
h=n —w» ~— — 3.10
n p.A.F.nel ( )

and the electroplating rate can therefore be derived as,

dh A, -1 A, -
dt p-A-F-n, p-F-n

el
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where | is the current density. One of the most commonly electroplated
metals is nickel. We therefore will use nickel as an example in our calculation
here. The atomic weight of nickel is 58.69 g/mol, the number of electrons
involved n, =2, and its mass density p = 8.9g/cm?. Using Faraday’s constant,
the thickness of electroplated nickel can be calculated as,

Hom]= A Lot _ 58.69

=1 .i.tzL.].t, (3.12)
0-A-Fn, ' 89x96487x2 A 29263

where the unit for the current density ] is Amperes per unit square centimeter
and the time unit ¢ is in seconds. If we assume cathode efficiency to be 95.5%
and the current density chosen to be 10 mA/cm?, the time to electroplate a
thickness of 5 pm can be calculated to be about 25.5 minutes, and the time
required for electroplating 50 pm of nickel film is about 255.4 minutes. If the
electroplating current density is increased to about 50 mA / cm?, then the time
required to plate 50 pm-thick nickel film is about 51 minutes.

3.4.1.2.1 Surface Uniformity of Electroplated Metals

In general, the deposit thickness will not be perfectly uniform across the entire
plated area. The electroplating uniformity is affected by factors such as non-
uniform current distribution, the geometric factor, and the throwing power of
the plating solution. The local current density affects the deposition rate and
therefore the thickness of the metal deposition at that point.

There are several factors that affect the current density distribution on the
plating base: (1) geometries of the plating base, (2) the location and orienta-
tion of the particular part relative to the anode, (3) and the position and the
orientation in the plating bath. If a particular part of the sample is closer to
the anode, the equivalent electrical resistance is obviously smaller, and the
current density will be larger. The nonuniform current density consequently
results in thicker deposition in prominences and less thick depositions in
recessed areas. To obtain uniform electroplating, it is therefore critical to
maintain a uniform current density across the entire seed layer. In microfab-
rication processes such as LIGA and UV-LIGA, microsized plating molds are
normally prepared on the substrate so that only selected portions of the seed
layer on the substrate are exposed to the electroplating solution as illustrated
in Figure 3.11. As the template cavities on the substrate tend to have different
size and geometry, it is inevitable that there will be nonuniform current
distributions across the sample surface. This results in nonuniform electro-
plating across the sample surface. This has always been a challenging issue
in microfabrication [70]. Frequently, shields are adopted to improve the
uniformity of current density.

The throwing power of the plating solution also affects the electroplating
uniformity. Metal distribution is influenced by cathode polarization, the cath-
ode efficiency—current density relationship, and the electrical conductivity of
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FIGURE 3.11

Nonuniform current density by masking material.

the solution [71]. Throwing power can be determined experimentally. A
solution with high-throwing power is capable of depositing almost equal
thicknesses on both recessed and prominent areas. In addition the throwing
power can also be slightly improved by lowering the current density, increas-
ing the electrical conductivity of the solution, increasing the anode-to-cath-
ode distance, and raising the pH value and temperature.

3.4.2 Nickel Electroplating and Solutions

Because nickel is one of the most commonly electroplated metals in MEMS,
especially in the LIGA fabrication process, we will again use it as the exam-
ple. Generally, nickel sulfate solution (Watts solution) and nickel sulfamate
solution are used for nickel plating. Typical composition of the solutions and
plating parameters are summarized in Table 3.3.

Sulfate solution is most commonly used for decorative plating. Nickel
sulfamate solution is used for electroplating in engineering applications. It
offers high deposition rates, low residual stress, and good ductility. The
disadvantage is the relatively higher cost in comparison with nickel sulfate
solution. It is important to carefully maintain the solutions and continuously
treat them for impurities.

TABLE 3.3
A Typical Composition and Operating Conditions for Nickel Sulfamate Solution

NiSO, 6H,0 (Nickel Sulfate)

Ni(SO;NH,), (Nickel Sulfamate) 300450 g/L
NiCl,-6H,O (Nickel Chloride) 0-30 g/L
B(OH), (Boric Acid) 3045 g/L
CH,(CH,);;0SO;Na (Sodium Lauryl Sulfate) 1g/L
Temperature 40-60

Agitation rate 200 rpm

pH 35-45

Current density 20-150 mA /cm?
Deposition rate 25-85 pm/hr
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For most of the MEMS applications, sulfamate solution is preferred. The
nickel sulfamate is the primary source of nickel ions (Ni**). A potential problem
with this solution is hydrolysis of nickel sulfamate, which produces sulfate and
ammonium ions. These greatly increase the tensile stress of the deposit. To
avoid hydrolysis of the nickel sulfamate it is important to maintain the tem-
perature below 65°C and the pH above 3.0. Nickel chloride has a pronounced
effect on stress and also causes anode corrosion. However, it also increases
conductivity, thereby reducing voltage requirements, throwing power, and uni-
formity of coating thickness distribution. The major concern, however, is that
chloride increases the internal stress of the electroplated nickel, which may have
serious consequences for microfabricated structures. Low chloride content
should be maintained for the minimum residual stress. A low concentration of
nickel chloride, however, is still needed for satisfactory anode performance.

Boric acid in the bath serves as a buffer and helps to control the pH of the
solution. Because the cathode efficiency (90 to 97%) is generally lower than
the anode efficiency (close to 100%), the nickel ion concentration and the pH
of the solution will slowly rise during the electroplating process. Regular
additions of sulfuric acid (H,SO,) are therefore required to adjust the pH.
Low boric acid concentrations may result in cracks in plated film. The rec-
ommended concentration depends on temperature, ranging from 30 g/L at
20°C to over 4 5g/L at 52°C [72]. High boric acid tends to salt out of solution
at lower temperatures and is difficult to redissolve [73]. Surfactant (sodium
lauryl sulfate) may also be added to lower the surface tension of the plating
solution to avoid air and hydrogen bubbles clinging to the sample being
plated. It may also affect corrosion performance [74].

3.4.3 Electroplating Quality and Influential Factors

Process quality control involves maintaining the concentrations of the main
constituents within specified limits, and controlling current density, temper-
ature, pH, agitation, and the purity of plating solutions.

3.4.3.1 Internal Stress

Existence of residual or internal stresses is a common problem with electro-
plated metals and alloys due to the effect of the electrocrystallization process
or the codeposition of impurities (hydrogen, sulfur, etc.) [75], especially when
thick layers of metal are plated as in fabrication of high-aspect-ratio micro-
structures (HARM). Lower residual stress can be achieved with sulfamate
nickel solution in comparison with using nickel sulfate solution, which is
more commonly used for decorative electroplating applications [76].

3.4.3.1.1 Current Density

As is evident from Equation 3.7, the current density | determines the elec-
troplating rate. Higher current density produces a higher plating rate, but
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has the disadvantage of higher residual stress and nonuniform electroplating
thickness. Research has found that 20 to 50 mA /cm? can be a reasonably
good plating current density. When the current density becomes higher than
approximately 100 mA /cm?, nonuniformity will appear. Electroplating with
controlled pulse current is also widely used to reduce residual stresses.

Within normal operating limits (20 to 150 mA /cm?), it has been reported
that current density and temperature have little effect on the hardness and
the structure of the deposits. On the other hand, current density has varying
effects on stress. It may fluctuate from compressive to tensile, and the prop-
erties and characteristics of the deposit are also affected by current density.
Increasing current density may cause a minor increase in tensile stress in a
bath that is free of chloride.

3.4.3.1.2 ‘Temperature

Temperature can influence the brightness range, throwing power, ductility,
hardness, internal stress, and burning characteristics. Stress has a pro-
nounced minimum at 50°C with value of about 13.8 MPa in tensile, increasing
uniformly above and below 50°C. In general, ductility of the plated metals
decreases rapidly as the bath temperature increases.

3.4.3.1.3 pH Value

The pH of the plating solutions significantly influences bath performance
[77]. The pH can affect the bright plating range, cathode efficiency, effects of
impurities, throwing power, stress, and the physical properties of the plated
metal. In a sulfamate solution for nickel electroplating, the stress increases
rapidly at pH values above 5.0 because of the codeposition of basic nickel
salts. Hardness in the sulfamate solution is also affected by pH. If pH rises
above pH 5.0, hardness increases and ductility decreases through codeposi-
tion of small amounts of basic nickel salts. It is therefore suggested that a
pH range of around 4.0 (3.9 to 4.1) be maintained. In normal operating
conditions the pH tended to rise and this was counteracted by the addition
of dilute sulfuric acid.

3.4.3.1.4 Agitation

Agitation is important to dislodge hydrogen or air bubbles from the cathode
surface, which might otherwise cause pitting. It is especially important for
electroplating into small holes or microfeatures as commonly needed in
microfabrication to enhance the movement of ions. Some researchers also
have reported dramatically improved electroplating results in MEMS using
megasonic agitation [77a]. Agitation also helps to maintain a uniform tem-
perature in the plating bath.

3.4.3.1.5 Filtration

Continuous filtration is often needed to keep the plating solutions free of
insoluble particles. They may be introduced through solid particles adhering
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to the sample, additions of impure chemicals, corrosion of bath components,
airborne particles, and so forth.

3.5 Molding of LIGA Microstructures

In the acronym LIGA, the A stands for Abformung, which is the German word
for molding. It was foreseen from the very beginning of LIGA that replication
via a molding process was the most viable means of commercialization and
mass production. Besides being a fast, highly automated production process,
molding also offers the advantage of a wide choice of materials including
polymers, ceramics, and metals.

Replication of parts by molding is an “old” technology. There are a number
of methods that come under the umbrella of molding. The processes most
applicable to molding of high-aspect-ratio microstructures discussed in the
course of this chapter are hot embossing (or thermoforming) and injection
molding. Information regarding other common molding processes can be
found in any modern plastic or polymer processing handbook [78].

Injection molding and hot embossing are thermal processes in which a ther-
moplastic polymer material is heated sufficiently beyond its softening temper-
ature to effectively change its shape to that of the mold. In the case of injection
molding, the polymer is melted from granular raw material and injected into
a chamber containing the mold insert as shown in Figure 3.12a. Typically, the
injection molding machine consists of a heated barrel (3) equipped with a
reciprocating screw (2) usually driven by a hydraulic motor (6), which feeds
the molten polymer from a hopper (1) into a temperature-controlled split cavity
containing the micromold insert (5). Heated injection nozzles and distribution
plates (4) enable optimized injection of the molded plastic into the cavity. The
screw melts the polymer and also acts as a ram during the injection phase. The
polymer melt is typically injected at several hundred atmospheres into the
cavity with overall filling times of less than one second [79].

For hot embossing, preformed polymer sheets are compressed using a
heated mold causing locally softening and deformation of the polymer sheet
(see Figure 3.12b). The hot embossing or stamping process uses a heated press
(platens (1) and (2) with guiding pistons (3)), into which an assembly of mold
insert (4) and polymer sheet (5) is placed. Ramping up the temperature above
the glass transition temperature (T,) of the polymer and closing the press will
allow pattern transfer from the mold insert into the polymer. Cooling down
below T,, opening the press, and taking out the structured polymer sheet,
completes the fabrication cycle, which typically takes several minutes.

Both processes require a vacuum when molding tall, high-aspect-ratio
microstructures, which enables proper filling of the mold with polymer and
also prevents “burning” of the polymer with air compressed in the micro-
cavities during the filling process.
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FIGURE 3.12
(a) Schematic of injection molding equipment and process (see text for details). (b) Schematic
of the hot embossing process (see text for details).

There are a number of thermoplastic polymers that are routinely molded
either by injection molding or hot embossing; however, the process for mold-
ing microstructures and especially high-aspect-ratio microstructures is quite
different from conventional “macromolding.” For most macroscale molding,
the mold inserts are held at a constant temperature (isothermal process),
usually below the glass transition temperature of the polymer. Micromolding
almost always involves a variothermal process [80], in which the molds are
also heated above the T, of the polymer during the mold fill step and have
to be cooled to below the glass transition temperature prior to the demolding
step. High-quality transfer of a pattern into polymer sheets is contingent on
choosing the correct set of embossing parameters, including molding tem-
perature, molding force, molding rate (the rate of displacement of the mold-
ing tool during the compression stage), hold time, demolding temperature,
and demolding rate. While all these parameters affect the quality of the
molding, molding temperature and force are the two most significant ones
as they ensure complete mold filling without excessive thermal or mechan-
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ical load on the mold insert or molded part. Advanced processing equipment
like the HEX 02 hot embossing machine from Jenoptik Mikrotechnik (Jenop-
tik Mikrotechnik, Jena, Germany) allows continuous control and measure-
ment of all the above parameters during the molding process, thus resulting
in a high degree of repeatability between process runs. Figure 3.13a shows
the open vacuum chamber of the HEX 02 machine at CAMD and Figure
3.13b represents a typical displacement-versus-temperature curve measured
during the embossing cycle of a PMMA sample [81,82].

This representation also provides good insight into the occurrences taking
place during the embossing process. In the region marked T <<T,, the curve
slopes downward because the expansion of the material and machine column
displaces the force unit in the negative direction. The curve levels out in the
region marked T ~T,, and starts rising as the polymer begins to soften
slightly and starts conforming to the mold insert face. When T > T,, the curve
starts sloping upward as the polymer loses viscosity and is beginning to flow
to the sides. This is the ideal zone for embossing the polymer because the
polymer is sufficiently viscous to flow, but does not flow too freely yet. When
T >> T,, the polymer has almost liquefied and hence the curve slopes up
sharply. At this point the polymer flows too freely and embossing in this
zone yields poor results.

Both injection molding and hot embossing have their advantages and
disadvantages, and a decision as to which process is used is often determined
by the application and microstructure details. Injection molding is better
suited for mass production of microparts as processing time is shorter and
the process can be easily fully automated. However, aspect ratios are limited
to somewhere around 20 [83] and features that are too small (< 50 um) tend
to break in the demolding step. Hot embossing is suitable for prototyping
and small series fabrication of replicated microstructures with typical cycle
times of 15 min [84], and smallest structures less than 10 pm wide have been
successfully replicated [85]. As hot embossing is a relatively gentle process
with low material flow and very slow processing rates, the produced parts
exhibit lower internal stress, making them ideal for optical components
[86-92] and molding of very high-aspect-ratio microstructures (up to 50 [83]).

Hot embossing is an additive process, in that the structure-forming mate-
rial is deposited only in those areas constituting the microdevice structure.
This is in contrast to bulk and surface micromachining where feature blanket
deposition of the structural material is followed by an etching, subtractive
process to realize the final device geometry. Similar to the silicon-based
micromachining processes, hot embossing can also be combined with pre-
structured, fragile substrates like CMOS wafers using an aligned hot emboss-
ing process. The final result is an integrated, compact mechanical sensing
and actuating device on top of signal controlling microelectronics [93-95].

Injection molding and hot embossing are well suited to combining pro-
duction capability with a wide choice of engineering materials to meet the
future demands of a variety of MEMS applications. While polymers are
commonly used in research and are the preferred material for many bio-MEMS
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(a) Open vacuum chamber of the HEX 02 hot embossing machine at CAMD. (b) Displacement
versus temperature curve measured during an embossing cycle (see text for details).

applications for producing cheap, disposable microfluidic chips [96-98],
replicated microstructures in ceramic and metal for generally harsh envi-
ronment applications or for devices with specific material properties, for
example, piezoelectric functions [99], are also in demand [100,101]. Shaping
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of metal microstructures typically uses the lost mold approach commonly
applied for dental applications [102]. The process starts with a molded
plastic part, which is embedded in a ceramic matrix. During the ceramic
sintering process the polymer is evaporated (pyrolisis) and completely
removed from the form. The cavity formed in the hard ceramic material is
then heated and evacuated, followed by injection of the melted metal mate-
rial, for example, using metal injection molding or centrifugal casting. In
the final step the ceramic material is dissolved (lost mold) releasing the
metallic microparts.

Patterning of ceramic microparts starts with making a fine, ideally nano-
sized ceramic powder of the desired ceramic material and thoroughly mix-
ing it with a polymeric binder forming the so-called feedstock. The feedstock
becomes the raw material for the subsequent replication process. The vis-
cosity of the feedstock is determined by the particle load as well as the
requirements of the replication process. For injection molding it has to be
low enough to allow sufficient flow through the injection channels, while
in hot embossing sheet material, so-called green tape allows the use of solid
material with a high particle load, which will only flow into the mold
cavities at elevated temperatures and high applied pressures during the
embossing step. After shaping the feedstock, the polymeric binder material
has to be removed at high temperatures (debinding) and the ceramic pow-
der will be compacted in a final sinter step typically achieving 98% of the
theoretical density. Along with this step goes material shrinkage of around
20% making it difficult to control the actual dimensions of the micrometer
scale features [83].

3.6 Application of LIGA Microstructures

Since the early 1990s, precision LIGA microstructures have been designed
and fabricated targeting applications in micro-optics, microfluidics, actua-
tors, and sensors [103]. Some of these early ideas have matured to the point
that commercial products have become available today. However, for many
of these potential products, small volume production of only a few hundred
or thousand parts is common practice, and scaling up of production volume
remains a key challenge. Today’s applications focus on life science and bio-
MEMS [104], thermal management [105], microreactor technology [106],
precision mechanics [6,107] and micro-optics [108,109]. Products developed
benefit from both a wide range of available materials and extremely small
and precise feature properties. The examples presented in the following
paragraphs illustrate ongoing efforts at CAMD and collaborating partners,
while other examples can be found in the literature [110-113].
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3.6.1 Mold Insert Fabrication

One of the main applications is the fabrication of robust, high-quality mold
inserts using an x-ray lithography—fabricated microstructure as a template.
Two different approaches are realized as illustrated in Figures 3.14a and 3.14b
[114]. Modification of these approaches, for example by using a prestructured
substrate before performing the LIGA lithography process, are also commonly
practiced and allow the fabrication of multilevel mold inserts [104,112].

Table 3.4 briefly summarizes the advantages and disadvantages of both
approaches, and indicates that there is no standard process, but different
choices taking into account the design and requirements of the application.

LIGA-fabricated mold inserts are typically made of electroplated nickel or
nickel-iron alloys. These tools are very robust compared to silicon tools,
however their quality and strength is largely dependent on the level of process
control that is maintained during the electroforming step. Figure 3.15a shows
the plated nickel “disc” still attached to the silicon substrate, while Figure
3.15b shows the front side after release from the silicon carrier.

Major challenges have been the overplating of large resist areas into which
narrow fluidic channels have been patterned, and to reduce stress in the
plated nickel to avoid or minimize bending of the substrate and the mold
insert. While the latter aspect has been achieved through bath optimization
as well as plating parameter adjustments, the uniform overplating is realized

Resist on stainless steel substrate patterned by X-ray lithography

/
| [ T

Plate nickel and Overplate nickel

I, Dolish structures and polish back down [

down to desired to down to flatness

height
] Dissolve Release structure
resist from steel plate and
dissolve resist
Iy Steel plate forms
mold base Overplated nickel
forms mold base
[ Resist
[ Nickel Final mold insert

[ Stainless steel

FIGURE 3.14

(Left) Fabrication of a steel-nickel mold insert suitable for larger LIGA structures. (Right)
Fabrication of a nickel mold insert using the overplating approach also suitable for submi-
crometer LIGA structures.
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TABLE 3.4

Advantages and Disadvantages of Mold Insert Fabrication Approaches

Plated-on Mold Insert

Overplated Mold Insert

Superior flatness because flatness is a function
of the machined substrate

Lower robustness as the interface between the
electroformed part and the substrate is
typically a weak interface; this also limits the
smallest feature size

Machined substrate serves the dual purpose
of a fixture for attaching mold to molding
machine

Shorter electroplating time

Flatness is dependent on stresses induced due
to electroplating conditions

Higher robustness because microscale
features and mold base are formed
monolithically; submicrometer structures
can be successfully replicated from these
mold inserts

Separate fixture must be fabricated and
machining is necessary in order to attach the
electroformed mold to molding machine

Longer electroplating time; especially for

large polymer areas, additional deposition of
a seed layer is required to ensure somewhat
uniform overplating

by depositing a thin gold film onto the structured resist providing a con-
ducting surface once the plating up of the HARM pattern is completed.
Figure 3.15b shows the thin gold film still on the actual nickel insert.

The growing interest in replicating nanometer-sized structures commonly
referred to as nano-imprint-lithography (NIL) has initiated research into the
molding of HAR submicrometer structures [115]. Figures 3.15¢ and 3.15d
show an early example of CAMD efforts. In this case the insert was fabri-
cated from an intermediate x-ray mask patterning an approximately 2
pum-thick PMMA resist applied onto a silicon substrate. The mold insert
has been electroplated into these structures using the overplating approach.
The final thickness of the insert is approximately 0.5 mm, similar to the
shims used for CD/DVD molding. Successful replication using a HEX 02
hot embossing machine (Jenoptik GmbH, Germany) is demonstrated in
Figure 3.15d showing the master structures on the insert (hexagon mesh)
and the corresponding hexagonal posts replicated in PMMA.

3.6.2 Precision Parts by Direct LIGA

3.6.2.1 Safety-and-Arming Switch

In the United States, the MEMS Exchange [116] offers a large suite of MEMS
fabrication services available through a number of providers. The CAMD
service group is providing LIGA services for the MEMS Exchange and had
the opportunity to fabricate prototype safe-and-arm switches for munitions.
This project uses a direct LIGA approach combining x-ray lithography and
nickel electroplating. Figure 3.16a shows details of the pattern including a 10
pum-wide spring structure on a graphite x-ray mask, while Figure 3.16b shows
a total of 16 wafers with approximately 300 pm-~tall nickel parts. Fabrication
steps include x-ray lithography, electroplating of nickel, polishing of the
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(c)

(d)

FIGURE 3.15

(a) Ni mold insert electroplated on a silicon substrate with microfluidic pattern. (b) Ni mold
insert after release from the silicon substrate. (c) Overview of a nickel shim/mold insert with
submicrometer features, (d) Hexagonal structures on mold insert (left) with smallest lateral
dimensions of 1 pm and 2 pm height; molded posts in PMMA (right) [114a].
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FIGURE 3.16

An x-ray mask and 16 identical 100 mm silicon wafers with 300 um nickel structures still
embedded in the PMMA template. (a) SEM picture of an x-ray mask showing a component
with 10 pm critical dimension. (b) 16 wafers exposed under the same conditions with identically
high yield results.

nickel surface, and resist removal. This semiproduction run illustrates that
high-yield production using direct LIGA is viable.

3.6.2.2 Nanobarcodes

For biorecognition applications, Nanoplex [117] is interested in patterning 5
to 10 um~—thick PMMA resist templates with submicrometer, densely packed
holes. These holes are used as templates to electrodeposit metal bar codes
consisting of alternating thin metal layers of discrete height. In collaboration
with the Institut fiir Mikrostruktur-technik/Forschungstram Karlsruhe
(IMT/FZK), an intermediate x-ray mask was directly patterned on a silicon
nitride membrane mask using a 100 keV electron beam writer. SEM images
in Figures 3.17a through 3.17c illustrate the current fabrication capabilities
for these microstructures. Figure 3.17c shows a reversed pattern of approx-
imately 8 um-tall PMMA posts patterned by soft x-ray lithography.
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(b)

FIGURE 3.17

Gold mask structure and copied PMMA pattern for nanobarcode application. (a) Approximately
1 pm-wide gold posts in ~2-um thick gold on intermediate x-ray mask. (b) Examples of test
arrays of submicrometer holes patterned onto ~6-pm thick PMMA using soft x-ray lithography
(left), close-up view of test field with ~0.6-pm wide holes (right).

3.6.2.3 Harmonic Drive® Microgears

Micromotion [118] is interested in receiving x-ray lithography—patterned
resist templates in 550 pm and 1050 pm heights, respectively, for nickel-iron
alloy electroplating and further assembly of Harmonic Drive® microgears.
Harmonic Drive gear assemblies are perfectly suited for precision position-
ing applications. The backslash-free microgear trains consist of only six
toothed wheels and are of interest for actuators in industrial robots, lens
adjustment and optical switches in micro-optics, and microdosing pumps
and surgical equipment in medicine [119]. In order to achieve the highest
levels of performance, the gears have to be fabricated in nickel-iron alloy
with very tight tolerances, nearly perfect vertical sidewalls (deviation from
a perfect sidewall of less than 1 um for a 1 millimeter—tall structure), good
control of absolute dimensions (better than 1 um), no defects, and in large
numbers in a batch process.

In a close collaboration among BESSY [120], CAMD, and MRT GmbH [121]
efforts have been focused on fabricating these gears with high yield and in
high quality in PMMA and SU-8 resist. While achieving all requirements at
the same time remains a major challenge and still requires process research
and optimization, the current status is encouraging and sufficient to deliver
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FIGURE 3.18
(a) Resist templates of SU-8 microgears ready for electroplating. (b) Assembled Harmonic Drive
gear train from nickel-iron parts. (Photos courtesy of Micromotion.)

prototype structures to different customers. Figures 3.18 illustrate the actual
accomplishments. The figure on the left shows x-ray lithography—patterned
SU-8 structures (approximately 100 gear assemblies covering an area of 85 mm
on a 100 mm silicon wafer) in 550 um and 1050 pm thicknesses, respectively,
ready for electroplating. The SEM picture to the right shows a completely
assembled drive made from electroplated nickel-iron parts. A remaining chal-
lenge to achieving high-yield production involves tiny defects on the mask
absorber structure resulting in imperfect gear and flexspline structures. The
main reason for the defects is imperfections on the surface of the beryllium
mask substrate and difficulties in performing the electroplating step there.

3.6.2.4 Polymer Chips for Bio-MEMS Applications

Replication techniques such as injection molding or hot embossing are crucial
for many applications in bio-MEMS where cost and large numbers of fabri-
cated devices are important. There are a number of groups and companies
that have specialized in producing polymeric microfluidic chips with stan-
dard designs as well as supporting the fabrication of chips with customer-
specific features [104,122-124]. Commonly used polymers include polyme-
thyl-methacrylate (PMMA), polycarbonate (PC), polypropylene (PP), and
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(b)

(c)

FIGURE 3.19
(a) Brass (left) and LIGA Ni (right) mold inserts with microfluidic structures. (c-d) Vertical
fluidic stack concept (left) and molded fluidic chips in glass slide (1" x 3") format (right).

recently cyclic-olefine copolymer (COC). In collaboration with LSU’s Center
for BioModular Multi-Scale Systems [125] (CBM?), the CAMD service staff
routinely fabricates fluidic chips for bio-MEMS applications. Depending
upon the needs, mold inserts are fabricated using micromachining, LIGA,
or a combination of both processes (see Figures 3.19a and b). Replication of
typical high-aspect-ratio structures is done by hot embossing, which is very
suitable for these geometries and also best meets the demand for fast turn-
around and the moderate number of chips typically needed for initial tests
of a given design. One focus of the joint research efforts is combining multiple
chips in a vertical stack [126] where each chip performs one specific operation
only. Passive alignment of sealed chips and optimized fluid interconnects
between them make execution of complex bioanalysis protocols easily pos-
sible (see Figures 3.19¢ and d).

3.6.2.5 Regenerators for Cryocoolers and Stirling Cycle Heat Engines

LIGA offers the possibility of producing small, well-defined features in tall
structures, an important advantage for heat exchanger and cooling device
applications. One example is a cryo-cooler, a device that removes heat from
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an environment that needs to be maintained at cryogenic temperature.
Regenerative heat engines and cryo-coolers use a regenerator to absorb and
release energy at appropriate times within a process cycle. An example of a
heat engine with a regenerator is a Stirling heat engine (described in any
thermodynamics text [127]), which is basically a Stirling heat engine running
in reverse. The regenerator typically consists of a porous solid matrix through
which a gas flows cyclically back and forth. In one direction, energy is
transferred from the gas into the solid matrix, while in the other direction
the gas absorbs energy from the solid matrix. A regenerator functions best
when the temperature difference between the solid and the gas at any posi-
tion within the regenerator is minimal, the pressure drop of the gas across
the regenerator is minimal, the axial conduction within the solid matrix in
the flow direction is minimal, and the dead space (total volume associated
with the pores in the regenerator) is small. In addition to these thermody-
namic parameters, the regenerator should be made from a material that is
strong and tough and resistant to damage from shock loads, compression,
and other factors.

A typical regenerator design is shown in Figure 3.20a. The assembled
device is basically a well-aligned stack of disks with each disk perforated
with an array of tightly packed microchannels providing high porosity with
minimized flow resistance and an extremely high heat transfer-to-volume
ratio. In addition, alignment holes for pins are included in the design allow-
ing for simple assembly of a stack of disks. Figure 3.20b shows a close-up
view of a nickel regenerator with a unique involute design that minimizes
axial conduction. The individual webs of each disk are about 14 pm wide,
and each web is separated by a gap of 90 um. The disks are around 250 um
thick and the regenerator consisted of a stack of 45 such disks. The disks are
fabricated using a direct LIGA process combining x-ray lithography and
electroplating of nickel. One complete disk is shown in Figure 3.20c together
with a mounting jig. Currently, cooling tests are being conducted and initial
results indicate improved performance.

In some very low temperature cryo-coolers (below 10 K), an additional
parameter becomes important: the specific heat of the solid matrix [128]. At
higher temperatures, the heat capacity of the solid is usually much greater
than the heat capacity of the gas slug, which cycles back and forth within
the regenerator. However, at extremely low temperatures, the specific heat
of many materials asymptotically approaches a value of zero. In such a case,
it is important to fabricate the solid matrix from a material with a nonzero
heat capacity, for example, lead or a variety of rare earth metals. Figure 3.21a
shows a nickel regenerator for another cryo-cooler design. In this case, each
disk is approximately 200 pm thick. A close-up view of the hexagonal holes
is shown in Figure 3.21b near one of the alignment holes. The hexagonal
pores are 40 pm wide from flat to flat. Using the inverse pattern made from
nickel or copper as a tool in an electric discharge machining (EDM) process,
this design can also be transferred into rare earth material, such as erbium
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(@) (b)

FIGURE 3.20

(a) A regenerator consisting of a stack of aligned, porous disks using pins. (b) Detail of a nickel
regenerator disk; channel walls are 14 pm wide and 250 pm tall. (c) Single disk (approximately
1"d) and mounting jig. (Courtesy of International Mezzo Technologies, Inc., Baton Rouge, LA.)

(see Figure 3.21c). A stack of such disks can be used on the cold end of a
very low-temperature cryo-cooler.

3.6.2.6 Examples of Precision Parts (HT Micro)

Commercial applications for deep x-ray lithography-based processing
include several broad categories such as microfluidics, micromechanics, and
micro-optics. Common to all the applications is the demand to mass produce
precision, high-aspect-ratio geometries of millimeter-scale components with
micrometer-sized features, while maintaining dimensional tolerances down
to the submicrometer range and using materials suited for and compatible
with a given application.

As an example, many biofluidic interfaces share these requirements. Figure
3.22a shows a 4-layer plastic component comprised entirely of PMMA and
fabricated with deep x-ray lithography. Within this component are 12 channels
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FIGURE 3.21

(a) Regenerator assembled from nickel disks; (b) close-up view of the pore structure of the
nickel disk, and (c) disk patterned in erbium using micro-EDM. (Courtesy of International
Mezzo Technologies, Inc., Baton Rouge, LA.)

that feed 12 reservoirs caged in by PMMA pillars, as shown in the detailed
photographs in Figure 3.22b. The PMMA cage structures consist of rows of
30 pm-diameter cylindrical pillars with a height of 300 pm, which reside on
33 pm centers resulting in rows of 3 x 300 um gaps. Another similar milli-
meter-sized biointerface structure with micron precision features is exhibited
in Figure 3.22c. This particular component, also constructed with multilayer
PMMA chips, contains features interfacing with three optical fibers (center)
and intended to be used as an optical biosensor.

Another set of components, springs, combines precision patterning using
deep x-ray lithography and electroplating of high-yield strength materials,
such as NiFe alloys [129]. By precisely controlling the structure features, a
simple spring-mass acceleration switch may be realized as shown in Figure
3.22d. The spiral spring supports a ring, which when accelerated, will contact
the outer rim or top (not shown) and bottom shoulder at a predefined
acceleration threshold.

The ability to maintain tolerances between high-aspect-ratio structures also
aids considerably in the ability to batch fabricate microactuators where a
small, micrometer-wide working gap can be maintained through a relatively
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FIGURE 3.22
(a) and (b) PMMA fluidic chips with flow filter structures. (c) Optical biosensor with fibers. (d)
Acceleration switch made in NiFe alloy. (Photos courtesy of HT MicroAnalytical, Inc.)

much larger thickness and overlap stroke dimensions of several hundred
micrometers. Coupled with compliant springs, low frequency (20 Hz) res-
onators with several hundred-micrometers amplitudes may be fabricated.
Such resonant actuators have been applied to generate structured light
sources for use in miniature con-focal microscopes. Figure 3.23a shows a
microscope developed at the University of Arizona that uses a deep x-ray
lithography—-defined “optical bench” for alignment and support of minia-
ture optics as well as a resonant amplitude grating, which allows structured
light into the microscope when illuminated from a light source [130]. The
amplitude grating is shown supported by the center of the resonant actu-
ator in Figure 3.23b, which also shows the electrostatic comb drive, which
is capable of resonating the grating at a plus or minus 100 pm amplitude
with 10 volts with quality factors at atmosphere of over 50. Figure 3.23¢c
reveals a view of the left side of the microscope in Figure 3.23a where a
conventional 1 mm-diameter glass objective lens is supported and clamped
to the optical bench.
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(a) (b)

(c)

FIGURE 3.23
(a—c) Examples of a micro-optical bench with integrated electrostatic actuator (see text for details).
(Photos courtesy of HT MicroAnalytical, Inc.)

3.7 Summary

In the past several years a number of prototype microsystems using LIGA
microstructures have been fabricated, tested, and become ready for commer-
cial use. While direct LIGA fabricated parts still struggle with high yield, high
reproducibility production molding is a proven manufacturing process and
higher volume, low-cost production is feasible and progressing. The main
areas of application of LIGA microstructures include micro-optics, microflu-
idic, microactuators and sensors, chemical and biochemical processing, and
precision microtools. Common to these areas is a need for high-aspect-ratio
microstructures with arbitrary two-dimensional shape, extremely high preci-
sion, submicrometer structural details, smallest dimensions in the micrometer
range, and structure heights ranging from some 10 pm up to several milli-
meters. The choice of a variety of engineering materials and the availability
of suitable manufacturing processes offer unique advantages over silicon-
based MEMS products, and will be a driving factor for future polymer, metal,
and ceramic microparts.
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Key advantages of LIGA-made microstructures are the inherent precision
and the ability to cover lateral dimensions from submicrometer to millimeter
sizes. These features make LIGA microstructures valuable for integrating
assembly and packaging features into MEMS devices, and drastically mini-
mizing the overall packaging effort, a huge cost factor in MEMS devices.
The molding process especially can be flexibly combined, for example with
Si-based microelectronics on the batch/wafer level, further improving sys-
tem integration and high-yield production and reducing overall device
assembly efforts. Research in LIGA is an ongoing, active field and a number
of new ideas combined with novel materials prove that LIGA technologies
still spark the interest and excitement of the research community. These
efforts are often driven by concrete requirements for new MEMS applications
from industrial partners. A remaining challenge for LIGA is the lack of
standardized processes demanding reevaluation and optimization of process
details for nearly every new microstructure. This also slows down the tran-
sition into commercial manufacturing.

In conclusion, LIGA technology has matured to the point that commercial
applications have become possible and are being pursued. Applications
including bio-MEMS and microfluidics have moderate structure require-
ments but need cost-effective production and dedicated materials to meet
market demands. A number of alternative microfabrication technologies,
including precision micromachining and micro-EDM are employed for mold
insert fabrication, and molding becomes the manufacturing technology of
choice for the microparts. A direct-LIGA approach combining x-ray lithog-
raphy and electroplating is used for applications for microstructures with
extreme precision and very high aspect ratios. Prototype fabrication of these
structures can be satisfied but scaling-up production with high yield and
high quality remains a challenge for the future.

Acknowledgment

Thank you to Prof. Wanjun Wang (LSU-ME department) for his support with
the electroplating section and editing of the overall text, Proyag Datta
(research associate at CAMD) for contributions to the molding chapter, and
Jens Hammacher for his assistance in preparing some of the figures. I also
appreciate contributions from Professor Kevin Kelly (LSU-ME department
and founder, Mezzo International, Inc.) on LIGA applications for the regen-
erator and heat exchanger, and Dr. Todd Christenson, HT Micro Analytical,
Inc., for commercial examples of LIGA structures in precision engineering
and micro-optics. Last, but not least, I would like to acknowledge the many
publications written by former and current colleagues and friends who are

© 2007 by Taylor & Francis Group, LLC



84

Bio-MEMS: Technologies and Applications

using LIGA technologies in their MEMS research and whose work I have
included in this chapter.

References

(1]

[10]

(11]

[12]

[13]

[14]

Becker, E.W., Ehrfeld, W., Miinchmeyer, D., Belz, H., Heuberger, A., Pongratz,
S., Glashauser, W., Michel, HJ., and Siemens, R., Production of separation-
nozzle systems for uranium enrichment by a combination of x-ray lithography
and galvanoplastics, Naturwissenscahften 69 (1982), 520-523.

Becker, E.W.,, Ehrfeld, W., Miinchmeyer, D., Hagmann, P.,, and Maner, A.. Fab-
rication of microstructures with high aspect ratios and great structural heights
by synchrotron radiation lithography, galvanoforming and plastic moulding
(LIGA process), Microelectronic Engineering 4, (1986), 35-56.

Kendall, D.L. and Shoultz, R.A., in SPIE Handbook of Microlithography, Micro-
machining, and Microfabrication, Vol. II, Rai-Choudhury, P, Ed. (1997), 41-98.
Pang, S.W., in SPIE Handbook of Microlithography, Micromachining, and Microfab-
rication, Vol. II, Rai-Choudhury, P, Ed. (1997), 99-152.

Hormes, J., Goettert, J., Lian, K., Desta, Y.M., and Jian, L., Materials for LiGA
and LiGA-based Microsystems, Nuclear Instruments and Methods in Physics Re-
search, B 199 (2003), 332-341.

HT Micro, http:/ /www.htmicro.com. Accessed August 14, 2006.

Friedrich, C., Warrington, R., Bacher, W., Bauer, W., Coane, P, Géttert, J., Hane-
mann, T., Hausselt, J., Heckele, M., Knitter, R., Mohr, ]., Piotter, V., Ritzhaupt-
Kleissl, H.-J., and Ruprecht, R., in SPIE Handbook of Microlithography, Microma-
chining, and Microfabrication, Vol. II, Rai-Choudhury, P, Ed. (1997), 299-377.
Hruby, J., LIGA technologies and applications, MRS Bulletin 26, 4 (2001),
337-340.

Arendt, M., Meyer, P, Saile, V., and Schulz, J., Launching into a golden age
(1)—marketing strategy for distributed LIGA-fabrication, Proceedings of the 10th
International Conference on Commercialization of Micro and Nano Systems (COMS
2005), Baden-Baden, August 21-25, 2005, MANCEEF, Albuquerque, NM.
Hahn, L., Meyer, P, Bade, K., Hein, H., Schulz, J., Lochel, B., Scheunemann,
H.U., Schondelmaier, D., and Singleton, L. MODULIGA: The LIGA process as
a modular production method-current standardization status in Germany, Mi-
crosystems Technologies 11 (2005) S.240-245.

Malek, C.K. and Saile, V., Applications of LIGA technology to precision man-
ufacturing of high-aspect-ratio micro-components and -systems: A review, Mi-
croelectronics Journal 35 (2004), S.131-143.

Hruby, J.M., LIGA technologies and applications, MRS Bulletin 26, 4 (2001),
337-340.

Jian, L., Desta, Y.M., Aigeldinger, G., Bednarzik, M., Goettert, J., Loechel, B.,
Jin, Y., Singh, V., Ahrens, G., Gruetzner, G., Ruhmann, R., and Degen, R., SU-
8 based deep x-ray lithography/LIGA, Proc. SPIE (International Society for
Optical Engineering) 4979 (2003), 394-401.

Koch, E.E., Ed., Handbook on Synchrotron Radiation, Vols. 1-3, North-Holland,
Amsterdam (1983).

© 2007 by Taylor & Francis Group, LLC


http://www.htmicro.com

The LIGA Process 85

[15]

[16]

[17]
[18]
[19]

[20]

[21]
[22]
[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Advanced Light Source, list of synchrotron sources, http:/ /www-als.lbl.gov/
als/synchrotron_sources.html. Accessed August 14, 2006.

More details on the properties of synchrotron radiation are available in the
following sources: Saile, V., Properties of synchrotron radiation, in Vorlesungs-
manuskript of the 23. IFF-Ferienkurs, Forschungszentrum Jiilich (1992), 1.1-28;
Handbook on Synchrotron Radiation, Vol. 1, edited by E.E. Koch, North-Holland,
Amsterdam (1983).

A good summary of the history of x-ray lithography for VLSI application is
presented in the IBM Journal of Research and Development 37, 3 (1993), 287-474.
Cerrina, F, X-ray lithography, in SPIE Handbook of Microlithography, Microma-
chining, and Microfabrication, Vol. I, Rai-Choudhury, P, Ed. (1997), 251-319.
Kempson, V.C. et al., Experience of routine operation of Helios 1, EPAC (1994),
594-596.

Ehrfeld, W.; Bley, P, Goetz, F, Mohr, J., Muechnmeyer, D., and Schelb,
W., Progress in deep-etch synchrotron radiation lithography, J. Vac. Sci. Technol.
B 6,1 (1988), 178-182.

Christenson, T., X-ray based fabrication, Micro/Nano R&D Magazine 10, 10
(2005), 1-2.

BESSY Anwenderzentrum, http:/ /www.graphilox.de/azm /. Accessed August
14, 1996.

ANKA GmbH, http://www.anka-online.de/english/index.html. Accessed
August 14, 1996.

IMT at Forschungszentrum Karlsruhe, http:/ / www.fzk.de/imt/. Accessed Au-
gust 14, 1996.

For more details visit the CAMD homepage http:/ /www.camd.lsu.edu/. De-
tails about the LIGA activities are summarized under “Microfabrication”; tech-
nical details on beamlines and scanners are discussed under “Beamlines.”
Griffiths, S., Hruby, J., and Ting, A., The influence of feature sidewall tolerance
on minimum absorber thickness for LIGA x-ray masks, J. Micromech. Microeng.
9 (1999), 353-361.

Chen, Y., Kupka, R.K,, Rousseaux, F., Carcenac, F, Decanini, D., Ravet, M.E,
and Launois, H., 50 nm x-ray lithography using synchrotron radiation, J. Vac.
Sci. Technol. B 12, 6 (1994), 3959-3964.

Schomburg, WK, Baving, H.J., and Bley, P, Ti-and Be-x-ray masks with align-
ment windows for the LIGA process, Microelectronic Engineering 13 (1991),
323-326.

Klein, J., Guckel, H., Siddons, D.P, and Johnson, E.D., X-ray masks for very
deep x-ray lithography, Microsystems Technologies 4 (1998), 70-73.

Coane, P, Giasolli, R., Ledger, S., Lian. K., Ling, Z., and Gbottert, J., Fabrication
of HARM structures by deep x-ray lithography using graphite mask techno-
logy, Microsystem Technologies 6 (2000), 94-98.

Desta, Y. et al., Fabrication of graphite masks for deep and ultra-deep x-ray
lithography, Proc. SPIE (International Society for Optical Engineering) 4175,
(2000).

Desta, Y. et. al., X-ray masks for the LIGA process, HARMST 2003, Monterey,
CA, June 2003.

Wang, L., Desta, Y.M., Fettig, R.K., Goettert, J., Hein, H., Jakobs, P.,, and Schulz,
J.. High resolution x-ray mask fabrication by a 100 keV electron-beam lithog-
raphy system, J. Micromech. Microeng. 14 (2004), S.722-726.

© 2007 by Taylor & Francis Group, LLC


http://www-als.lbl.gov
http://www.graphilox.de
http://ankaweb.fzk.de
http://www.fzk.de
http://www.camd.lsu.edu
http://www-als.lbl.gov

86
[34]
[35]
(36]
[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

(52]

Bio-MEMS: Technologies and Applications

Mohr, J., Ehrfeld, W., and Miinchmeyer, D., Analyse de Defektursachen und
der strukturvebertragung bei der Roentgentiefenlithographie mit synchrotron-
strahlung, KfK Report 4414, Forschungszentrum Karlsruhe (1988).

Guckel, H. et al.,, U.S. patent # 5378583 (1995).

Bernhardt, D., Fabrication and structure-analysis of ultra-tall HARM made in
SU-8 and PMMA, master’s thesis, Fachhochschule Gelsenkirchen, February 2004.
Becnel, C., Desta, Y., and Kelly, K., Ultra-deep x-ray lithography of densely
packed SU-8 features (parts I & II), J. Micromech. Microeng. 6 (2005), 1242.
Schnabel, W., Polymer Degradation—Principles and Practical Applications,
Hanser, Munich (1981).

Levinson, H.J. and Arnold, WH. Optical lithography, in SPIE Handbook of
Microlithography, Micromachining, and Microfabrication, Vol. I Rai-Choudhury, P,
Ed., (1997), 11-138, SPIE Press, Bellingham, WA.

Meyer, P, Schulz, J., and Hahn L., DoseSim: Microsoft-Windows graphical user
interface for using synchrotron x-ray exposure and subsequent development
in the LIGA process, Review of Scientific Instruments 74 (2003), S.1113-1119.
Maid, B., Ehrfeld, W., Hormes, J., Mohyt, J., and Muechmeyer, D., Adaptation of
Spectral Distribution of Synchrotron Radiation to x-ray Depth Lithography, KfK
Report 4579 (1988), Forschungszentrum Karlsruhe, Karlsruhe, Germany.

Jian, L., Desta, Y.M., Goettert, J., Multi-level microstructures and mold inserts
fabricated with planar and oblique x-ray lithography of SU-8 negative photo-
resist, Proc. SPIE (International Society for Optical Engineering) 4557 (2001),
69-76.

Reznikova, E.F,, Mohr, J., and Hein, H. Deep photo-lithography characteriza-
tion of SU-8 resist layers, Microsystems Technologies 11 (2005), 282-291.
Goettert, J., Ahrens, G., Bednarzik, M., Degen, R., Desta, YM., Gruetzner, G.,
Jian, L., Loechel, B., Ruhmann, R., and Jin, Y., Cost effective fabrication of high
precision microstructures using a direct-LIGA approach, Proc. COMS (2002),
Ypsilanti, Michigan, September 2002.

Dentinger, PM., Clift, W.M., and Goods, S.H., Removal of SU-8 Photoresist for
thick film application, Microelectronic Engineering 61-62 (2002), 993-1000.
Feiertag, G., VDI Report 242, Rontgenticfenlithographische Mikrostruktur-fer-
tigung, Diisseldorf (1996).

Feiertag G., Ehrfeld, W., Lehr, H., Schmidt, A., and Schmidt, M., Accuracy of
structure transfer in deep x-ray lithography, J. Microelectronic Eng. 35 (1997),
557-560.

Feiertag, G., Ehrfeld, W., Lehr, H., Schmidt, A., and Schmidt, M., Calculation
and experimental determination of the structure transfer accuracy in deep x-
ray lithography, J. Micromech. Microeng. 7 (1998), 323-331.

Aigeldinger, G., Implementation of an ultra deep x-ray lithography system at
CAMD, Ph.D. thesis, University of Freiburg, 2001.

Miinchmeyer, D., Ehrfeld, W., and Becker, E.-W., KfK Report 3732, Untersuchun-
gen zur Abbildungenauigket der Rontgentiefen lithografie mit synchrotron-
strah-lung bei der Hersellung Technischer Trennduesen, Forschungszentrum
Karlsruhe (1984).

Pantenburg, EJ. and Mohr, J., Influence of secondary effects on the structure
quality in deep x-ray lithography, Nuclear Instruments and Methods in Physics
Research B 97 (1995), 551-556.

Griffiths, S K., Fundamental limitations of LIGA x-ray lithography: Sidewall off-
set, slope and minimum feature size, J. Micromech. Microeng. 14 (2004), 999-1011.

© 2007 by Taylor & Francis Group, LLC



The LIGA Process 87

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Zumaqué Diaz, H., Zur auflgsungsreduzierenden sekundérstrahlung in der
Rontgentiefenlithographie, Ph.D. thesis, University of Bonn BONN-IR-98-N,
(1998).

Pantenburg, EJ., Chlebek, J., EI-Kholi, A., Huber, H.-L., Mohr, ]., Oertel, HK,,
and Schulz, J., Adhesion problems in deep-etch x-ray lithography by fluores-
cence radiation from the plating base; Microelectronic Engineering 23 (1994),
223-226.

Griffiths, S.K. and Ting, A., The influence of x-ray fluorescence on LIGA side-
wall tolerances, Microsystems Technologies 8 (2002), 120-128.

Achenbach, S., Pantenburg, FJ., and Mohr, J., Numerical simulation of thermal
distortions in deep and ultra deep x-ray lithography, Microsystems Technologies
9 (2003), 220-224.

Achenbach, S., Pantenburg, EJ., and Mohr, J., Optimization of the Process Condi-
tions for the Fabrication of Microstructures by Ultra Dep X-Ray Lithography
(UDXRL), FZKA Report 6576 (2000), Forschungszentrum, Karlsruhe, Germany.
Tabata, O., You, H., Matsuzuka, N., Yamaji, T, Uemura, S., and Dama, I,
Moving mask deep x-ray lithography system with multi stage for 3-D micro-
fabrication, Microsystem Technologies 8 (2002), 93-98.

Burbaum, C. and Mobhr, J., Herstellung von mikromechanischen Beschleunigungs-
sensoren in LIGA-Technik, KfK Report 4859 (1991), Forschungszentrum, Karlsru-
he, Germany.

Strohrmann, M., Mohr, J., and Schulz, J., Intelligent Microsystem for Acceleration
Measurement Based on LIGA Micromechanics, FZKA Report 5561 (1995), Fors-
chungszentrum, Karlsruhe, Germany.

Zanghellini, J., EI-Kholi, A., and Mohr, J., Development behavior of irradiated
microstructures, Microelectronic Engineering 35 (1997), 409-412.

Zanghellini, J., Achenbach, S., El-Kholi, A., Mohr, J., and Pantenburg, EJ., New
development strategies for high aspect microstructures, Microsystems Technol-
ogies 4 (1998), 94-97.

Nilson, R.H., Griffiths, S.K., and Ting, A., Modeling acoustic agitation for en-
hanced development of LIGA resists, Microsystems Technologies 9 (2002),
113-118.

Griffiths, S.K., Crowell, J.A.W., Kistler, B.L., and Dryden, A.S., Dimensional
errors in LIGA-produced metal structures due to thermal expansion and swell-
ing of PMMA, |. Micromech. Microeng., 8 (2004), 1548-1557.

Schlesinger, M. and Paunovic, M., Eds., Modern Electroplating, John Wiley &
Sons, New York (2000).

Bacher, W, Bade, K., Leyendecker, K., Menz, W., Stark, W., and Thomes, A.,
Electrodeposition of microstructures: An important process in microsystem
technology, in Electrochemical Technology: Innovations and New Developments,
Masuko, N., Osaka, T., and Ito, Y., Eds., Kodansha, Tokio (1996), 159-189.
Cho, H.S., Hemker, KJ., Lian, K., Goettert, J., and Dirras, G., Measured me-
chanical properties of LIGA Ni structures, J. of Sensors and Actuators A 103
(2003), 59-63.

Yang, N.Y.C., Headley, TJ., Kelly, ].J., and Hruby, J.H., Metallurgy of high
strength Ni-Mn microsystems fabricated by electrodeposition, Scripta Materialia
51 (2004), 761-766.

Dukovig, J. and Tobias, C.W., Influence of attached bubbles on potential drop
and current distribution at gas-evolving electrodes, Journal of the Electrochemical
Society 134 (1987), 331-343.

© 2007 by Taylor & Francis Group, LLC



88

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]
(78]
[79]
[80]
[81]
[82]

[83]

[84]

[85]

[86]

[87]
(88]

(89]

Bio-MEMS: Technologies and Applications

Romankiw, L.T. and O’Sullivan, E.J.M., Plating techniques, in SPIE Handbook
of Microlithography, Micromachining, and Microfabrication, Vol. II, Rai-Choudhury,
P, Ed. (1997), 197-298.

Okinaka, Y. and Wolowodiuk, C., Cyanoaurate(IIl) formation and its effect on
current efficiency in gold plating, Journal of the Electrochemical Society 128 (1981),
288-294.

Baudrand, D.W. and Mandich, N.V., Troubleshooting electroplating installa-
tions: Nickel sulfamate plating system, Plating and Surface Finishing 89 (2002),
68-76.

Tsuru, Y., Nomura, M., and Foulkes, ER., Effects of boric acid on hydrogen
evolution and internal stress in films deposited from a nickel sulfamate bath,
Journal of Applied Electrochemistry 32 (2002), 629-634.

Saito, T., Sato, E., Matsuoka, M., and Iwakura, C., Electroless deposition of Ni-
B, Co-B and Ni-Co-B alloys using dimethylamineborane as a reducing agent,
Journal of Applied Electrochemistry 28 (1998), 559-563.

Okinaka, Y., Koch, EB., Wolowodiuk, C., and Blessington, D.R., Left double
quote polymer right double quote inclusions in cobalt-hardened electroplated
gold, Journal of the Electrochemical Society 125 (1978), 1745-1750.

Schlesinger, M. and Paunovic, M., Electrochemical Engineering Principles, Prentice
Hall, Englewood Cliffs, New Jersey (1991).

Mandich, N.V., pH, hydrogen evolution and their significance in electroplating
operations, Plating and Surface Finishing 89 (2002), 54-58.

Harper, C.A., Ed., Modern Plastics Handbook, McGraw Hill, New Delhi (2000).
Matthew, H. and Naitove, M.H., Close up on Technology: Mold simulation
mold analysis gets faster, easier, smarter, Plastics Technology, http://www
.plasticstechnology.com/articles/200602cul.html.

Heckele, M. and Schomburg, K.W., Review on micro molding of thermoplastic
polymers, J. Micromech. Microeng., 14 (2004), R1-R14.

Rowland, H.D., Polymer deformation and filling modes during microemboss-
ing, J. Micromech. Microeng. 14 (2004), 1625-1632.

Schift, H. et al., Pattern formation in hot embossing of thin polymer films,
Nanotechnology 12, 2 (2001), 173-177.

Rupreccht, R., Bade, K., Bauer, W., Baumeister, G., Hanemann, T., Heckele, M.,
Holstein, N., Merz, L., Piotter, V., and Truckenmueller, R., Micro Replication in
Polymers, Metals, and Ceramics, FZKA Report 6990 (2004), 95-102, Forschung-
szentrum, Karlsruhe, Germany.

Worgull, M. and Heckele, M., New aspects of simulation in hot embossing,
Microsystem Technologies 10, 5 (2004), 432—437.

Michel, A., Ruprecht, R., Harmening, M., and Bacher, W., Abformung von Mik-
rostrukturen auf prozessierten Wafern, KK Report 5171 (1993), Forschungszen-
trum, Karlsruhe, Germany.

Otto, T. et al., Fabrication of micro optical components by high precision em-
bossing, Proc. SPIE (International Society for Optical Engineering) 4179 (2000),
96-106.

Heckele, M. and Bacher, W., FZKA Report 6080 (1998), 89-94, Forschungszen-
trum, Karlsruhe, Germany.

Miiller, A., Géttert, J., Mohr, J., and Rogner, A., Microsystem Technologies 2 (1996),
40-45.

Larsson, O., Ohman, O., Billman, A., Lundbladh, L., Lindell, C., and Palmskog, G.,
Proc. Transducer '97 (1997), 1415-1418, Forschungszentrum, Karlsruhe, Germany.

© 2007 by Taylor & Francis Group, LLC


http://www.ptonline.com
http://www.ptonline.com

The LIGA Process 89

[90] Ruther, P, Gerlach, B., Géttert, J., Ilie, M., Mohr, J., Miiller, A., and Ossmann,
C., Pure and Applied Optics 6 (1997), 643-653.

[91] Kim, J.-H. and Neyer, A., J. Opt. Commun. 17 (1996), 172-178, Forschungszen-
trum, Karlsruhe, Germany.

[92] Miiller, C. and Mohr, J., FZKA Report 5609, Forschungszentrum Karlsruhe
(1995), Forschungszentrum, Karlsruhe, Germany.

[93] Both, A., Bacher, W., Heckele, M., and Ruprecht, R., Herstellung beweglicher
LIGA-Mikrostrukturen durch positionierte Abformung, FZKA Report 5671 (1995),
Forschungszentrum, Karlsruhe, Germany.

[94] Miiller, K.-D., FZKA Report 6254, Forschungszentrum Karlsruhe (1999), Fors-
chungszentrum, Karlsruhe, Germany.

[95] Strohrmann, M., Bley, P, Fromheim, O., and Mohr, J., Sensors & Actuators A
41-42 (1994), 426ff.

[96] Guber, A.E. et al., Microfluidic lab-on-a-chip systems based on polymers—fab-
rication and application, Chemical Engineering Journal 101, 1-3 (2004), 447-453.

[97] Kricka, L.J. et al., Fabrication of plastic microchips by hot embossing, Lab on a
Chip 2, 1 (2002), 1-4.

[98] One example of a commercial microfluidic lab chip is the Caliper LabCard™.
For more details see http:/ / www.calipertech.com/.

[99] Fatikow, S., Microrobots take on microassembly tasks, MST News 22 (1997), 20-26.

[100] Woellmer, H., Precision casting of metal microparts, FZKA Nachrichten, 3-4
(1998), 237-242.

[101] Bauer, W. and Kanitter, R., Shaping of ceramic microcomponents, FZKA Nach-
richten 34 (1998), 243-250.

[102] Caesar, H.H., Dental-Labor 2 (1988), 189-193.

[103] Management Project Microsystems Technologies (PMT), FZK Karlsruhe, FZKA
Report 6080 (1998).

[104] Products for microfluidic, micro-optics, and life science applications are devel-
oped by Boehringer-Ingelheim within their microtechnology department (for-
merly microParts GmbH), http:/ /www.boehringer-ingelheim.de/ produkte/
mikrosystemtechnik / microtechnology /index.jsp. Accessed August 14, 2006.

[105] Products for thermal management applications including heat exchangers,
regenerators, and microreactor systems are developed by International Mezzo
Systems, http:/ /www.mezzotech.biz/about.html. Accessed August 14, 2006.

[106] Products for microreactor technology, life sciences, and micro-optics are devel-
oped and commercialized at the Institut fuer Mikrotechnik Mainz, http://
www.imm-mainz.de/. Accessed August 14, 2006.

[107] Micromotion GmbH uses direct LIGA technology for fabricating miniaturized
Harmonic Drive® Gear systems, http:/ / www.mikrogetriebe.de/. Accessed Au-
gust 14, 2006.

[108] Axsun Technologies offers LIGA services and produces miniaturized optical
systems for sensor applications, http:/ /www.axsun.com/. Accessed August
14, 2006.

[109] Polymicro represents a group of research institutes and industry members
offering micro-optics components and systems made by replication techniques
in polymers. http:/ /www.polymicro-cc.com/site/. Accessed August 14, 2006.

[110] Bley, P, Goettert, J., Harmening, M., Himmelhaus, M., Menz, W., Mohr, J.,
Miiller, C., and Wallrabe, U., The LIGA process for the fabrication of microme-
chanical and micro-optical vomponents, in Micro System Technologies 91, Reichl,
H., Ed., Springer, Berlin (1991).

© 2007 by Taylor & Francis Group, LLC


http://www.caliperls.com
http://www.boehringer-ingelheim.de
http://www.mezzotech.biz
http://www.imm-mainz.de
http://www.imm-mainz.de
http://www.mikrogetriebe.de
http://www.axsun.com
http://www.boehringer-ingelheim.de

90 Bio-MEMS: Technologies and Applications

[111] Mohr, J., Goettert, J., Miiller, A., Ruther, P.,, and Wengeling, K., Micro-optical
and optomechanical systems fabricated by the LIGA technique, Photonics West
'97, Proc. SPIE (International Society for Optical Engineering) 3008 (1997),
273-278.

[112] Miiller, A., Goettert, J., and Mohr, J., LIGA microstructures on top of microma-
chined silicon wafers used to fabricate a micro-optical switch, J. Micromech.
Mircoeng. 3 (1993), 158-160.

[113] Qi, S.Z., Liu, X.Z., Ford, S., Barrows, J., Thomas, G., Kelly, K., McCandless, A.,
Lian, K., Goettert, J., and Soper, S.A., Microfluidic devices fabricated in
poly(methyl methacrylate) using hot-embossing with integrated sampling cap-
illary and fiber optics for fluorescence detection, Lab on a Chip 2 (2002), 88-95.

[114] Bacher, W. et al., Fabrication of LIGA mold inserts, Microsystem Technologies 4,
3 (1998), 117-119.

[115] Datta, P. and Goettert, J., Methods for polymer hot embossing process devel-
opment, in Book of Abstracts, HARMSTO05, June 10-13, 2005, Gyeongju, Korea,
256-257, accepted for publication in Microsystem Technologies.

[116] MEMS Exchange, http:/ / www.mems-exchange.org. Accessed August 14, 2006.

[117] Nanoplex, http:/ / www.nanoplextech.com/.

[118] Micromotion GmbH uses direct LIGA technology for fabricating miniaturized
Harmonic Drive® Gear systems, http:/ / www.mikrogetriebe.de/. Accessed Au-
gust 14, 2006.

119. Degen, R. and Slatter, R., Hollow shaft micro servo actuators realized with the
MicrotHarmonictDrive®, Proceedings ACTUATOR2002, Bremen, June 2002.

[120] BESSY Anwenderzentrum, http:/ / www.graphilox.de/azm /. Accessed August
14, 1996.

[121] MRT GmbH, http:/ /www.microresist.de/. Accessed August 14, 2006.

[122] Solutions for lab-on-a-chip applications using COC polymer chips are offered
by Thinxxs, Germany; for more information visit their webpage at http:/ / www
.thinxxs.com/.

[123] Solutions for microfluidic chips are available from microfluidic ChipShop; for
details see their catalog at http:/ /www.microfluidic-chipshop.com/index
.php?pre_cat_open=209.

[124] Fluidic chips (LabCard) and fluidic handling system for analytical applications
are offered by Micronics Inc; for more details see their webpage at http:/ / www
.micronics.net/. Accessed August 14, 2006.

[125] Homepage CBM? at http:/ /www.lsu.edu/cbmm. Accessed August 14, 2006.

[126] Datta, P, Hammacher, J., Pease, M., Gurung, S., and Goettert, J., Development
of an integrated polymer microfluidic stack, to be published in Proc. iMEMS
2006, Singapore, May 2006.

[127] Ackerman, R., Cryogenic Regenerative Heat Exchangers, Plenum Press, New York
(1997).

[128] Radebaugh, R. Foundations of Cryocoolers, Short course presented at the 12th
International Cryocooler Conference, MIT, Cambridge, MA, June 17, 2002.

[129] Schlossmacher, P, Yamasaki, T., Ehrlich, K., Bade, K., and Bacher, W., Produc-
tion and characterization of Ni-based alloys for applications in microsystems
technology, FZKA Nachrichten 30 Karlsruhe (1998), 207-214.

© 2007 by Taylor & Francis Group, LLC


http://www.mems-exchange.org
http://www.oxonica.com
http://www.mikrogetriebe.de
http://www.graphilox.de/azm
http://www.microresist.de
http://www.thinxxs.com
http://www.microfluidic-chipshop.com
http://www.micronics.net
http://appl003.lsu.edu
http://www.thinxxs.com
http://www.microfluidic-chipshop.com
http://www.micronics.net

The LIGA Process 91

[130] Tkaczyk, T.S., Rogers, ].D., Rahman, M., Christenson, T.C., Gaalema, S., Dere-
niak, E.L., Richards-Kortum, R., and Descour, M.R., Multi-modal miniature
microscope: 4M device for bio-imaging applications—an overview of the sys-
tem, Proc. SPIE (International Society for Optical Engineering) 5959 (2005),
138-146.

[131] Rogers, ].D., Karkkdinen, A., Tkaczyk, T.S., Rantala, J., and Descour, M.R,,
Realization of refractive micro-optics through grayscale lithographic patterning
of photosensitive hybrid glass, Opt. Express 12 (2004), 1294-1303. http://
www.opticsinfobase.org / abstarct.cfm?URI=0e-12-7-1294.

© 2007 by Taylor & Francis Group, LLC


http://www.opticsinfobase.org
http://www.opticsinfobase.org

4

Nanoimprinting Technology
for Biological Applications

Sunggook Park and Helmut Schift

CONTENTS
41 INtrodUCtON .....ocviiiicic e 94
4.2 Overview of NIL Technology ........ccccocvururuiinimniciniiniisieieissseenens 95
421 NIL PrOCESS ...cooveviiiiiiiiieiet s 95
422 Polymer Flow during NIL...........cccooiiiiiiiice 97
4.2.3 Biocompatibility of the Resist........cccccevvueriiiniriciiniicninicicnnes 100
424 Stamps with Nanostructures..........ccooouvuruvcniniciicicniniciens 101
4.2.5 Antiadhesive Layer Coating..........cccoovuvurincunininiiniicninicicnnes 102
4.3 NIL in Biological Applications ..........cccoeeeueiiiecieieiiiceeecceee, 103
4.3.1 Nanofluidic Devices...........ccocoeueiriiiiiieiiiicieceecee 103
4.3.2 Engineering Nanopores ...........ccocoeeeieiiieieieieicieicceeeeea 105
4.3.3 Chemical Nanopatterning ...........ccccocoeeeueeunruninieiniscnnnieennns 107
4.3.4 Protein Nanopatterning ...........cccocoeeeieiiieeiieiiiicec 109
4.4 OULIOOK. ...t s 111
Acknowledgment............cooiiiiiiiii 112
RefeTenCes ...oooviiiiiiiiiieic e 112

Nanoimprint lithography (NIL) is a low-cost and flexible patterning tech-
nique, which is particularly suitable to fabricating components for biological
applications. Its unique advantage is that both topological and chemical
surface patterns can be generated at the micro- and nanometer scale. This
chapter presents an overview of NIL technology with the focus on the com-
patibility of materials and processes used for biological applications. Some
examples will be given, such as how NIL can be employed to fabricate
biodevices used to understand and manipulate biological events.
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4.1 Introduction

Microsystem technologies opened up the development of a variety of biomi-
crosystems such as bio-MEMS, biochips, and lab-on-a-chip devices, and
nanotechnologies are now attracting the interest of the research community
as future key technologies in biological applications. They enable us to
understand and manipulate fundamental biological processes and to
improve the performance of modern medical devices [1,2]. This is because
most biological events begin at the nanometer scale and thus control of the
phenomena at this characteristic scale could lead to new devices with inno-
vative and unprecedented properties, such as increased speed and sensitiv-
ity of assays. Several advanced patterning techniques allow production of
arbitrary or periodic patterns with nanometer resolution,(such as electron
beam lithography [EBL] and scanning probe lithography [SPM]); these have
been used to study biological events occurring on the nanometer scale, such
as the adhesion and signaling of cells on nanostructured substrates [3,4].
However, those techniques are serial methods with low throughput and do
not meet the demands necessary for implementation in the development of
new nanoscale medical devices because a large number of identical devices,
often with large patterned areas, are needed for well-controlled experi-
ments. This will allow screening and statistics that will reduce fatal errors
in the functioning of the device, and hence in diagnoses and treatment of
a certain disease [5]. Thus, the need to develop a high throughput and
parallel patterning technique with nanometer resolution has emerged, and
one of the most promising technologies, which is both flexible and easily
accessible for patterning nanometer-scale features is nanoimprint lithogra-
phy (NIL) [6-11].

NIL is a low-cost, scalable lithographic technique with sub-10 nm lateral
resolution, which is able to pattern large-area micro- and nanostructures in
one step. It is based on conformal molding of a mold (stamp) with a nano-
structured relief into a resist film, instead of exposure using an optical mask,
and was first proposed in 1995 by S.Y. Chou [6,7]. He demonstrated patterning
of holes of 25 nm diameters in a poly(methyl methacrylate) (PMMA) film and
subsequent fabrication of metal dots by metal deposition and lift-off, indicat-
ing the capability of this conformal molding technique in the production of
patterns with lateral resolution far beyond the diffraction limit of optical
lithography. Following his initiative, considerable efforts have been devoted
to overcome the many challenges of NIL technology with the ultimate aim
of implementing this technique in the semiconductor industry. Such efforts
involve understanding of fundamentals related to the process, such as poly-
mer flow behavior [12-20]; developing new and optimal material systems
applicable to the NIL process [21,22]; overcoming the overlay issue [23,24];
fabricating reliable stamps with sub-100 nm features [25-28]; improving anti-
sticking coating methods [29-31]; and commercializing NIL equipment with
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full automation. New applications of the NIL technology have been
exploited, mostly in areas where less stringent conditions than those for
semiconductor production are required, as can be seen in optics and biolog-
ical applications [32-56]. Progress in NIL technology is rapid. Readers who
are interested in various aspects of NIL technology are referred to recent
review papers and books [8-11]. This chapter will focus on NIL technology
as a tool for identifying, locating, and manipulating events with biofunc-
tional effects.

This chapter will be organized as follows: In Section 4.2, a general overview
of NIL technology will be given, which includes an introduction to the NIL
process, resist materials, polymer rheology during NIL, NIL stamp fabrica-
tion, and antisticking layer coating techniques. The focus in all cases will be
on the applicability of those NIL components to biological applications.
Then, some of recent research efforts on the fabrication of topological and
chemical nanopatterns, whose main targets are in biological applications,
will be presented in Section 4.3. Examples of topological nanopatterns and
fabrication of elements in nanofluidic channels and engineering nanopores
will be given, followed by examples of chemical patterning via NIL and its
use in biofunctionalizing substrate surfaces. Finally, we will provide con-
cluding remarks on the future development of NIL technology in conjunction
with biological applications in Section 4.4.

4.2 Overview of NIL Technology
4.2.1 NIL Process

NIL is a simple method of patterning nanostructures by deforming a resist
with a hard stamp (Figure 4.1). Even though several variations from the
process originally reported by Chou et al. have been developed, all of them
have a common feature. First, a resist is cast on a substrate. A hard stamp
with desired nanostructures on its surface is then pressed into the resist,
which forces the resist to flow into the cavities of the stamp. After conformal
molding, the stamp is detached from the substrate. The pattern transfer is
performed by homogeneously thinning down the residual resist using aniso-
tropic reactive ion etching (RIE) until the compressed areas of the pattern
are exposed to the substrate surface.

In selecting an adequate process among the NIL variants, it is necessary
to consider all the requirements and restrictions imposed on materials, in-
lab process capabilities, pre- and postprocesses, and compatibility with pur-
suing applications. The resist can be a thermoplastic, UV-curable polymer,
or any other deformable materials. In case of a thermoplastic resist, the resist
is heated above its glass transition temperature (T,), and during imprinting
a pressure in the range of 50 to 100 bars is applied against the thin polymer
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FIGURE 4.1

Process scheme of nanoimprint lithography including the window-opening process as the first
step to subsequent pattern transfer.

film for a few minutes. Then the resist is hardened before demolding by
cooling down below T,. In case of a UV-curable polymer, a low viscous
photo-curable organosilicon liquid is imprinted with a transparent mold and
then hardened by curing upon UV irradiation through the mold (UV-NIL).
The process takes place at room temperature and relatively low pressure.
New process variants and hybrid approaches have also been developed. One
example is the room-temperature NIL, in which a vapor of appropriate
solvent is added during the process to reduce the T, of the applied polymers
allowing imprinting at or near room temperature [57]. In the laser-assisted
direct imprint (LADI) process, a single excimer laser pulse is irradiated
through a transparent mold and melts a thin surface layer of silicon during
imprinting, which offers a rapid technique for patterning nanostructures in
Si that does not require subsequent RIE [58].

NIL has proven to be very successful in patterning structures at the nanom-
eter scale. Using NIL, the fabrication of an array of dots with 10 nm diameter
and 40 nm pitch was demonstrated (Figure 4.2) [59], while line gratings of
5 nm line width and 14 nm pitch were fabricated using UV-NIL with a stamp
made by selectively wet-etching Al,,Ga,;As from a cleaved edge of a GaAs/
Aly,Gay;As superlattice grown by molecular beam epitaxy [60]. As demon-
strated, the ultimate resolution of NIL technology seems to be determined
by the minimum feature size in the stamp, which is the driving force of the
growing efforts in the area of biological and medical application because the
length scale of sub-10 nm now attainable via NIL is on the same order as
the size of molecules of current biological interest.
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FIGURE 4.2

SEM micrographs of (a) a SiO, mold with 10 nm minimum diameter pillars with a 40 nm
period, (b) 60 nm-deep holes imprinted into PMMA using the mold shown in (a), (c) metal
dots formed by NIL and a lift-off process. (Reprinted with permission from S.Y. Chou, PR.

Krauss, W. Zhang, L. Guo, and L. Zhuang, J. Vac. Sci. Technol. B 15, 6 (1997) 2897, American
Institute of Physics.)

4.2.2 Polymer Flow during NIL

The flow behavior of a resist during NIL is determined by the interplay of
thermal and mechanical properties of the resist, the process parameters, and
the geometries of the stamp structures. The most important thermal and
mechanical properties of a resist are T, viscosity, and modulus. Basically,
resists suitable for NIL are those that allow sufficient flow for conformal
molding at the process temperature and pressure while during demolding
a high modulus is desirable to ensure that the deformed polymer patterns
sustain the detachment of the stamp without damage. During NIL, the
temperature is normally held some 50 to 100°C above its T,, which will
allow the resist to easily flow into cavities of stamp structures due to
decreased polymer viscosity. The viscosity of a resist is a strong function of
the temperature, and the imprint time to the completion of the molding is
proportional to the viscosity (t ~ h) [11]. In contrast to this, the pressure is
a less important process parameter. Practically, a range of pressure that is
high enough for the resist to flow but low enough to prevent any damage
of the substrate and stamp is used without any complicated optimization.
The reason is that most thermal and mechanical properties of resists are
weak functions of pressure, and that it is difficult to control the pressure
accurately because it varies with the geometries of the stamp. More impor-
tant is its even distribution over the stamp surface, which determines how
homogeneously the resist filling can take place. This is often achieved using
an equilibration mechanism behind the stamp, such as an air cushion or an
elastic stamp mattress.
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The other important process parameter is the initial thickness of the resist
[11,15]. The process time to mold a thin polymer layer can be reduced to a
few seconds by using a high initial layer thickness. For thicker films, the
squeezed polymer can flow more freely in the central plane of the film
unaffected by the friction at the boundaries. However, the use of a high initial
thickness usually results in an unacceptable residual layer thickness, which
makes the pattern transfer extremely difficult. Ideally, no residual layer is
desired for pattern transfer. On the other hand, an extremely thin initial resist
might not be able to provide enough material to fill cavities in the stamp,
not alone an impractically long imprinting time up to several tens of minutes.
Finally, in optimizing the initial resist thickness, requirements with regard
to the target application of the patterned surface need to be considered.

Stamp geometry, that is, the distribution of stamp cavities and protrusions
on a stamp surface, also plays a significant role in the polymer deformation
during NIL and thus should be considered in designing the stamp and the
NIL process [11-15,19,20]. To date, only a few studies have been performed
on polymer flow during NIL, and precise design rules concerning feature
geometries are not known. However, one general rule on polymer filling is
still available: The transport distances of the resist result in a remarkable
difference in the filling of cavities according to their size and arrangement.
The shorter the distances, the faster the filling of the stamp cavities under
identical imprinting conditions. Thus, large, isolated features or gratings sur-
rounded by a large space, as is often the case, are very challenging with respect
to a complete filling. Even worse is that in such a case the stamp sinks down
quickly in the center of the grating, whereas due to the slow squeeze flow in

Large Large Large
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FIGURE 4.3

(a) Schematics representing bending of the stamp during NIL, which results from different sinking
velocities due to the stamp geometry. (b) Optical micrograph of a grating with 400 nm period
imprinted in PMMA. The structural area of 5 mm x 3 mm is located in the center of a full 4 inch
Si wafer. Profilometric height measurement of a cross-section schematically represented in nm
indicates large resist thickness variations near and within the grating due to the wafer bending.
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the surrounding area, the polymer thickness stays almost constant. The
different sinking velocities result in a local bending of the stamp during NIL,
producing a residual layer with inhomogeneous thickness distribution (Fig-
ure 4.3). Thus, care must be taken with the amount of resist thinned down
during the removal of the residual layer in order to ensure complete transfer
of the structures.

The actual mechanism of the squeeze flow of a resist into a stamp cavity
is a complex function of imprinting conditions [11,15,19,20]. The initial stage
of the filling could occur in two different ways: the first beginning from the
borders of the stamp cavity and the second filling from the center. Different
initial filling behaviors were experimentally observed. A simulation study
by Jeong et al. clearly indicates that the capillary force, surface tension, and
width of the stamp groove are important factors determining the initial filling
behavior (Figure 4.4) [19]. For large width, the resist initially fills the stamp
cavity from the borders. When the feature width decreases, the deformation
mode also changes. The simulation correctly predicts the flow behavior
reported by Heyderman et al., which was attributed to capillary-driven flow
rather than shear-thinning phenomena [15].
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FIGURE 4.4

(a) The geometry of computation domain, and (b) simulated free surface shapes during the
initial state of NIL for different geometries (W = 10 pm, 1 pm, and 100 nm), surface energy,
and embossing velocities. (Courtesy of J.-H. Jeong, J.-H. Jeong, Y.-S. Choi, Y.-] Shin, J.-J. Lee,
K.-T. Park, E.-S. Lee, and S.-R. Lee, Fibers and Polymers 3, 3 (2002) 113.)
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4.2.3 Biocompatibility of the Resist

A variety of materials are applicable to the NIL process. NIL was initially
developed as a patterning method in a thin film of thermoplastic polymer
resist such as PMMA, a standard resist for high-resolution EBL. However,
it has also proven to be a suitable method for patterning of thermo- and
UV-curable polymers, small organic semiconducting materials, sol-gel mate-
rials, and even direct patterning into inorganic materials such as Si
[6-17,22,36,37,58]. Thus, there is a relatively large degree of freedom in
selecting appropriate resist materials applicable to the NIL process. Resists
specially designed for NIL are also available. Those resists have been devel-
oped to improve performance of the molding process while still being suit-
able for microelectronics and MEMS systems, as well as for large-area
patterning and electroplating processes. The requirements of resist for
improving the molding process include a short response time either by heat
or UV irradiation, lower molding temperature and pressure, increased
mechanical strength once patterns are formed, higher uniformity, and better
etch resistance for pattern transfer.

Apart from the abilities of conformal molding, another important criterion
for biological applications is biocompatibility, particularly when the fabri-
cated structures in the device are in direct contact with biological molecules
that are diagnosed and manipulated. This is because the success of many
medical devices is limited by the interaction of the device materials with the
contacting biological molecules. Most of the NIL resists are known to be
biocompatible. However, when a resist is used in a medical device, testing
and evaluation of the device with specifically applied molecules has to be
conducted. One example is a study performed by Bunk et al., where motilities
of actin filament on various NIL resists and substrate materials were inves-
tigated after incubation with heavy meromyosin [4]. One group of resists
(mrL-6000.1XP from Micro Resist and ZEP-520, an EBL resist) consistently
exhibited high-quality motility of the actin filaments, while a second group
(PMMA-200 and PMMA-950 with a molecular weight of 200 and 950 kg/
mol, respectively, and mrI-9030 from Micro Resist) showed a low quality of
motility with only a few smoothly moving filaments. Such information is
very useful in the design of medical devices; the first set of resists are suitable
polymers for the creation of myosin-binding tracks for motility, whereas
resists in the second set would be useful for padding of areas where motility
is unwanted. Based on these findings, grooves fabricated in a bilayer resist
system with PMMA-950 and mrL-6000.1XP were found to be effective in
prohibiting U-turns of the filaments, and to exhibit 20 times higher density
of moving filaments in the grooves made of mrL-6000.1XP than on the
surrounding PMMA.

Despite the importance of biocompatibility, information on the interactions
between numerous biological molecules and NIL resists is still lacking and
more efforts need to be devoted to this task. An alternative to overcome the
problem related to this interaction is to modify the resist surface with a
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molecule containing functionalities that give rise to desirable surface prop-
erties. This method of modifying surfaces is preferential because materials
and process parameters for a standard NIL process can still be used while
providing surface functionalities. However, compared to silicate or gold
surfaces, chemical modification of polymer surfaces has not been well estab-
lished and needs to be studied further.

4.2.4 Stamps with Nanostructures

As in any other molding-based technology, one of the most important
requirements for NIL is to obtain reliable stamps with desired structures that
can be repeatedly used without damage during demolding. Most stamps
with nanoscale features have been fabricated via EBL in a resist, followed
by RIE of the Si substrate by using the resist as a masking layer. With this
method, single lines, small arrays of dots, or sparsely distributed structures
as small as 10 nm can be made. EUV-Interference Lithography (EUV-IL) is
another potential tool for fabricating NIL stamps with extremely small, peri-
odic nanopatterns when combined with appropriate pattern transfer pro-
cesses (Figure 4.5) [26,61]. Using a spatially coherent beam in the EUV energy
range, high density, periodic patterns down to 32 nm pitch have been dem-
onstrated [62]. When large-area diffraction gratings and small coherent EUV
beams are used, patterning as large as 5 mm x 5 mm is possible. In particular,
the stamp fabrication via EUV-IL has drawn interest in biological applica-
tions because an array of periodic patterns with sizes in the range of mac-
romolecules, such as proteins, is very often required for purposes of sensing
and isolating bioentities.

EUV-IL exposed PMMA NIL stamp on Si Imprinted PMMA

50nm 56 nm
ANAAN

FIGURE 4.5

Dark field optical microscope, SEM, and AFM images: (a) for EUV-IL exposed PMMA, (b) after
transferring the pattern into Si to be used as a NIL stamp, and (c) imprinted PMMA using the
stamp shown in (b). The half pitch of the pattern is 50 nm and the area of patterns is 1 mm x
1 mm. (Reprinted with permission from S. Park, H. Schift, H.H. Solak, and J. Gobrecht, J. of
Vac. Sci. Technol. B 22, 6 (2004) 3246, American Institute of Physics.)
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While the ultimate lateral resolution of NIL depends on the minimum
feature size in the stamp [8], actual success of imprinting often relies on
stamp characteristics such as the geometry and aspect ratio of features, size
of patterned areas, sidewall profile, and surface roughness. Those factors
also have a significant role in determining the flow behavior of the resist.
Thus all of them have to be taken into account beginning with stamp design
and need to be controlled by carefully optimizing process parameters during
stamp fabrication.

As stamp materials, Si wafers are well suited and most widely used
because the thermal expansion coefficient of the stamp is often identical to
the substrates to be structured, so that pattern distortion generated by a
mismatch of the thermal expansion of stamp and substrate can be minimized.
Another reason is the ease of access to standard semiconductor processing
equipment in a cleanroom environment. Other materials, such as Ni, SiC,
diamond, quartz, and even cross-linked polymers have been demonstrated
as potential stamp materials [25,63—65]. Consideration in selecting appropri-
ate stamp materials includes flexibility and mechanical strength, process
temperature and pressure, and compatibility with other materials and appli-
cations. For example, when flexibility and robustness higher than those of
Si is needed, Ni stamps fabricated using electroplating are more favorable.
If the thermomechanical replication process does not exert high forces on
the relief structure, then polymer resist hardened by light, heat, or by chem-
ical initiation may support high temperatures and can be repeatedly used
as NIL stamps [25]. However, the lifetime of polymeric molds is still low
and good solutions for antisticking coatings have to be found.

4.2.5 Antiadhesive Layer Coating

An increase in the effective surface area by the presence of nanostructures
increases adhesion between the stamp surface and the molded resist. This
effect becomes significant as structures become complex and the aspect ratio
increases. A low surface energy release layer on the stamp helps to improve
the imprint quality, and it also increases the stamp’s lifetime significantly by
preventing surface contamination. Low adhesion and friction at structure
sidewalls can only be assured if the stamp is fully covered with a durable
antiadhesive layer that can resist the high temperatures and pressures of the
NIL process.

Fluorinated trichlorosilanes are often used as antiadhesive layers for Si
stamps due to its stable covalent anchoring to hydrated Si surfaces. Surfaces
with extremely low surface energy can be achieved by the formation of a
dense and fully bound film of silanes, cross-linked between the molecules
by the formation of Si-O-Si bonds, which provide satisfactory results in
many cases. Use of codeposition of fluorinated mono- and trichlorosilanes
was reported to further improve the coating density by self-organization
between the two silanes by end-capping the reactive trichloro-group by the
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monochlorosilane [30,31]. The silane coating can be applied either in solution
or in the gas phase. However, it should be noted that for stamps with features
of the nanometer scale, the gas phase deposition is preferred to the solution-
dipping method in order to prevent issues related to wetting into the small
sized cavities.

A fluorinated silane coating can also be applied to stamp materials other
than Si where silane chemistry is no longer valid. This possibility would
greatly enhance the versatility of NIL technology. For Ni stamps, a preferred
mold material for MEMS and microembossing applications, sputtered or
plasma-polymerized teflon-like coatings have been used as release agents.
However, such coatings are still less effective and less stable in the long term
than Si stamps coated with fluorinated silanes. Recently it was found that the
surface energy of a Ni surface coated with fluorinated silane molecules can
be lowered dramatically by introducing a very thin layer of SiO, (approxi-
mately 10 nm) before the coating [29]. Because x-ray photoelectron spectros-
copy on the differently treated surfaces indicates a similar amount of the
silane molecules attached on the substrates, the decrease in the surface energy
was attributed to the increase in the number of the silane molecules covalently
bound to Ni surfaces by the deposition of a thin SiO, layer. This is also
supported by simultaneous imprint tests with sinusoidal gratings of different
coatings, where no failure appears for the coating with a SiO, interlayer.

4.3 NIL in Biological Applications

In the following we will present some examples of recent developments,
where patterns fabricated via NIL were used in biological applications. The
use of imprinted patterns can be divided into two categories: the use of
surface topologies as a three-dimensional template and chemical contrast on
the substrate surface. Surface topologies provide structures that allow inte-
gration of components in biomedical devices, such as channels in fluidic
devices, detection components, and electrodes in biosensors. Surface rough-
ness and increased adhesive area caused by the presence of surface topolo-
gies can also be used to constrain and control motion and growth of
biological molecules. On the other hand, the chemical contrast points to an
opportunity to control the functionalities of biorelevant events that include
transmembrane and intracellular molecules, as well as protein distributions.

4.3.1 Nanofluidic Devices

Microfluidic devices have wide applications in liquid handling in biology
and chemistry for manipulating samples in small quantities. The goals of
further miniaturization of the fluidic channels are to increase speed and
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sensitivity of assays and to enable studies of fluid transport and molecular
behavior at extremely small dimensions [4,5,40,42]. For this purpose, NIL is
a ready method of defining fluidic channels of the micro- and nanoscales at
low cost. Apart from the formation of channels, there are also other aspects
that need to be considered in designing a nanofluidic device, which include
modifying surface functionalities, sealing of the channels, integration with
other microstructures for feeding and detection of fluids, and so forth.

Modifying surface functionalities in the channels is an essential process in
the realization of functioning micro- and nanofluidic devices. For example, in
order to transport biological molecules within a device, it is necessary to confine
their motion along the channel while the molecule should not be adsorbed by
the channel walls or escape from the channels. In this regard, it is sometimes
necessary to have surface functionalities of the channel walls be different from
those on the channel track. Recently, Cheng et al. developed an effective method
of achieving highly efficient guiding of microtubules transported by kinesin
motors that are immobilized within polymer nanotracks created by NIL [41].
The nanoscale protein tracks constrained by polymer barriers made of a
cyclized perfluoropolymer called CYTOP, prevent the gliding microtubules
from swaying and compel them to approach the track edge at glancing angles,
thus restraining them from moving out of the track. Furthermore, the surface
of the CYTOP barriers are chemically modified to have protein-nonadhesive
properties, which effectively prevent microtubules from either climbing up the
barriers or randomly gliding over the top surface of the barriers.

The fabrication of nanofluidic channels is completed by sealing of the
channel using either rigid or soft materials following NIL to produce high-
resolution nanoscale templates. Despite the relative ease of constructing
nanoscale structures via NIL, the sealing of these structures into functional
nanofluidic devices presents great technical challenges. Taking advantage of
the filling behavior of resist during NIL, Guo et al. developed a simple
method of fabricating enclosed nanofluidic channels [10,40]. If a very thin
polymer layer is used during imprinting, the displaced polymer will not be
able to fill the trenches on the mold completely, therefore creating enclosed
nanochannel features (Figure 4.6). The fabrication process can also be well
controlled to give a predictable channel width and height. The channel width
is determined by the feature sizes on the channel template used for imprint-
ing. The channel height can be controlled by the depth of the template and
the initial thickness of the polymer layer, as well as by adjusting the ratio of
the ridge width to the trench width on the channel template. One of the
biological applications has been illustrated by stretching genomic DNA in
such nanochannel arrays. Over 90% stretching has been observed in
nanochannels with a cross-section size of approximately 120 nm x 75 nm
(Figure 4.7). Thus, nanofluidic channels could be used for studying the static
as well as the dynamic behavior of DNA molecules in confined geometries.

Nanofluidics reduces the size of fluidic systems dramatically. However, it
is not simply a matter of shrinking components. Another challenge is how
to integrate those nanostructures with other components of micro- or even

© 2007 by Taylor & Francis Group, LLC



Nanoimprinting Technology for Biological Applications 105

- -4-_..‘. 2

gees 38Ky @ Ivm WD16

1 00 nm

FIGURE 4.6

SEM micrographs of imprinted nanofluidic channels of various cross-sections. (a) 300 nm
(width) x 500 nm (height) channels; inset shows a close-up view. (b) 300 nm x 140 nm channels.
(c) 75 nm x 120 nm channels. (Reprinted with permission from L.J. Guo, X. Cheng, and C.-F.
Chou, Nano Letters 4, 1 (2004) 69, American Chemical Society.)

macroscales that operate functions such as mixing, valving, reagent storage
and reconstitution, thermal processing, and so forth. Although NIL has
proven to be very successful in nanopatterning, especially in replicating
periodic nanoscale features with uniform sizes, it still has limitations in
producing both large and small features in various combinations and distri-
butions, which is attributed to the rheological behavior of resists during NIL
[10,11,13,15]. Several strategies have been developed to overcome this prob-
lem, such as an addition of auxiliary structures around the important pat-
terns, lowering the process temperature and pressure, and combining NIL
with photolithography [10,13,15]. However, due to the complexity of the
rheological behavior during NIL, an individual strategy needs to be found
depending on the geometries of the applied patterns and applications.

4.3.2 Engineering Nanopores

High-volume fabrication of perforated membranes has potential for any
applications that require templates with nanoscale openings accessible from
both sides. By placing biomembranes onto the artificial pores, actions such
as separation, sensing, and drug delivery can be performed. Such membrane
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(b)
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FIGURE 4.7

Fluorescent images showing the stretching of 103 kb-long T5 phage DNA in the imprinted
nanofluidic channels. (a) In 300 nm wide and 700 nm height channels, DNA is stretched but
to a lesser degree (approximately 15%). (b) In 300 nm x 500 nm channels, DNA is more stretched
(30%). In 75 nm x 120 nm channels, DNA stretching reaches about 95%. The scale bar is 20 um
in (a) and (b), 50 pm in (c). (Reprinted with permission from L.J. Guo, X. Cheng, and C.-F.
Chou, Nano Letters 4, 1 (2004) 69, American Chemical Society.)

structures can be found everywhere in nature, in particular in biological
systems, as can be exemplified in transmembrane proteins.

A schematic diagram of the fabrication procedure for nanopore mem-
branes is given in Figure 4.8a [53]. First, the nanopores are replicated by NIL
in PMMA spin-coated on a Si;N,/Si/Si;N,/Cr substrate. The Si;N, on the
reverse side of the substrate is prestructured with a square opening to be
used as a mask for the final membrane production step. The Si;N, on the
front side of the substrate includes alignment marks to align the NIL stamps,
so that the nanopores coincide with the membranes. Following imprinting,
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FIGURE 4.8
(a) Process scheme for the fabrication of Si;N, nanopores using NIL. SEM micrographs (b) of

the NIL stamps used for the nanopore fabrication and (c) of the corresponding nanopores.
(Reprinted from L.J. Heyderman, B. Ketterer, D. Bichle, F. Glaus, B. Haas, H. Schift, K. Vogel-
sang, J. Gobrecht L. Tiefenauer, O. Dubochet, P. Surbled, and T. Hessler, Microelectron. Eng. 67-68

(2003) 208, with permission from Elsevier.)

the PMMA residual layer is removed using an O, RIE and the pores transferred
into the Cr layer, which is again transferred into the Si;N, using a CHF,;/O,
plasma. The Si is etched in a KOH bath to reveal the Si;N, membranes. Figures
4.8b and 4.8c show the NIL stamps and the fabricated nanopore membrane
structures, respectively. Pores with diameters down to approximately 140 nm
were achieved with this method. The pore diameter is basically defined by the
size of the nanopillars in the stamp, which were generated using EBL. The
slight difference in diameter between the stamp pillars and the resulting nan-
opores is in the range of 35 to 50 nm. This is surprisingly low considering any
lateral movement during imprinting and any widening of the nanopores during
the postprocesses. The wall slope can be changed from perpendicular to neg-
ative by changing the etch parameters, so allowing tailoring of the pore profile.
The membranes were found to be stable. However, more work must be done
before implementing those nanopore membrane structures in biological appli-
cations, such as load tests, liquid compatibility, biocompatibility, and function-
alization of surfaces. For separation processes, it is also important to study the
permeation rate and investigate methods for creating force gradients, such as
pressure, concentration, electrical potential, and temperature differences.

4.3.3 Chemical Nanopatterning

In addition to the application of topological patterns, NIL may also play an
important role in spatially controlling chemical functionality on a surface,
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which has become a major challenge for electronic, optoelectronic, biological,
and sensing applications [1-4,51,52]. In general, local modification of surface
chemistry requires the process sequence of nanofabrication via a suitable
patterning method, followed by selective localization of a molecule using
chemistry known for its immobilization.

A simple method of fabricating chemical nanopatterns using NIL is based
on its pattern transfer ability, which has shown sub-10 nm resolution in the
generation of metal lift-off [59]. The process is schematically shown in Figure
4.9a. After the window opening by O, RIE, selective chemical modification
of the substrate surface is achieved by deposition of a molecule with certain
functionalities that need to be imposed on the local substrate surface areas.
Finally, the chemical patterning will be completed by lift-off of the remaining
resist using a solvent. The chemical modification can be performed either in
the gas phase or by dipping in the solution. Figure 4.9b shows atomic/lateral
force microscopy (AFM/LFM) images for chemical patterns with a mixture
of fluorinated mono- and trichlorosilanes fabricated by the method described
in Figure 4.9a. Periodic contrasts in topology, as well as friction force between
areas of the silane molecules and the background, are clearly distinguished
in the images. The smallest width for SiO, lines was 15 nm. The results clearly
demonstrate the capability of NIL as a tool for the local modification of
chemical functionalities on a surface in an unprecedented lateral resolution
by combining with an appropriate surface chemistry.

Stamp

Imprinting SiO, =20 nmi

. s
»

Fluorinated silane
—50 nm

Demolding

100 nm
RIE etching HP =355 nm

Surface Si0 15 nm
modification -

— -
Fluorinated silane
—35nm

Lift-off

HP = 25nm

FIGURE 4.9

(a) Process schemes of fabricating chemical patterns via NIL and (b) AFM/LFM images for
chemically patterned surfaces modified with a mixture of fluorinated mono- and trichlorosi-
lanes.

© 2007 by Taylor & Francis Group, LLC



Nanoimprinting Technology for Biological Applications 109

Integrated biological applications often require a sequence of additional
chemical bindings to the modified local surface functionalities. In such cases,
a small amount of contamination could seriously damage the following pro-
cess, and thus pure chemical contrast needs to be achieved to implement
chemical nanopatterns in integrated devices. In order to reduce the level of
impurities and inhomogeneities, care should be taken for each process
involved. As the pattern size becomes smaller, and thus a smaller resist height
is used, it is more difficult to achieve homogeneous thinning of the patterned
resist for the window opening process due to inhomogeneous distribution of
the residual layer thickness over the patterned areas. In addition, the possible
diffusion of the molecules used for the surface modification into the resist
necessitates additional topological contrast. Thus, in order to ensure homo-
geneous window opening and selective surface modification, the aspect ratio
for the patterns has to be increased. In addition, a complete removal of resist
during the lift-off, which is required to achieve clean chemical contrast, is not
an easy task [7]. All the problems mentioned must be solved in order to
implement NIL as a practical fabrication technology for high-resolution chem-
ical patterns for various applications.

4.3.4 Protein Nanopatterning

For the development of integrated biodevices, such as biosensors and biochips,
it is crucial to be capable of organizing bioactive materials on glass or semicon-
ductor surfaces with micro- and nanometer resolution [1,2]. In particular, pat-
terning of protein layers has been extensively investigated because integrated
biodevices rely on the selectivity and sensitivity of receptor molecules, which
bind selected analytes. The strategy of improving sensitivity goes toward min-
iaturization of the pattern size because it will help to improve the detection limits
in those devices by increasing the density of the receptor elements [2].

The process of chemical patterning based on NIL (Figure 4.9a) can directly
be used to create nanoscale patterns of various biological molecules. How-
ever, defining patterns of such molecules on surfaces is not a simple task
considering the complex and fragile nature of those molecules. A critical
requirement is the ability to avoid nonspecific bindings of proteins (or bio-
molecules in general). The uncontrolled presence of proteins on an array will
most likely affect the outcome of the assay and thus bias the results. There-
fore, the noninteractive areas of the pattern require special attention through
designed surface chemistry in order to ensure a very low background signal.

Recently, two independent studies have demonstrated the patterning of
bioactive proteins with nanoscale resolutions via NIL and local chemical
modification using different methods of suppressing nonspecific protein
bindings. The method exploited by Falconnet et al. combines NIL and
molecular assembly patterning by lift-off (MAPL) [56]. The MAPL process
was recently introduced as a technique for producing micropatterns via
conventional photolithography and assembly of biofunctional PEG-graft
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polyelectrolyte copolymers, such as cationic poly(L-lysine)-graft-poly(ethyl-
ene glycol) (PLL-g-PEG) on transparent negatively charged niobium oxide
(Nb,Os)—coated glass slides. After achieving chemical contrast of PLL-g-
PEG/PEG-biotin and Nb,O;, the Nb,O; areas were rendered nonfouling by
spontaneous adsorption of the nonfunctionalized PLL-g-PEG from an aque-
ous solution to inhibit nonspecific protein adsorption in the background
(Figure 4.10a). In the final step, fluorescence-labeled alexa-488-conjugated
streptavidin was adsorbed onto the biotin functionalized patterned surfaces.
Scanning near-field optical microscopy (SNOM) was used to image the pro-
tein adsorption onto the 100 nm PLL-g-PEG/PEG-biotin stripes. Even
though the fluorescent-labeled lines appear broader than the actual line
width of the PLL-g-PEG/PEG-biotin stripes due to the resolution limit of
SNOM of approximately 100 nm, the regular line pattern of 400 nm-period-
icity is clearly recognized, verifying selective adsorption of the streptavidin.

The second approach developed by Guo et al. consists of nanoscale pat-
terning via NIL and a fluoropolymer surface passivation [10,40]. In contrast
to the chemical patterning process shown in Figure 4.9a, the local passivation
to prevent nonspecific adsorption of biological molecules was done using
CHF; RIE immediately after the window-opening step. In their study, pat-
terns of selectively passivated Si surfaces are created using NIL, O, RIE, and
deposition of a passivating (CF,), polymer, which prevents nonspecific
adsorption of the biological molecules in the unpatterned regions. The tem-
plate surface was then processed with a sequence of chemical modification
steps, and an aminosilane monolayer, biotin, streptavidin, and ultimately a

AFM SNOM
5 nm o R ¥
PLL-g-PEG/PEG-biotin :
F : ) N . Adsorption of
. ’ alexa-488-
4 streptavidin

—

s -

A\
PLL-g-PEG

4 400 nm
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. 400 nm'
S

PLL-g-PEG/PEG-biotin alexa-4BB-streptavidin
PLL-g-PEG
Ni i v o *es

FIGURE 4.10

(a) AFM image for the chemical pattern of PLL-g-PEG/PEG-biotin after backfilling with PLL-
g-PEG. (b) Scanning near-field optical microscope (SNOM) image after adsorption of a fluores-
cent labeled protein, alexa-488-streptavidin on the chemical pattern shown in (a). (Modified
from D. Falconnet, D. Pasqui, S. Park, R. Eckert, H. Schift, J. Gobrecht, R. Barbucci, and Marcus
Textor, Nano Letters 4, 19 (2004) 1909.)
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protein target were bound subsequently. This technique results in a highly
specific immobilization of a monolayer of biofunctional target protein in
patterned areas, and less than 0.1% of a monolayer in surrounding regions.
Successful patterning at the nanometer scale was verified using epifluores-
cence microscopy. In addition, the nanopatterned proteins processed using
this method retained their biological functionality, as demonstrated by sub-
sequent antigen binding on patterned antibodies.

4.4 Outlook

In many biological applications, surface patterns with topological or chemical
contrast are required, and combinations thereof. Topological structures are
fabricated in the form of channels, pillars, and pores for micro- and nanofluidic
devices and nanoarrays. Biological active surface structures can be generated
by chemical patterning. The patterning of nanostructures on a hard substrate
material can be realized using NIL with relative ease, by using the imprinted
polymer as a masking layer for pattern transfer. The direct chemical patterning
of polymers, however, is more challenging because materials have to be found
that allow both good processability and a stable binding of biofunctional
molecules. Furthermore, the integration of the nanostructures into other larger-
sized components remains to be solved. In microfluidic devices, for example,
the integration of a sieve made from nanopillars into a fluidic microchannel
requires a high-aspect-ratio nanostructuring capability. For this, several pro-
cess aspects have to be improved—the ability to fabricate high-aspect ratio
structures requires optimization of each process step including fabrication of
high-quality stamps, improving antisticking layer coatings, controlled
demolding, and so forth. Another challenge lies in in-plane alignment, which
is practically limited to approximately 1 pm with commercially available NIL
equipment. For example, in a sieve structure, a slight misalignment of the
nanopillar pattern with respect to the microchannel could damage the overall
device functioning dramatically. For that, efforts are needed to improve the
alignment resolution as well as to find alternatives to conventional stamp
fabrication, such as using nanoparticles and block copolymers as templates.

The driving force for new nanopatterning methods is the huge demand
for low-cost disposable devices and fast prototyping of a large variety of
assays. The NIL technology provides a flexible, low-cost, and biocompatible
method for fabricating nanostructures and is still evolving very quickly. Its
capability to pattern substrates by molding, without changing the chemical
properties of the polymer, makes it possible to use a wide range of new
materials with tailored chemical and biological properties. Even though there
are still many key issues to be solved, NIL technology will play an important
role in any biological applications that require topological and chemical
patterns at the micro- and nanometer scale.
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5.1 Introduction

Polymer microfabrication has become a popular alternative to the established
silicon and glass-based microelectromechanical system (MEMS) fabrication
technologies, particularly for microfluidic and lab-on-a-chip applications [1].
MEMS technologies are revolutionizing chemical and biomedical applica-
tions, and have enabled the fabrication of biochips with microchannels for
applications such as electrophoresis [2-4], polymerase chain reaction (PCR)
[5,6], electrical field flow fractionation [7,8], gas chromatography [9,10], liquid
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chromatography [11,12], and DNA separation techniques [13,14]. Such micro-
scale total analysis systems (WTAS) or lab-on-a-chip (LOC) [15] perform func-
tions of large analytical devices in small, often disposable units. They rely pri-
marily on microscale fluid flow as these systems must contain elements for the
acquisition, pretreatment, separation, posttreatment, and detection of samples.

Earlier biochips were fabricated in either silicon [6,9-12] or glass [2—4]
using technologies developed primarily in the microelectronics industry. A
number of microfluidic devices for various applications, especially in bio-
technology, were fabricated by defining the features using standard photo-
lithography. This was followed by etching the substrates using chemicals or
plasma and then sealing with a cover plate. Glass and oxidized silicon
possess a negative charge and support electroosmotic flow, which is a desir-
able surface characteristic. Glass systems have proven to be successful espe-
cially when applied to separating and sequencing DNA [16]. Silicon and
glass were popular as substrate materials primarily because of the existing
and established microfabrication methods for microelectronic devices.

However, established silicon and glass processing methods exhibit limita-
tions due to the complex fabrication procedures, geometrical design restric-
tions, and costs involved. The need for high-aspect-ratio features for various
life science applications also posed a serious problem with the existing micro-
fabrication technologies in silicon and glass. Polymers as substrate material
offer a solution to these challenges and lend themselves to the mass fabri-
cation of microfluidic devices.

Polymers offer several major advantages that are not immediately avail-
able in silicon and glass, including a wide range of material characteristics,
biochemical compatibility, ease of processing and prototyping, and lower
costs [29]. These characteristics make polymers the most promising substrate
materials for applications in the life sciences. Replication technologies (hot
embossing, injection molding, and casting) are well suited for these appli-
cations because the principles behind these processes are already well estab-
lished in the macroscale world. A number of microfluidic systems have been
recently demonstrated in polymers for biomedical applications, including
miniaturized electrophoresis chips [16-18], microfluidic mixers [19-21],
pumps and valves [22], devices for cell or protein patterning [23,24], and
microfluidic switches [25]. Becker et al. [29] summarized the advantages of
using polymers for microfluidics to include: (a) a wide range of available
material properties and surface chemistries that permit application-specific
substrate optimization; (b) suitable microfabrication technologies for a large
variety of geometries (rectangular, rounded, high aspect ratio, etc.); (c) low
conductivity for electrokinetic pumping or electrophoretic applications; (d)
low material cost, which is key for disposable devices or high-volume pro-
duction; and (e) ease of manufacturing due to replication-based fabrication.

In addition to the inherent material properties, the rapid growth of poly-
mers in applications involving chemistry and biology is also due to the
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application of established replication technologies. These include hot
embossing [1,17,18,29,36], injection molding [29,36,54], and methods of rapid
prototyping like casting [15,16,19,20,29] and laser micromachining
[24,26-29]. Injection molding is one of the most well known technologies
where polymer pellets are melted in a heated screw and injected at high
pressure against the tool to replicate features. The process can be automated
and used to rapidly fabricate LOCs, but is limited by the tool materials and
the availability of appropriate substrate polymers. Casting is an inexpensive
but slower technique for fabricating microfluidic LOCs in elastomers, where
the elastomer precursor and the curing agent are mixed at a fixed ratio and
poured over the template. The system is thermally cured, allowing the elas-
tomer to be peeled off once it sets. The most prominent elastomer is poly-
dimethylsiloxane (PDMS), and the casting template can be fabricated by
conventional micromachining techniques [16]. Laser ablation is a direct tech-
nique in which the energy of a laser pulse is used to break bonds in a polymer
molecule and to remove the decomposed polymer fragments from the abla-
tion region [24,29,30]. However, the interaction of the laser light and the
polymer material induces surface modifications compared to the untreated
material [29,30].

Hot embossing is a reasonably fast and moderately expensive technique
used to replicate microfluidic LOCs in thermoplastics. It is a straightfor-
ward process, schematically represented in Figure 5.1, where the polymer
and the master are heated above the glass transition temperature (or soft-
ening point) of the thermoplastic and a controlled force is applied under
vacuum. The assembly is then cooled below the glass transition tempera-
tures and they are de-embossed. Though the process cannot be fully auto-
mated, it is widely used to replicate microstructures on thermoplastics due
to low startup costs and ease of fabrication. Hot embossing offers the
advantage of a relatively simpler replication process with few variable
parameters and high structural accuracy, and is therefore well suited for a
wide range of microfluidic LOC applications from rapid prototyping to
high-volume mass fabrication [17].

In this chapter, we will limit ourselves to hot embossing for microfluidic
lab-on-a-chip applications. Other microfluidic devices, such as pumps and
valves, have been purposefully omitted. The same holds true for a number
of other polymer microfabrication technologies that have also been applied
to fabrication of microfluidic devices, such as injection molding, casting,
and laser ablation.

\
/
FIGURE 5.1

Hot embossing process flow.
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5.2 Polymers
5.2.1 Material Properties

Polymers are macromolecular substances comprised of thousands of mono-
meric units. Polymers are formed from either only one monomer or a variety
of monomers (copolymers). In most cases, polymers are amorphous with chain
lengths varying throughout the bulk material. Thus, polymers do not have an
exactly defined melting temperature. Instead, a melting interval exists referred
to as the glass transition temperature (T,), in which the viscosity changes
substantially and the material becomes a viscous mass. Many polymers solid-
ify after cooling under the T,, resulting in a solid phase that is hard and brittle.

In hot embossing, T, is one the most critical parameters. If the temperature
is increased above T, the material becomes viscous and can be molded or
embossed. For demolding or de-embossing, the material is cooled below T,.
This is an important step because geometric stability of the embossed com-
ponent can suffer due to relaxation during the demolding and the resulting
entropy elasticity. Softeners can be added to polymers to lower the glass
transition temperature, but this decreases hardness and increases elasticity
and impact strength of the material. Plasticizers added during the polymer-
ization process increase the T,.

Polymers can be broadly classified into three groups according to the inter-
connection of the monomer units in the polymer chain, which will substan-
tially affect their properties and thus the embossing behavior. The first group
is the thermoplastic polymers, which consist of unlinked or weakly linked linear
chain molecules. Above the glass transition temperature, these materials
become plastic and can be molded into specific shapes, which they retain once
cooled below T,. Thermoplastics are commonly used in hot embossing; poly-
methylmethacrylate (PMMA) and polycarbonate (PC) are the most commonly
used thermoplastics. The second group is the elastomeric polymers, which also
contain weakly cross-linked polymer chains. Under an applied stress, molec-
ular chains can be stretched to a high extent, but relax and return to the original
state once the external force is removed. Elastomers do not melt before reach-
ing the decomposition temperature and are typically processed by casting.
Polydimethylsiloxane (PDMS) is one of the most popular elastomers. The third
category is the duroplastic polymers (also known as thermoset polymers), which
contain heavily cross-linked polymer chains and therefore do not easily change
shape. These materials have to be cast into the final shape, and are harder and
more brittle than thermoplastics.

Hot embossing has very specific constraints with regard to the material
properties of polymers. Glass transition temperature and thermal expansion
coefficient are the most critical parameters to successful replication. As
already mentioned, the glass transition temperature is the temperature range
where a rigid glassy polymer material softens. Thermoplastics that contain
very long polymer chains with strong intermolecular interactions do not melt
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and flow, but remain soft until they decompose. Thermal expansion coefficient
refers to a change in length or volume resulting from a specified change in
temperature. This parameter is important not only in hot embossing fabrica-
tion, but also in the microchannel sealing process where different materials
are thermally bonded. Other parameters that must be considered include
adsorption and transparency at desired wavelengths and autofluorescence
when using optical detection; gas permeability when working with cells;
chemical resistance when using nonaqueous solutions; electrical insulating
properties and thermal dissipation when working with electroosmotic flows;
and analyte adsorption, surface properties, and biocompatibility.

5.2.2 Polymethylmethacrylate and Polycarbonate

The majority of the hot embossing work to date, particularly in microfluidic
and bio-MEMS applications, has been performed in PMMA (also known as
Plexiglas or Lucite). PC (also known as Lexan, GE or Makrolon, Bayer) is
another popular polymer material. Both of these materials offer high optical
clarity above 400 nm [38] and have a long history as biomedical materials.
PMMA is available in a broad range of molecular weights and is a well-
known e-beam resist. It is a thermoplastic polymer with a relatively low T,
of 106°C, which makes it better suited for hot embossing than PC (T, =
150°C). Other physical properties of the two materials, such as the density,
elasticity modulus, thermal conductivity, and water absorption, are quite
similar. The refractive index of PC is 1.586 [31], higher than that of PMMA,
making PC a good material for applications that use optical detection. Mate-
rial properties of PMMA and PC are summarized in Table 5.1. Both materials
exhibit excellent chemical resistance to weak acids, but suffer from poor

TABLE 5.1
Basic Material Properties of Embossing Polymer Materials
Property PMMA PC PS PP COoC
Density (g m) 1.17-1.20 1.20 1.05 0.896-0.915 1.01-1.02
Glass Transition 106 150 80-100 0-10 138
Temperature, T, (°C)
Elasticity Modulus (GPa) 3.1-3.3 2.0-2.4 3 1.1-1.6 3.1
Linear Thermal Expansion 70-90 65 70 100-200 60
Coefficient (10-° K)
Thermal Conductivity 0.186 0.192-0.21 0.18 0.22 0.16
(W mt K?)
Tensile strength (MPa) 48-76 62.1-65.5 40 40 66
Water absorption (%) 0.3-0.4 0.35 0.05 0.02 <0.01
Refractive Index 1.49 1.586 1.51 1.51 1.53

Source: Data compiled from Mark, J.E., Polymer Data Handbook, Oxford University Press, New
York, 1999; Harper, C.A., Modern Plastics Handbook, McGraw-Hill, New York, 2000; Becker, H.
and Gartner, C., Electrophoresis, 21, 12, 2000; Becker, H. and Heim, U., Sensors and Actuators A,
83, 130-135, 2000; Topas® Grade 5013 data sheet; and Ticona Inc., www.ticona.com.
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TABLE 5.2
Chemical Resistance of Common Embossing Polymer Materials

PMMA PC PS PP cocC
Aldehydes 0 - + +
Alcohols, aliphatic - + + +
Esters - - - 0
Ethers - - -
Ketones - - - 0 +
Aliphatic Hydrocarbons 0 - - +
Aromatic Hydrocarbons 0 - - 0
Halogenated Hydrocarbons - - 0
Acids, weak/diluted + + + + +
Acids, strong/concentrated - - + + +

(except HNO)

Acids, oxidizing 0 - - 0
Bases weak + - + + +
Bases strong - - + + +

+ = excellent chemical resistance; plastic not damaged after continuous contact with the sub-
stance. The plastic may remain resistant for years.

0 = good/limited chemical resistance; continuous contact causes slight damage, which may be
partially reversible (softening, swelling, reduction of mechanical strength, discoloration).

— = low chemical resistance; continuous contact causes immediate damage to the plastic
(reduction of mechanical strength, deformation, discoloration, cracks, dissolution, risk of
breakage).

Source: Compiled from Mark, J.E., Polymer Data Handbook, Oxford University Press, New York, 1999;
Becker, H. and Gartner, C., Electrophoresis, 21, 12, 2000; Weast, R. C. and Astle, M. ]., CRC Handbook
of Chemistry and Physics, 60th ed., CRC Press, Boca Raton, FL, 1979; Becker, H. and Locascia, L. E.,
Tulanta, 56, 267, 2002; and Topas® Grade 5013 data sheet, Ticona Inc., www.ticona.com.

resistance to strong acids, strong and weak bases, and most organic solvents.
Chemical resistances of these polymers are summarized in Table 5.2.

Other thermoplastic materials have been used in hot embossing due to
the interest in developing microdevices that offer higher operating temper-
atures, superior chemical resistance, or enhanced optical properties. In many
microfluidic applications, the polymer material forms the window of detec-
tion, and thus potential changes in refractive index of different plastics may
be important. Other polymer materials that have been used in hot emboss-
ing include polystyrene (PS), polyamide (PA), polybutyleneterephthalate
(PBT), polyoxymethylene (POM), polypropylene (PP), polyphenylene ether
(PPE), and polysulfone (PSU), and polyetherketone (PEEK). Table 5.1 lists
material properties of some common polymers that are critical in hot
embossing [32,33], while chemical resistances of these polymers are given
in Table 5.2 [34].

5.2.3 Cyclic Olefin Copolymer

Cyclic olefin copolymer (COC) or Topas by Ticona [35] is a relatively new
polymer material that has been gaining popularity due to its excellent physical
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and chemical properties [29,36,37]. COC is a thermoplastic copolymer con-
sisting of ethylene and bicyclic olefin (norbornene) monomers. Due to the
olefinic characteristics, COC has a good chemical resistance to hydrolysis,
acids and bases, and most organic polar solvents such as acetone, methanol,
and isopropyl alcohol. However, it is soluble in nonpolar organic solvents
including toluene and naphtha.

COC is transparent to light with wavelengths above 300 nm and has higher
transparency in visible and near ultraviolet regions than PMMA [37,38].
Figure 5.2 compares the UV transmittance characteristics of COC with
PMMA and PC. Further, the refractive index of COC is 1.53 at 589 nm, higher
than that of PMMA. Thus, COC has excellent optical properties, making
COC ideally suited for fluorescence-based biochemical analysis and bio-
optical applications.

The water absorption of COC is less than 0.01%, and for comparison the
water absorption of PMMA is 0.3 to 0.4%, an order of magnitude higher [29].
COC has the elasticity modulus of 3.1 GPa and density of 1.01 to 1.02 g/m®
[31], which are comparable to the properties of PMMA (E = 3.1 to 3.3 GPa
and p = 1.17 to 1.20 g/m?® [29,31]). By having lower density than PMMA,
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FIGURE 5.2

Transmission spectra of COC, PMMA, PC, PDMS, and glass. Top: A, 0.25-mm thick PMMA; B,
3-mm thick PMMA; C, 5-mm thick PMMA. Bottom: D, 1-mm thick BoroFloat glass; E, 1-mm
thick COGC; F, 0.25-mm thick PC; G, 2-mm thick PC; H, 1-mm thick PDMS. (From Piruska, A.
et al., Lab on a Chip, 5, 1348, 2005. With permission.)
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COC is easier to emboss. Overall, based on its material properties, COC is
ideally suited for hot embossing fabrication of microfluidic chips and
devices, especially if signal detection is performed spectroscopically [35-37].

5.3 Master Fabrication

The underlying principle of hot embossing is the replication of a microfabri-
cated master, which represents the negative (inverse) structure of the desired
polymer structure. Thus, microfabrication is only necessary one time for the
fabrication of this master structure, which then can be replicated many times
into the polymer substrate. This offers substantial cost advantages and freedom
of design because the master can be fabricated with a large number of
different microfabrication technologies.

The success of hot embossing is completely dependent on the master, also
called the tool, because any surface defect will be replicated faithfully in the
polymer. Thus, hot embossing has specific constraints with regard to masters
that must be considered. First, because the master needs to be removed from
the desired polymer structure, undercuts cannot be tolerated. Second, fidelity
of the replication and master lifetime depend strongly on the surface quality
of the master. Generally, smoother master surfaces result in lower frictional
forces during de-embossing. Roughness values below 100 nm RMS are nec-
essary for reliable, high-quality replication [29].

The tool material should not form any kind of chemical or physical bond
during replication. Release agents, which are commonly used on the mac-
roscale to help release molds of complex structures, are typically not suitable
for microfluidic devices. This is because such agents may modify the polymer
surface or diffuse into the polymer matrix, and thus adversely affect biolog-
ical samples. Further, release agents tend to increase the autofluorescence of
the polymer, making the device less compatible with fluorescent-based detec-
tion schemes commonly employed in microfluidic devices.

There are a number of methods used to fabricate tools. These methods can
be broadly classified into four categories: traditional micromachining meth-
ods (e.g., milling), bulk micromachining (e.g., wet or dry etching of Si),
surface micromachining (e.g., nickel electroplating of photoresist or LIGA
molds), and mold micromachining (e.g., PDMS or polyester tools). Surface
morphology, adhesion properties to the thermoplastic, lifetime, feature sizes,
and costs are the critical factors to be considered in master fabrication.

5.3.1 Micromachining Methods

Modern micromachining technologies, such as sawing, cutting, and comput-
erized numerically controlled (CNC) milling, are capable of producing tools
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with structures on the order of a few tens of micrometers. One key advantage
of these techniques is the wide range of materials that can be machined,
particularly stainless steel, which cannot be processed with other microfab-
rication techniques but offers excellent tool lifetimes. Another advantage lies
in the fact that there is no photolithography step, which in turn eliminates
the need to fabricate a mask and thus can substantially shorten the tool
development time. Relatively simple geometries with straight walls are a
good fit for these techniques.

However, high-aspect structures (height vs. width ratio greater than 2),
very deep holes, or very small structures (less than 10 pm) cannot be fabri-
cated. Further, with surface roughness around several pm, these techniques
typically do not produce smooth surface finish. CNC machining of materials
such as stainless steel yields tools with a very long lifetime. However, it is
mostly used for large features, often greater than 50 um, with tolerances
around 10 pm [1], and is limited by difficulties in machining complex
designs. Because the entire tool is fabricated in the same material, any adhe-
sion problem between the substrate and features is entirely avoided. How-
ever, results in a long lifetime, but all of these prototyping fabrication
processes are labor intensive and slow.

5.3.2 Bulk Micromachining

In bulk micromachining, the master is created by etching the substrate wafer,
typically silicon. Silicon is a very good material for use as an embossing tool
[29,39]. Tt has a high modulus of elasticity and high thermal conductiv-
ity—two material properties that are highly desirable in a hot embossing
tool. In addition, there is a large variety of silicon microfabrication tech-
niques. To make a silicon master, a drawing of the microfluidic channels is
first created using CAD software, and the image is transferred to a photo-
mask. A silicon wafer is coated with a masking material such as silicon
dioxide or silicon nitride, and then coated with a layer of photoresist. The
process is schematically illustrated in Figure 5.3. Following UV exposure,
the photoresist is developed revealing the transferred image. The image is
then transferred to the exposed masking layer by etching in a solution of
hydrofluoric acid (HF). The exposed silicon is then etched anisotropically
using potassium hydroxide (KOH), tetramethylammonium hydroxide
(TMAH), or ethylenediaminepyrocatechol (EDP). If silicon with a crystallo-
graphic orientation of <100> is used, the resulting microstructure has a
trapezoidal shape, with wall angle off 54.74°. The slant in the wall allows a
good mold release and the surface roughness of well-oriented wet-etched
silicon wafers is excellent [40—-42]. The height and the width of the tool
features are controlled by the amount of time the wafer is etched. In the final
step, the mask layer is stripped using an HF solution.

Dry etching methods, such as reactive ion etching (RIE) and the Bosch
process (for a review, see [43]) can be used to fabricate deep structures with
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FIGURE 5.3
Bulk micromachining of silicon masters.

FIGURE 5.4
Photograph of a silicon master anodically bonded to a glass wafer. (From Alonso-Amigo, M.G.,
J. Assoc. Lab. Auto., 5, 96, 2000.)

vertical sidewalls. However, scalloping or high surface roughness due to non-
optimized or fast etches can limit the desirable depth of structures resulting
in poor de-embossing characteristics. Typical depths range from 10 to 40 pm.

Although silicon masters are simple to fabricate and offer good resolution
and surface properties, they suffer from a number of disadvantages. A com-
mon problem of these masters is that they may be too fragile for typical hot
embossing pressures and may need some form of reinforcement. Silicon wafers
can be reinforced by anodic bonding to glass wafers [44]. A sample silicon
master reinforced with a 5 mm-thick glass wafer is shown in Figure 5.4.
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However, such masters suffer from reductions in durability and lifetime.
Silicon masters may also potentially adhere to polymers due to their surface
chemistry, which would reduce the number of possible replication cycles.
Finally, to fabricate some silicon masters, specialized equipment is necessary
to perform DRIE (deep reactive ion etching), which may not be available at
all research laboratories. For greater master durability and replication per-
formance, the surface micromachined masters are used.

5.3.3 Surface Micromachining

In surface micromachining, the master is created by first patterning a mold
on the wafer surface, followed by electroplating nickel, and finally removing
the mold producing the nickel master. This is the most commonly used
method for making masters in hot embossing. It is popular because nickel
tools offer high surface smoothness, long lifetimes, and the ability to replicate
small- and high-aspect-ratio features.

There are two reincarnations of this method. The first method uses a silicon
or glass wafer as a substrate material [45,46], while the second method uses
a nickel plate [37,49]. The first process is schematically illustrated in Figure
5.5a. A silicon or glass wafer is coated by evaporation or sputtering with a
conducting electroplating seed layer (approximately 100 nm) such as Ni or
Cu or Au. A thin layer (approximately 50 nm) of Ti or Cr is used to enhance
adhesion of the conducting layer to the silicon substrate. The wafer is then
coated with a layer of photoresist, which is subsequently exposed to UV
light. The photoresist is then developed so that the areas to be electroplated
are free of resist. The wafer is placed into a nickel galvanic bath, where due
to the migration of metal ions between the electrolyte and the seed layer,
nickel is deposited in the photoresist structure.

Low-stress nickel films can be deposited from a nickel sulfamate galvanic
solution. Such solutions are commercially available (e.g., Technics, Inc.) or
can be mixed (e.g., 375 g of nickel sulfamate, 7.5 g nickel bromide, and 37.5 g
boric acid per 1 L of deionized water [51,52]). Electrodeposition is performed
at around 50°C to reduce stress, with current density on the order of 20 mA /
cm? [51,52]. Plating is allowed to proceed long enough for the metal to grow
higher than the resist and form the master base. To ensure that the plating
takes place on top of the photoresist, a thin layer of seed metal can be
sputtered on the top surface. Following metal deposition, the resist and seed
layers can be dissolved and the resulting metal structure can be used for hot
embossing.

In the second method, schematically illustrated in Figure 5.5b, photoresist
is deposited and patterned on a nickel plate instead of a silicon wafer.
Electroplating is performed using the same conditions as described above
until nickel completely fills all microstructures and grows above the photo-
resist. In this method, it is necessary to mechanically machine the nickel
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FIGURE 5.5
Fabrication of surface micromachined masters by photolithography and nickel electroplating

using a silicon wafer as a substrate (a) and a nickel plate as a substrate (b).
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microstructures to the desired height and polish prior to embossing. The
photoresist is stripped off to complete the fabrication process.

The height of the metal structure depends on the height of the photoresist
mold. Positive thick photoresists allow structural heights on the order of 10 to
40 pm (e.g., Clariant AZ P4620). Thicker structures, up to 1 mm, can be obtained
using negative thick photoresist (MicroChem SU-8). X-ray LIGA (German for
Lithographie, Glavanoformung, Abformnung) [47] is a well-established tech-
nique, where PMMA resist layers are exposed with synchrotron radiation, and
can yield high-aspect-ratio structures and molds thicker than 1 mm.

The electroplating method produces master surfaces with very low rough-
ness (about 10 nm RMS for LIGA). Further, nickel tools have good surface
chemistry for most polymers. However, there are a number of drawbacks.
One is the slow growth rate of nickel in the electroplating process, typically
between 10 and 100 pm/hr. Another is the high stress levels in thick nickel
films, which tend to deform the master. Electroplating baths can also exhibit
aradial dependency of the growth rate, which can result in a different height
of the nickel structure in the middle and at the rim of a nickel wafer. Finally,
electroplating features of substantially different dimensions may be challeng-
ing. Smaller features will have a higher current density and thus will exhibit
a higher growth rate, resulting in a different height of smaller and larger
nickel structures.

Smoothness of the wall surface depends strongly on the quality of the
mask used during photolithography. A high-resolution transparency can be
used as an alternative to the traditional chrome-coated glass, if the features
are greater than 20 pm [48,49,60]. Figure 5.6 compares structural features
made by UV lithography of SU-8. The one developed from a chromium-
coated mask shows much better feature shape and surface smoothness com-
pared to that developed from a transparency mask. The latter, however, is
much less expensive.

Conventional lithography, x-ray, or UV LIGA followed by electroplating
nickel or nickel alloys on silicon or nickel substrates are common techniques
of fabricating tools with very small and complex features [1,17,29,50]. The
electroplated nickel surface can be very smooth and can have good surface
chemistry with many polymers [29]. However, electroplating of tall, high-
aspect-ratio structures has to be done for a very long time [51,52], and
increasing the current density to speed up the process typically increases
stress levels.

In addition to stress, poor adhesion to the substrate seed layers and non-
uniform deposition are the other issues to be considered in electroplating.
X-ray LIGA offers a potential solution in fabricating tools with very small,
complex features and high-aspect-ratio structures [29,53], but is highly lim-
ited by the restricted availability and high cost associated with the synchro-
tron radiation sources. Replication tools with aspect ratios of some ten to
600 can be fabricated using LIGA, and the lifetime of these mold inserts was
reported to be as high as 1000 cycles [54]. The surface roughness of the tools
was reported to be as low as 10 nm [29].
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FIGURE 5.6

SEMs of SU-8 structural features developed from a chromium-coated mask (a) and sidewall
close-up (b) and a transparency mask (c) and sidewall close-up (d). (From Lee, LJ. et al.,
Biomedical Microdevices, 3, 339, 2001.)

5.4 Hot Embossing

The microfabrication process of hot embossing is rather straightforward [55].
Once an embossing master is fabricated, it is mounted inside the embossing
system together with a planar polymer substrate. An embossing machine,
schematically illustrated in Figure 5.7, mainly consists of a force frame that
delivers the embossing force. The embossing tool and the planar polymer
substrate are mounted on heating plates, which are used for thermal cycling.
The plates may also contain cooling channels, which are used to reticulate
high heat-capacity oil during the cooling phase to permit rapid active cooling.

5.4.1 Conventional Hot Embossing Process

There are three basic steps in hot embossing, schematically represented in
Figure 5.8. At the beginning of the embossing cycle, the master and polymer
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FIGURE 5.7
Schematic diagram of the hot embossing machine. (Adapted from Becker, H. and Gartner, C.,
Electrophoresis, 21, 12, 2000.)
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FIGURE 5.8

Graphical representation of the temperature and force program in a typical hot embossing
process.

substrate are heated independently in a vacuum chamber at approximately 75
mTorr to a temperature just above the T, of the polymer. For most thermo-
plastics, this temperature is typically on the order of 100 to 180°C (see Table
5.1). A vacuum is needed to prevent trapping of air in microstructures and to
remove water vapor driven out from the polymer substrate during the process.
The vacuum also increases the lifetime of metal masters by preventing corro-
sion at elevated temperatures. For most applications, the master and the sub-
strate are heated to the same temperature. However, it is possible to
independently control each heating plate to attain optimum embossing results.

In the second step, the master is brought into contact with the substrate
and then embossed with a controlled force. Typical embossing pressures are
on the order of 0.5 to 2 kN/cm? While applying the embossing pressure,
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the master-substrate sandwich is cooled to just below T,. In order to minimize
thermally induced stress in the material and replication errors due to mis-
match in thermal expansion coefficients of the master and the substrate, the
temperature differential in the thermal cycle should be as small as possible.
Typical values of the thermal expansion coefficient of polymers are on the
order of 7 x 10° K-, while silicon is approximately 2.5 x 10° K-' and nickel is
around 1.3 x 105 K1,

In the final step, the embossed substrate is cooled to a temperature below
the T, where the plastic material transitions back to the rigid state. After
reaching this lower cycle temperature, the embossing master is mechanically
separated from the polymer substrate, which now contains the desired
microfeatures. This is usually the most critical step due to the large forces
that act on the polymer structure. This is particularly true for microstructures
with vertical sidewalls and high aspect ratios. The overall cycle time of the
embossing process is typically 1 to 10 min.

For every design, however, the process conditions vary slightly. Geometry
of the structures is an important factor that includes feature size, aspect ratio,
radius of curvature, and whether the structure is freestanding or connected,
and can significantly influence the process parameters. Layout properties of
the design, such as the distribution of large and small features over the wafer
area and the total wafer area to be processed, also must be considered.

5.4.2 Examples of Embossed Structures

An example of a microchannel structure fabricated in PMMA using hot
embossing is shown in Figure 5.9. The microchannels are 50 um wide and

100 um
44—

FIGURE 5.9
SEM of an intersection of two 50 pm-wide and 11 pm—-deep microchannels embossed in PMMA.
(From Studer, V., Pepin, A., and Chen, Y., Appl. Phys. Lett., 80, 3614, 2002.)
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FIGURE 5.10

Examples of embossing tools and structures. SEMs of (a) a microchannel array of a flow
cytometry system in PC fabricated with a silicon RIE-tool, (b) a high aspect ratio test structure
embossed in PC using a master fabricated with LIGA and nickel electroplating, (c) a silicon
tool for a two-dimensional channel array for 2D-capillary electrophoresis, and (d) the replicated
PMMA structure. (From Becker, H. and Heim, U., Sensors and Actuators A, 83, 130-135, 2000.)

11 pm deep [56]. The fabricated microfluidic structure shows excellent rep-
lication capabilities and well-defined shapes, exhibiting very low surface
roughness of less than 5 nm. The microchannel intersection illustrates the
high surface quality and vertical sidewalls of an RIE etched silicon master.

Microstructures can be replicated in a wide range of shapes and aspect
ratios. An SEM of a microchannel array of a flow cytometry system embossed
in PC using an RIE etched silicon master [65] is shown in Figure 5.10a. Small
micrometer sized channels (50 pm x 50 pm in cross-section) and large hun-
dreds of micrometers reservoirs can be replicated equally well. Figure 5.10b
illustrates the high aspect ratio capabilities of the process. The test structure
was embossed in PC using a master fabricated with LIGA and nickel elec-
troplating [57,65]. Channel in the circular middle structure has an aspect
ration of 7, and is 20 pm wide and 140 pm deep. An advanced silicon etch
process can also be used to generate high aspect ratio masters [65]. Figure
5.10c illustrates a silicon tool for a two-dimensional channel array for 2D-
capillary electrophoresis. The ridges are 0.8 pm wide and 5 um high with a
5 pm pitch. The resulting sub-micrometer channel array pattern replicated
in PMMA is shown in Figure 5.10d.
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FIGURE 5.11

SEMs of (a) a silicon master and (b) the resulting PMMA structure. Features are 150 nm wide
and 200 nm deep at 1 pm spacing. (From Studer, V., Pepin, A., and Chen, Y., Appl. Phys. Lett.,
80, 3614, 2002.)

High structural resolution and density are achievable with hot embossing.
Figure 5.11 shows SEM images of a grid pattern of approximately 150 nm-
wide trenches spaced at 1 um [56]. Depth of the silicon master fabricated
with the advanced silicon etch process and height of the resulting PMMA
structures is 200 nm.

5.4.3 Hot Embossing with Polymer Masters

Recently, polymer masters have been demonstrated for embossing plastics.
Microstructures formed in negative resist SU-8 on silicon can be used directly
as a tool for replicating parts in PC and PP [59]. However, the lifetime of these
tools was very short, only a few replications, due to the poor adhesion of SU-
8 to the underlying base substrate during de-embossing. Alternatively, photo-
resist (AZP 4620 or SU-8) can be used to define a template for casting poly-
dimethylsiloxane (PDMS) to form the embossing tool. The process is
schematically illustrated in Figure 5.12. Figure 5.13 shows examples of such
PDMS masters and the embossed microstructures in PMMA and COC [60-62].
Both large and small features can be replicated using this technique. For exam-
ple, the PDMS master in Figure 5.13 is 90 pm thick with an array of 150
pum-wide features at 250 pm center-to-center spacing. The PMMA structure is
250 pm deep, containing an array of 600 pm-wide microchannels at 1 mm
center-to-center spacing. Figure 5.13 also shows a 5 pm-thick PDMS master
with 10 um-wide ridges at 10 pm side-to-side spacing, and a 20 pm-deep COC
pattern with 30 pm-wide channels at 10 um side-to-side spacing.

The use of PDMS tools can also be extended to fabrication of multilayered
structures. This is schematically shown in Figure 5.14. The process involves
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FIGURE 5.12

Schematic diagram illustrating hot embossing using a PDMS tool: (a) photolithographically
define AZP 4620 layer on a silicon substrate, (b) cast PDMS, (c) use PDMS tool to emboss COC,
and (d) embossed COC substrate.

S'“I" 25KV WD:37HM  S:290000 P:p@B0R

FIGURE 5.13

SEM images of PDMS masters and embossed structures. (a) A 90 pm-thick PDMS master
containing an array of 150 um-wide features with 250 pm center-to-center spacing. (b) A 250
pm—deep PMMA structure containing an array of 600 pm-wide microchannels with 1 mm
center-to-center spacing. (c) A 5 um-thick PDMS master containing 10 pm-wide ridges with
10 pm side-to-side spacing. (d) A 20 pm—deep COC pattern containing 30 pm-wide channels
with 10 um side-to-side spacing.
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FIGURE 5.14

Schematic diagram illustrating fabrication of a multilayered structure: (a) pattern SU-8 layer
on a silicon substrate to define the outer strucure, (b) pattern AZP 4620 layer to define the inner
structure, (c) cast PDMS, (d) use PDMS tool to emboss COC, (e) embossed COC substrate.

100 jim

(b)

FIGURE 5.15

SEM images of the micromixer embossed in COC, illustrating the (a) input and (b) channel
regions. The 55 um-high mixing channel is 200 pm at the widest point and 100 pum at the
narrowest. The diamond obstructions are 15 pm in height and 100 pm in width.

an additional lithography step using AZP 4620 photoresist. A passive
micromixer fabricated using this process is shown in Figure 5.15. The
mixing channel width is 200 pm at the widest point and 100 pm at the
narrowest, with diamond obstructions 100 pm in width. Channel height is
55 pm with 15 pm-high obstructions. Although this process can be suc-
cessfully used to fabricate multilayered structures, the greatest difficulty
is the patterning of AZP 4620 diamonds within the existing SU-8 channels.
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TABLE 5.3
Comparison of Embossing Tool Properties
PDMS

Property Nickel Silicon (Sylgard®184)
Density (g m™) 8.90 2.32 0.970
Young’s Modulus (MPa) 200,000 47,000 0.36-0.87
Thermal Expansion Coefficient 134 2.49 310

at 25°C (10° K1)

Thermal Conductivity (W m1 K1) 90.7 124 0.18
Poisson’s Ratio 0.31 0.28 0.5

for (100) plane

Source: Data for nickel and silicon are from Lide, D.R. CRC Handbook of Chemistry and Physics,
CRC Press, Boca Raton, FL, 2003. Data for PDMS are from Sylgard 184 Silicone Elastomer data
sheet, Dow Corning, Inc., 2003, www.dowcorning.com.

When depositing a second layer of photoresist over the channels, a menis-
cus forms between the channel walls, leaving a concave surface. This
rounded surface causes the UV light to diffract away from the features
causing an uneven exposure, leading to sloped sidewalls on the features.
Further, adhesion of the AZP 4620 to the preprocessed silicon surface is
very poor following SU-8 processing.

Mechanical properties of PDMS affect the hot embossing process. PDMS
masters are not as strong as those of nickel or silicon discussed earlier,
and have a much lower Young’s modulus [63,64] (Table 5.3). Thus, emboss-
ing pressure is very important. PDMS has a higher thermal expansion,
and will expand and deform considerably more than conventional tools.
Thus optimizing temperature is equally important in order to reduce
discrepancies in replication. Overall, the use of PDMS masters can sub-
stantially reduce the time, complexity, and costs involved in fabricating
prototype microfluidic chips, but limits the master lifetime to approxi-
mately 20 cycles.

5.5 Conclusions

Polymer fabrication of microfluidic devices using hot embossing is a young
filed that shows enormous growth. One of the driving forces behind this
field is the commercialization of microfluidics with medical and pharmaceu-
tical applications, which demand a high number of low-cost, disposable
devices. Further, the field of bio-MEMS is moving away from its fabrication
roots in microelectronics, and is developing fabrication technologies better
suited for applications in the life sciences [65,66].
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6.1 Introduction

Batch-fabricated microfluidic platforms that can mimic conventional sample
handling techniques performed in hospitals and laboratories hold great
potential to enable both research and healthcare advances. Such miniaturized
diagnostic devices have been termed micro total analysis systems (UTAS) or
biochips, and combine sensing mechanisms (physical, optical, electrical, or
chemical) with microfluidics. Such autonomous platforms have attracted
considerable research interest due to the opportunity for fabricating a highly
integrated system able to perform all necessary processing steps required
for the specific application. While microfluidics promises to have an impact
in many research fields, one of the more attractive applications of microflu-
idics has been in biomedical and life science diagnostics [1]. UTAS applica-
tions are attractive because of the potential of such systems to allow faster
analysis of biological material, as well as reducing the amount of reagent
required for processing steps. In addition, miniaturization of such systems
can result in higher repeatability and precision of analysis, lower power
consumption, and the potential to create portable diagnostic tools for on-site
analysis. These advantages result not only in time and cost savings for
diagnostic tests, but can also be life saving in time-critical environments such
as critical medical diagnostics or biowarfare pathogen detection. A major
research thrust in microfluidics has been the development of autonomous
platforms for allowing controlled microscale fluid transport allowing fluid
flow rates ranging from nl/hrs to pl/ min within compact fluid-handling and
delivery systems—micropumps [2,3].

Micropumps are a desired component of bio-MEMS and microfluidic
devices because of their wide application in surgery, drug delivery, drug
discovery, and rapid diagnosis and treatment of disease. Micropumps may
be coupled with other microfluidic devices such as microfilters for particle
[4] or molecular filtration [5], microflow sensors for flow measurements [6],
micromixers [7] for analyte and reactant dosing and reaction engineering,
microneedles [8] and microdispensers [9] for precise fluid delivery, and
microseparators [10] for biological component separations.

Micropumps have been the focus of extensive research efforts and a large
variety of micropumps have been realized. These pumps have been designed
from an array of operating principles, which will be discussed below. The
most commonly exploited principles are mechanical actuation (piezoelectric,
electrostatic, pneumatic, thermopneumatic) or nonmechanical actuation
(electrokinetic, surface tension driven). Because most biological processes
occur in a saline environment, the micropumps presented here will be pri-
marily concerned with liquid micropumps capable of handling biological
fluids even though other types of micropumps (gaseous, low dielectric mate-
rial, etc.) have also been developed.
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6.2 Background

In order to design and fabricate micropumps it is necessary to understand
how fluids behave on the microscale [11]. The basic physics of transport
phenomena do not change as the transition from macroscale to microscale
systems is made because the continuum hypothesis is still valid at the size
scales of these devices. However, a different realm of the physics becomes
important as surface forces dominate over body and inertial forces. As char-
acteristic length scales decrease (such as the width of a fluid flow channel),
the surface forces decrease proportional to the square of the length scale.
The body forces, however, decrease as the cube of the characteristic length.
Therefore, a tenfold decrease in channel dimensions leads to a tenfold
increase in the surface-to-volume ratio of the channel. This means that
although surface forces decrease by one hundredfold, the volume forces
decrease a full one thousandfold. Therefore, the surface forces become 10
times more important relative to the body forces. The main consequence of
miniaturization is that surface forces, such as friction and surface tension,
become proportionally more significant than body forces, such as inertial
and gravitational forces. Thus in this region, pressure forces are equally
dissipated by drag forces on the fluid with relatively little inertia. Due to the
unique planar processing techniques utilized in microfabrication, flows are
generally constrained in a microchannel so that fluid flows within the plane
of the channel.

The Reynolds number illustrates the relative importance of the inertial to
the viscous forces of the flow and is defined as

Re = PUL ©6.1)

u

where p is the density of the fluid, U is the mean flow velocity, L is the
characteristic length scale of the flow, and p is the viscosity of the fluid. As
the characteristic length scale of the device decreases, so does the Reynolds
number.

For an incompressible Newtonian fluid, the conservation of mass may be
written as

Veu=0 (6.2)

It is useful to nondimensionalize the flow parameter to illustrate the impor-
tance of the Reynolds number in determining the flow regime. Here the
velocity, u, is nondimensionalized to a characteristic velocity, U, such as the
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mean flow velocity; lengths are nondimensionalized to a characteristic
length, L, such as a channel hydraulic diameter; time is nondimensionalized
to a characteristic time scale of the flow, T; and pressure is nondimension-
alized to a characteristic pressure

HU,

Lo )’

The nondimensional Navier-Stokes equation may be written as follows

100 — o] o oo
R 4. = — + .
e [St o u Vu} Vp +Vu (6.3)

where St is the Strouhal number

Tc

St= 6.4
t (e /) (6.4)

where T, is a characteristic time scale of the transient fluid behavior.

In the case of microscale phenomena related to fluid flows, the character-
istic length scale is on the order of microns. Thus, the Reynolds number is
usually on the order of 1 or less.! For most microfluidic problems, the flow
is assumed to be in a quasi-steady state, so that the flow is either steady or
slowly changing so that the Strouhal is equal to 1. Then as the Reynolds
number becomes small (Re <<1, Re/St <<1), the inertial terms become neg-
ligible compared to the viscous forces.

Thus, the left-hand terms of Equation 6.3 disappear relative to the right-
hand terms, and the viscous force balances the pressure force, which is
known as the creeping flow limit [12].

Vp=V?u (6.5)

A physical interpretation of Equation 6.3 is that the left-hand terms corre-
spond to body or inertial forces of the fluid and the right-most term is a
surface viscous term through which the fluid transmits shear on a boundary.
As the characteristic length scale of a flow decreases, the volume of the fluid
in the channel decreases so there is less mass through which body forces
may act. At the same time, the relative surface area of the flow geometry
increases leading to greater surface forces, which become more dominant in

1 Water-filled (p = 1000 Kg/m? p = 0.001 Pa-s) channel with a hydraulic diameter (L) of
0.0001 m, traveling at an average velocity (U) of 0.01 m/s).
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determining the flow mechanics. Equation 6.5 is merely a mathematical rep-
resentation of this effect.

A few interesting conclusions may be drawn from Equation 6.5. Because
it is a linear equation, all flows in the creeping flow limit are kinematically
reversible. This means that if fluid is displaced by some forward actuation
stroke, such as a moving piston in a micropump, and the reverse stroke is
in exactly the opposite direction, then all fluid will return to its original
position at the end of the cycle with zero net fluid motion. Thus, one of the
challenges in designing micropumps is designing a flow asymmetry in order
to produce a net pumping motion.

Equation 6.5 may be analytically solved for a wide variety of flow geom-
etries. Because most microchannels are etched into a substrate, the fluid
channels run within the plane of the wafer. One common type of geometry
that is fabricated is the rectangular microchannel. Here fully developed flow
in the laminar regime for an x-directed velocity profile in a rectangular duct
with ¥ and z cross-sections is considered. The simplest geometry is plane
Poiseuille flow. In this case, the channel width, 2b, is much larger than the
channel depth, 2a. With b>>a, the x-directed velocity profile may be taken
as independent of the channel width. The flow profile may then be approx-
imated by plane Poiseuille flow [13].

v, :”2(—‘”))[1—[3/] ] . (6.6)
2ul dx a

Integrating over the cross-sectional area gives the approximate flow rate

_ 4ba®( dP
Q- [_dxj 67)

If the width and depth are approximately the same size, (@ = b), then the
flow profile may be solved by separation of the variables

oo

v :16”2[ dpj )y (—1)(i_1)/2[1 COSh(inZ/za)]COS(my/za) (6.8)

ot dx vy _cosh(inb/Za) i

—asy<a
Y (6.8)
-b<z<b

where 24 is the length of one of the walls and 2b is the length of the other
wall. Integrating this profile across y and z gives the average flow rate, Q as
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4ba® ( dP 1920 ~~ tanh(inb / 24)
= [ 1_ RN WA 2 .
© 3u( dx}[ b 2, 5 (6.9

i=1,3,5... !

The average velocity, U, is Q/(4ab).

Many micropumps are fabricated as stacked, bonded substrates and fluid
may flow through the different layers. In this case, the flow profiles may be
very complex and may only be solved using computational methods.

6.3 Fabrication Processes

The devices discussed in this chapter are all fabricated using techniques
adapted from the electronic circuit processing industry. Each step in produc-
ing a device requires either material addition, removal, or substrate bonding.
However, to discuss these techniques in depth is beyond the scope of this
work, and is the basis of many stand-alone texts [14,15] and may be refer-
enced as needed. Therefore, this discussion will provide a summary over-
view of the most commonly employed techniques.

The first step in producing a micropump is patterning a substrate (usually
silicon, glass, or plastic) using photolithography. Here, a photosensitive
material, photoresist, is added onto a substrate and patterned by optical
lithography. By shining long-wavelength ultraviolet (LWUYV) light through
a patterned photomask, the photoresist is selectively exposed and developed
to transfer a pattern from the mask onto the substrate. This procedure is
analogous to printing a photograph with the photomask serving as the
negative and the photoresist serving as photographic paper. This technique
can reproducibly pattern features smaller than one micron. The major advan-
tages of optical lithography are the ability to miniaturize devices and produce
many identical devices in parallel at tremendous cost savings per device.

Material addition using adaptive techniques may be accomplished by a
variety of methods. The most common methods for depositing thin films
onto a substrate are by chemical vapor deposition or physical vapor depo-
sition. In addition, polymeric materials may be deposited by spin casting in
a manner similar to spinning photoresist onto a substrate.

Chemical vapor deposition requires gaseous reactants to be introduced
into a reactor system. Once in the reactor, a chemical reaction occurs leaving
a solid film on the substrate. Common CVD reactors utilize low-pressure
chemical vapor deposition (LPCVD) systems in which silicon-containing
gases are introduced into a heated reaction tube to produce thin films of
polycrystalline silicon, silicon dioxide, and silicon nitride. Films may also be
deposited using plasma-enhanced chemical vapor deposition (PECVD), in
which reactions are promoted by ionizing reactant gases in a plasma, so
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lower deposition temperatures are usually required. PECVD may also be
used for depositing polymer films from fluorocarbon precursors.

Physical vapor deposition refers to the direct physical addition of material
from a source. Direct evaporation of material under a vacuum produces a
uniform material layer on a substrate. Thermal evaporation is used in mate-
rials with a low melting temperature, while e-beam evaporation is used for
materials with higher melting temperatures. Sputtering is achieved by bom-
barding a target material with energetic inert gas atoms within a plasma.
The target atoms are sputtered off the surface by momentum transfer and
pass through the chamber until they deposit on the substrate surface.

Material removal is accomplished by etching processes. This is the most
common way of producing microchannels as a lithographically defined pat-
tern is etched into a substrate. Thus, most microchannels are three-dimen-
sional projections of a two-dimensional lithographically defined pattern,
which is why most microchannels are defined within the plane of the sub-
strate. The most commonly employed etching processes are wet etching and
plasma etching. In wet etching the patterned substrate is placed in a chemical
etch bath. Wet etching is usually isotropic (i.e., the etch rate is the same in
all directions) and produces curved sidewalls. However, there are etchants,
such as potassium hydroxide (KOH), ethylene diamine pyrocatechol (EDP),
and tetra-methyl ammonium-hydroxide (TMAH), which selectively etch
along silicon crystal planes to produce anisotropic etched profiles.

Plasma or dry etching may also be isotropic or anisotropic depending on
the plasma source and reactor configuration. One of the more popular dry
etching techniques is deep reactive ion etching (DRIE) [16]. In DRIE a
directed etch step is cycled with a sidewall passivation step to produce very-
high-aspect sidewall structures in silicon. The advantages of DRIE over other
etching techniques is very good sidewall and dimensional control, fast etch
rates, and good etch repeatability.

Polymer microchannel fabrication is often accomplished by molding or
embossing techniques. A popular technique for prototyping is the use of
soft lithography [17,18] or molding of poly-dimethylsiloxane (PDMS)
against a thick photoresist master. A photoresist master is created by stan-
dard lithographic techniques and a liquid PDMS precursor solution with a
curing agent is poured over the master. Due to the low surface tension of
the PDMS solution, it readily flows and takes the shape of the master. The
PDMS then cures and is peeled off as a negative impression of the master
pattern. Other polymeric materials such as polyurethane, polycarbonate,
PMMA, and so forth may also be micromachined by hot embossing against
a negative master.

One of the critical fabrication processes for creating micropumps is bond-
ing and sealing of devices. Direct silicon wafer bonding may be accomplished
by high-temperature fusion bonding techniques, while glass—silicon bonding
may be accomplished by anodic bonding [19], in which a high potential is
placed across the wafer stack at an elevated temperature. Glass—glass [10]
and polymeric bonding may be accomplished by heating the materials to
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their glass transition temperature and allowing the material to reflow and
bond. Polymeric materials, especially PDMS, may also be bonded to glass
or to itself by exposing the surface to an oxygen plasma [20] or corona
discharge. This treatment causes the surface to become reactive, promoting
covalent bonding of substrates.

Due to the planar processing and wafer bonding techniques utilized to
create micropumps, most devices are shown as cross-sectional diagrams.
These types of diagrams illustrate the different wafer layers and any specific
features along the depth of the device. This cutaway view allows individual
pump components (actuation membranes, valves, etc.) to be highlighted and
shows how the components work together to create the final micropump.

6.4 Mechanical Micropumps
6.4.1 Actuation Sources

All mechanical micropumps require an actuation source to provide a mechan-
ical stroke cycle. Mechanical actuation usually involves coupling mechanical
deformation of a moving boundary to an increase or decrease in the fluid
pressure to drive flow. Actuators that perform this function may be classified
as either external or integrated actuators (Figure 6.1). Some examples of
mechanical pumps requiring an actuation source are positive displacement
pumps, fixed-geometry rectification pumps, and peristaltic pumps.

6.4.1.1 External Actuators

External actuators are classified as such because they are not integrated into
the device by micromachining. They require either external components or
coupling to the micropump. Because these actuators tend to be larger than
the microfluidic components, they increase the total size of the micropump.
However, these actuators have the advantage of being capable of producing
large forces and stroke displacement.

6.4.1.2  Electromagnetic Actuation

Electromagnetic actuation works in a similar manner to a solenoid valve in
the form of an electromagnet (Figure 6.1a). An energized solenoid coil pro-
duces a magnetic field, which produces a force on a ferromagnetic plunger.
The plunger is coupled to a membrane so that when the coil is de-energized
the plunger returns to its original position. This is a fairly large structure
due to the size of the solenoid coil. However, large strokes can be achieved
and may be tailored by the coil current and number of wire turns within
the coil.
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6.4.1.3 Piezoelectric Actuation

Piezoelectric actuation has been accomplished by coupling the displacement
generated in a piezoelectric material to pump membrane displacement
(Figure 6.1b). In a piezoelectric material such as lead zirconate titanate (PZT),
an applied voltage produces a strain and mechanical deformation. The piezo-
electric element may be a piezoelectric disk which is glued directly onto the
pump membrane. A disk-style actuator has a fast response time and large

Plunger

Coil

Electromagnetic

(@)

I | —
Piezoelectric disk T

==

Disk type piezoelectric bimorph Piezoelectric stack
(b)
Valve
Leak ¥ X Pressure
Pressure
chamber
AI‘\\A%—_ZI;
Pneumatic

(c)
FIGURE 6.1

Actuation sources based upon (a) electromagnetic actuation, (b) piezoelectric actuation, (c)
pneumatic actuation.
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FIGURE 6.1 (CONTINUED)

Actuation sources based upon (d) shape memory alloy (SMA), (e) electrostatic actuation, (f)
thermopneumatic actuation, and (g) bimetallic thermal actuation. (Adapted from Shoji, S. and
Esashi, M., Journal of Micromechanics and Microengineering, 4, 157-171, 1994.)

stroke displacement but the pump pressure is relatively small. Greater pres-
sure may be obtained by using a piezoelectric stack actuator with a tradeoff
in stroke displacement and response time.
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6.4.1.4 Pneumatic Actuation

Pneumatic actuation uses a high-pressure gas source that is coupled to the
pump membrane (Figure 6.1c). Within a pneumatic chamber the gas pressure
is controlled through the use of two solenoid valves, which may either open
to pressurize or close to depressurize the pump chamber. The advantage of
pneumatic actuation is that very large pressures may be generated. The dis-
advantages are the requirement of a pressurized gas source, and the response
time is limited by the speed at which the solenoid valves open and close.

6.4.1.5 Shape Memory Alloy

Shape memory alloys (SMA) may be used as actuation sources by coupling
the SMA with a bias spring (Figure 6.1d). The SMA is initially shaped and
memorized into an expanded coil. The coil is compressed when placed into
the actuator. When the SMA temperature is raised to the critical memory
temperature by running a current through the coil, the coil expands and
produces a force on the actuation membrane. As the coil cools, a bias spring
produces an opposite force, which compresses the coil back to its initial state.
By cycling coil expansion and compression a pump stroke is obtained.

6.4.1.6 Integrated Actuators

Integrated actuators are micromachined as a pump component during the
microfabrication process. Because they are produced during the fabrication
process, integrated actuators usually exhibit a fast response time and better
force coupling to the pump. However, producing integrated actuators usu-
ally adds complexity to the microfabrication process.

6.4.1.7 Electrostatic Actuation

Electrostatic actuation is based on capacitive charging of two parallel elec-
trodes; a fixed electrode and a movable electrode in an electric field (Figure
6.1e). As the electrodes charge, a force pulls on the moveable electrode to
deform the pumping membrane. This actuation method generally has very
low power consumption, but the electrode displacement is usually very small
because with constant applied voltage, the force is inversely proportional to
the square of the electrode spacing.

6.4.1.8 Thermopneumatic Actuation

Thermopneumatic actuation is based on gas expansion within a sealed actu-
ation chamber (Figure 6.1f) to deform a pump membrane. Thermopneumatic
actuation may be produced either by gas expansion or liquid-vapor phase
change (boiling) due to resistive heating or direct electrolysis of water to
produce oxygen and hydrogen gas bubbles. Thermal bubble generation may
also be used directly within a microchannel as bubble expansion acts as a
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piston to displace fluid. This actuation mechanism produces very large forces
and stroke volumes. However, resistive heating for thermopneumatic actu-
ation requires a large amount of energy.

6.4.1.9 Bimetallic Thermal Actuation

Bimetallic actuation is based on thermomechanical actuation due to differ-
ences in the thermal expansion coefficient of two layers of material (Figure
6.1g). When the structure is heated by resistive power, dissipation in each
material causes expansion and the difference in expansion in the two mate-
rials causes deformation. The actuator displacement depends, in an approx-
imately linear manner, on the temperature change, which may be well
controlled by the power dissipated within the structure.

6.4.2 Positive Displacement Pumps

Positive displacement micropumps move fluid through the use of a mechan-
ical actuation source. They are designed to maximize pump pressure and
stroke volume, and minimize dead volume. In addition, it is desirable for
the pumps to be self-priming and bubble purging [21].

The actuation source is usually placed within a pump chamber with a
moving membrane boundary [22]. The actuator usually acts to deform a
membrane causing a stroke-volume change, AV, within the pumping cham-
ber, with an initial volume, V,,. This may be considered a cycling between a
supply phase, where the diaphragm stroke increases the pump chamber
volume and a pump phase where the diaphragm reduces the chamber vol-
ume. The compression ratio of the pump is defined as

e=2V (6.10)

Vo
and most positive displacement micropumps function at high pressure with
a small compression ratio due to the small membrane displacements
obtained from the actuation source.

The deformation of the pump membrane is usually a reversible stroke due
to cyclic actuation between the supply and pump phases. Due to the kinematic
reversibility of viscous-dominated flows, it is necessary to rectify the flow in
one direction by integrating check valves into the micropump (Figure 6.2).
Check valves are designed to have a smaller flow resistance in the forward flow
direction than the reverse flow direction. Thus by cycling pump actuation within
a pump stroke, a net pumping action is achieved. When the pump membrane
is displaced upward (supply mode) it creates a negative pressure within the
pump chamber. This draws fluid in through an inlet check valve, and flow is
restricted from entering the pump chamber from the outlet by the outlet check
valve. When the pump membrane is relaxed (pump mode) it creates a positive
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FIGURE 6.2
(a) Structure of a positive displacement pump consisting of a pump chamber with a pump
membrane and two check valves. Schematic of one pump cycle during the pump (b) upstroke

and (c) downstroke. (From Richter, M., Linnemann, R., and Woias, P., Sensors and Actuators A
68, 480-486, 1998.)

pressure within the pump chamber, which now opens the outlet check valve
and closes the inlet check valve so within one pump stroke, a fluid volume of
AV would be displaced if the check valves have 100% flow rectification.

6.4.2.1

In order to achieve a fast pumping rate, passive check valves are used within
the pump structure to limit the pump response time, thus allowing a high

Positive Displacement Pumps with Integrated Check Valves
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stroke frequency. In order to design an appropriate check valve, the com-
pression ratio must be

£>K‘APU

(6.11)

alve

where « is the compressibility of the liquid (0.5 x 10° m?/N for water) and
AP, is the pressure required to open the valve. Most liquid micropumps
can easily meet this requirement. However, it is also preferable to design
check-valves that require very little pressure to open the valve. The valve
performance may be further characterized by its ability to rectify flow given
by the rectification factor

R= Qforwurd (612)
Qbuck’wurd

where Q is the flow rate and the subscript refers to the open (forward) and
closed (backward) valve states.

Several design examples of positive displacement micropumps with inte-
grated check valves are shown in Figure 6.3. Figure 6.3g shows a planar
thermopneumatic micropump where the pressure generated by the growth
and collapse of a bubble acts as a piston to drive flow. These pumps are
realized using a variety of check-valve designs including ring diaphragm
valves (Figures 6.3a, 6.3f), disc valves (Figures 6.3b, 6.3c, and 6.3d), and can-
tilevered check valves (Figures 6.3e and 6.3g).

6.4.3 Fixed-Geometry Rectification Micropumps

One of the drawbacks to positive displacement pumps with integrated check
valves is the complicated fabrication protocols required to produce them.
Fixed-geometry pumps are much simpler to produce because they require no
moving check valves. They achieve flow rectification by proper microchannel
design in order to rectify flow in one direction. They are based upon either
diffuser or nozzle pumps [34,35,36] or the use of Tesla-type [37,38] fixed-
geometry valves (Figure 6.4). Proper microchannel design adds a geometric
flow resistance asymmetry so the physical structure of the microchannel
rectifies the flow. A diffuser valve consists of a diverging geometry, while the
nozzle geometry consists of a converging geometry. The fixed-geometry valve
acts as both a diffuser and nozzle element due to the reversible actuation
stroke. In the case of a diffuser- or nozzle-type fixed-geometry valve, flow
through the expansion during the positive actuation stroke has a smaller
resistance than the backflow through the nozzle during the negative stroke.
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FIGURE 6.3

Schematic of positive displacement check valve pumps. (a) Piezoelectric actuation with a ring
mesa check valve. (Adapted from Van Lintel, H.T.G., van den Pol, EC.M., and Bouwstra, S.A.,
Sensors and Actuators 15, 153-167, 1988.) (b) Piezoelectric stack actuation with disc valves in
pump and supply mode. (Adapted from Shoji, S., Nakagawa, S., and Eashi, M., Sensors and
Actuators A 21-23, 189-192, 1990.) (c) Piezoelectric actuation with disc valves. (Adapted from
Maillefer, D. et al., Proceedings of the 12th IEEE International Workshop on Micro-Electromechanical
Systems MEMS 99, Orlando, FL, January, 17-21, 541-546, 1999; and Maillefer, D. et al., Pro-
ceedings of the 14th IEEE International Workshop on Micro-Electromechanical Systems MEMS 01,
Interlaken, Switzerland, January, 21-25, 413-417, 2001.)
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FIGURE 6.3 (CONTINUED)

Schematic of positive displacement check valve pumps. (d) Pneumatic actuation with disc
valves. (Adapted from Rapp, R. et al., Sensors and Actuators A 40, 57-61, 1994.) (e) Electrostatic
actuation with cantilever valves. (Adapted from Zengerle, R., Richter, A., and Sandmaier, H.,
Proceedings of the 5th IEEE International Workshop on Micro-Electromechanical Systems MEMS "92,
Travemiinde, Germany, February, 4-7, 19-24, 1992.) (f) Thermopneumatic actuation with ring
mesa valves. (Adapted from Lammerink, T.S.J., Elwenspock, M., and Fluitman, J.H.J., Proceed-
ings of the 6th IEEE International Workshop on Micro-Electromechanical Systems MEMS '93, Ft.
Lauderdale, FL, February, 7-10, 254-259, 1993.)
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Schematic of positive displacement check valve pumps. (g) Planar thermopneumatic actuation
with cantilever valves. (From Zimmermann, S. et al., Proceedings of the 17th IEEE International
Workshop on Micro-Electromechanical Systems MEMS ‘04, Maastricht, The Netherlands, January,

25-29, 462-465, 2004.)
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FIGURE 6.4
Fixed-geometry positive displacement pumps. (a) Diffuser or nozzle micropump. (Adapted
from Stemme, E. and Stemme, G., Sensors and Actuators A 39, 159-167, 1993.)
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Fixed-geometry positive displacement pumps. (b) Double pump chamber operated in an
antiphase (push—pull) mode. (Adapted from Olsson, A. et al., Journal of Micro Electromechanical
Systems 6, 2, 161-166, 1997.) (c) Diffuser or nozzle micropump utilizing thermopneumatic
actuation. (Adapted from Tsai, J.H. and Lin, L., Proceedings of the 14th IEEE International
Workshop on Micro-Electromechanical Systems MEMS 01, Interlaken, Switzerland, January, 21-25,
135-140, 2001.) (d) Tesla-style fixed-geometry valves. (Adapted from Forster, F. et al., Design,
Proceedings of the ASME Fluids Engineering Division, IMECE '95, San Francisco, CA, November
12-17, 234, 39-44, 1995.)
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This is because flow through the expansion causes the flow to decelerate
with a resulting increase in pressure. This in turn promotes a turbulent
boundary layer between a central jet and the sidewall. Flow in the opposite
direction through the nozzle element will remain laminar and thus have a
higher flow resistance. As a result, flow out of the diffuser element will have
less pressure loss than flow back through the nozzle element. When the
actuation membrane is pulsed, a net forward flow is produced.

A Tesla valve acts in a similar manner. The Tesla valve consists of a
bifurcating loop that connects two parts of a microchannel. As fluid flows
in the forward direction, most of the fluid flow is through the main micro-
channel. In the opposite flow direction, the bifurcating geometry of the loop
region causes fluid flow in the loop region instead of through the main
channel. This extra flow through the loop region increases the pressure drop
in the backflow mode.

A measure of the efficiency of fixed-valve micropumps is based on the
fluid diodicity, 1, defined as [37]

AP,
— forward 6.13
T] APT(”DEVSL’ ( )
where
_.pu
ap=¢P (6.14)

and ( is the loss coefficient and u is the characteristic velocity of the flow.
The loss coefficient is different depending on whether the flow is in the
forward or reverse direction. Once the diodicity of the fixed-geometry valve
is known, the pump flow rate may be estimated as [33]

Q =2AVf \/‘/%; 1 (6.15)

where f is the membrane actuation frequency and AV is the pump stroke
volume. Diffuser or nozzle elements have been reported to have diodicities
ranging from 1 to 5, while Tesla valves have been reported to have a diodicity
of 1.2 at a Reynolds number of 130 [37].

One of the drawbacks to fixed-valve micropumps is that they rely on strong
inertial forces in very small channels where viscosity makes obtaining high
Reynolds numbers difficult. A relatively high Reynolds number and flow
rate are required to obtain a high level of fluid diodicity. For example, the
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fluid diodicity of a Tesla type microvalve drops to 1.02 as the Reynolds
number is decreased to 60.

6.4.4 Peristaltic Pumps

Peristaltic pumps are based upon using a series of actuation membranes to
displace volume in the desired flow direction. By cycling membrane dis-
placement, a peristaltic motion and volume displacement may be achieved.
Each actuation membrane acts to displace volume for forward pumping and
as a valve to rectify flow. Because the actuation membranes act with both
volume displacement and valving functions, it is desirable to design peri-
staltic pumps with a compression ratio as close to 1 as possible so that each
actuation membrane acts digitally to either completely open or completely
block the microchannel.

Peristaltic micropumps therefore require at least three actuation mem-
branes in series to obtain a nonreversible pump stroke. One advantage of
peristaltic micropumping is that the flow direction is based upon the
sequence of membrane actuation. Therefore, peristaltic micropumps are
bidirectional pumps producing flow in either a forward direction using
one actuation sequence or reversing the flow direction by reversing the
actuation sequence.

A typical actuation sequence is shown in Figure 6.5a [39] for a three-stage
piezoelectric-actuated peristaltic pump. The actuation membranes are
labeled 1, 2, and 3 referring to the actuation membranes from the right to
the left. The actuation membranes are normally closed and actuation of the
piezoelectric disc causes the actuation membrane to lift. Thus, the membrane
can be in one of two positions where the 0 position is the nonactuated (closed)
membrane position and the 1 position is the open position. A convention is
chosen so each membrane is individually referenced from membranes 1
through 3 so the sequence (1,0,1) refers to membrane 1 and 3 in the open
sequence and membrane 2 in the closed sequence. A six-stage peristaltic
motion is required to displace one actuation membrane stroke volume, AV.
Initially, all three membranes are in the closed position (0,0,0). The first step
in the sequence is to actuate membrane one to pull a stroke volume AV into
the number one position (1,0,0). Next the number two membrane is actuated
to displace the stroke volume forward one position (1,1,0). At this point, two
stroke volumes, 2AV, have been displaced forward. The number 1 membrane
is allowed to relax causing backflow of one stroke volume (0,1,0). Now
membrane 3 is actuated pulling in one stroke volume from the outlet (0,1,1).
Membrane two is allowed to relax displacing the fluid forward (0,0,1).
Finally, membrane 3 is relaxed (0,0,0) and fluid is displaced forward. At the
end of this sequence the net effect is that one stroke volume, AV, has been
propelled through the device. The flow rate through this pump depends on
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the stroke volume as well as the frequency at which the membrane sequence
is produced.

Q= AVf (6.16)

Using this sequencing, bidirectional fluid flow rates up to 500 pl/min have
been achieved at an actuation rate of 100 Hz.

Glass . .
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Silicon

Connection channels

PZT PZT PZT
Disc1 Disc2 Disc3
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FIGURE 6.5

(a) Piezoelectric actuated peristaltic micropump and pump sequence for displacing one stroke
volume AV. For reverse pumping the actuation sequence should be reversed. (Adapted from
Husband, B. et al., Microelectronic Engineering 73-74, 858-863, 2004.)
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FIGURE 6.5 (CONTINUED)

(b) Thermopneumatic actuated peristaltic micropump. (Adapted from Grosjean, C. and Tai,
Y.C., Proceedings of the 10th International Conference on Solid-State Sensors and Actuators, Transducers
’99, Sendai, Japan, June, 7-10, 1776-1779, 1999.) (c) Pneumatic actuated peristaltic micropump.
(Adapted from Unger, M.A. et al., Science 288, 113-116, 2000.)

In addition to piezoelectric actuation [39], peristaltic pumps have been
realized with similar actuation sequencing using thermopneumatic actuation
where liquid boiling displaces a silicone rubber membrane (Figure 6.5b [40])
and pneumatic actuation (Figure 6.5c [41,42]) where compressed air is used
to compress a silicone rubber microchannel.

6.4.5 Acoustic Streaming

Acoustic streaming has also been utilized for micropump applications.
Pumping is achieved by using interdigitated piezoelectric transducers (IDT)
to produce a mechanical traveling wave such as a flexural plate wave (FPW)
(Figure 6.6a) [4,43-45]. Pumping is achieved by using two sinusoidal electric
drives, which are 90° out of phase with each other (Figure 6.6b, c). The offset
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FIGURE 6.6

(a) Cross-sectional view of a flexural plate wave micropump based on interdigitated transducers.
(Adapted from Moroney, R. M., White, R M., and Howe, R.T., App. Phys. Letters 59, 774-776, 1991;
Moroney, R. M., White, R M., and Howe, R.T., Proceedings of IEEE Ultrasonics Symposium, Honolulu,
HI, December, 4-7, 355-358, 1990; and Bradley, C.E., Bustillo, ].M., and White, RM., Proceedings
of IEEE Ultrasonics Symposium, Seattle, WA, November, 7-10, 505-510, 1995.) (b) Unidirectional
wave generation using two sinusoidal inputs 90° out of phase. (c) Tension and compression of
the FPW device at time t,. The arrows show the electrodes under tension or compression.

of the fingers determines the FPW wavelength and constructive and destruc-
tive interference cause the acoustic wave to stream in one direction. This
mechanical wave produces a directional shear at the boundary with flow
produced from momentum transport into the bulk fluid.
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6.5 Nonmechanical Micropumps

Nonmechanical micropumps convert nonmechanical energy into kinetic energy
of the fluid. Nonmechanical micropumps based upon electrokinetic pumping,
electrowetting, and surface tension gradients have been demonstrated.

6.5.1 Electroosmotic Flow Micropumps

Electroosmotic flow (EOF) pumping is a subset of electrokinetic phenomena
related to the movement of electric charges in an applied electric field. Charge
movement, in turn, produces a shear on the surrounding fluid to produce flow
[46-48]. Electroosmotic pumps are used in small channels without a need for
high pressures and may be combined with electrophoresis in bioanalytical
separations. Most solid surfaces develop a spontaneous electrical double layer
(EDL) when immersed in an electrolyte solution [49,50]. When an electrolyte
is brought into contact with a solid surface, the surface develops an electric
charge. Countercharges from the electrolyte associate with these surface charges
to form a strongly associated charge layer known as the Stern layer. However,
the Stern layer does not completely shield the surface charge and so a more
weakly associated diffuse layer of countercharges forms adjacent to the Stern
layer. The Stern layer is relatively immobile while the charges in the diffuse
layer are free to move. These two features are know as the electrical double
layer, which is a local region close to the solid surface where charge neutrality
is not maintained. The electric double layer is modeled by a Boltzmann distri-
bution where the potential close to the wall is approximately given as

q) = q)w [1 - eLD] (617)

where ¢, is the wall potential, z is the coordinate perpendicular to the wall,
and L, is the electrical double layer (Debye length) length given by

(6.18)

where  is the electric charge, € is the medium permittivity, k is Boltzmann’s
constant, T is the absolute temperature, z; is the valence of species I, and Cj,,;
is the bulk concentration of species i. In practice, the EDL thickness may
range from approximately 1 pm in pure water down to 0.3 nm in a 1 molar
salt solution.
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When a microchannel is produced from an insulating material such as glass
or plastic, the surface becomes negatively charged when filled with an aque-
ous solution. Because the microchannel is insulating, a tangential electric field
may be applied down the length of the channel to produce an electroosmotic
flow. In the presence of the electric field, positively charged ions will move
toward the negatively charged cathode, and the negatively charge ions will
move toward the positively charged anode. In the bulk region of the micro-
channel, charge neutrality is maintained so there is no net charge movement.
However, in the electric double layer, the diffuse layer will move within the
electric field. These ions in turn will drag fluid with them and produce a
shear. Thus in the absence of a pressure gradient, electroosmotic flows may
be modeled by modifying the Navier-Stokes equation to reflect the balance
of the coulombic force density and viscous dissipation. The coulombic force
density may be further modified by applying Poisson’s equation.

UV2u = —p.E =eEV?% . (6.19)

Here p; =—eV¢ is the total free charge density, ¢is the scalar electric
potential and E is the applied electric field along the channel. It may also be
approximately shown that

Gw LD
€

o, = (6.20)

where 6, is the wall charge per unit area. Combining Equations 6.17, 6.19,
and 6.20 and applying a no-slip boundary condition, the velocity profile in
an electroosmotic flow (Figure 6.7) is

u =GWLDE[1—e_LDJ : (6.21)

If the Debye length is small compared to the channel diameter, a plug flow
profile is obtained.

U= LLLIDE (6.22)

It should be noted that the free flow velocity is proportional to the wall
surface charge and Debye length. Because G, is a property of the micro-
channel material it must be experimentally determined. However, the free
flow velocity may be tailored by controlling wall charge per unit area (deter-
mined by microchannel material selection), Debye length (determined by
solution components and ionic strength), and applied electric field.
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FIGURE 6.7

(a) Charge distribution with surface charge on the microchannel boundary. (b) Electroosmotic
flow field. (Adapted from Manz, A. et al., ]. Micromach. Microeng. 4, 257-265, 1994; Chen, C.H.
et al., Proceedings of the ASME Fluids Engineering Division, IMECE ‘00, Orlando, FL, November,
5-10, 523-528, 2000; and Chen, C.H. and Santiago, ].G., Journal of Micro Electromechanical Systems
11, 6, 672-683, 2002.)

6.5.2 Electrowetting

On the microscale, surface tension may be used as an effective actuator for
micropump applications. Surface tension—driven pumps require the move-
ment along a fluid-fluid interface to produce a shear in order to drive flow.
Electrowetting is based upon a change in the liquid-solid surface tension by
charging the electrical double layer at an electrode surface. The change in
surface tension may be related by Lippman’s equation [51]

Y=v,— %CV2 (6.23)

where v, is the surface tension when no potential is applied and C is the
capacitance per unit area charged to voltage V. The water contact angle may
modeled as a function of the bias using Young’s equation and Lippman-
Young's equation.

Ysa = Vs — Yac COsO (6.24)
11,
cos0 =cos@, + ——CV (6.25)
Y ac
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where v, is the surface tension between the solid and aqueous phases, Ys¢
is the surface tension between the solid and gas phases, v, is the tension
between the aqueous and gas phases, is the contact angle, and 6 is the contact
angle with no bias voltage. If a dielectric covers the electrode, as the electrode
is biased the aqueous phase will induce an electric double layer to charge a
capacitor. A pressure can be generated as the change in contact angle

AP =P, -P, = Yf(cos 0 — cos 90) (6.26)

where d is the diameter of the fluid channel. Substituting Equation 6.25 into
6.26 yields

2

6.27
2d 24dt (6.27)

where k is the aqueous dielectric constant of the insulator and ¢ is the thickness
of the dielectric. Thus, as the electrode is biased, a double layer will initially
charge at the gas-liquid interface. This will provide a force so that the aqueous
layer will displace the gaseous phase to move to the surface of the electrode.
Electrowetting phenomena have been used extensively for droplet manipula-
tion [51-52] (Figure 6.8) with droplet splitting and merging for controlled
chemical reactions recently demonstrated [53]. It has also been used as an
actuation mechanism for a positive displacement pump [54].

6.5.3 Marangoni Pumps

The Marangoni effect is based on producing a nonuniform surface tension at
a gas-liquid interface. The interfacial stress condition at an interface is given by

Ty +v(V-7i)n, +Vy =0 (6.28)

Ground

Hydrophobic
surface

Insulation

( Droplet

Control electrodes

(@)

e

| Glass

FIGURE 6.8
Droplet manipulation using electrowetting. (a) Schematic of an electrowetting on insulator
device. (Adapted from Lee, J. et al., Sensors and Actuators A 9, 259-268, 2002.)
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FIGURE 6.8 (CONTINUED)

Droplet manipulation using electrowetting. (b) A rotary liquid micromotor. (From Lee, J. and
Kim, CJ., Surface Tension Driven Microactuation Based on Continuous Electrowetting (CEW),
Journal of Microelectromechanical Systems 9, 2, 171-180, 2000.) (c) Schematic of a positive displace-
ment pump using electrowetting as an actuation source. (Adapted from Yun, K.S. et al., Pro-
ceedings of the 14" IEEE International Workshop on Micro-Electromechanical Systems MEMS 01,
Interlaken, Switzerland, January, 21-25, 487-490, 2001.)

where T; is the stress tensor andy is the space varying interfacial tension
between the phases. When the surface tension varies along the interface, a
force is exerted parallel to the interface toward the larger surface tension.
This interfacial motion produces a shear on the interface, which pumps liquid
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FIGURE 6.9

Surface tension—driven Marangoni micropump. (Adapted from Debar, M. and Liepmann, D.,
Proceedings of the 15th IEEE International Workshop on Micro-Electromechanical Systems MEMS 02,
Las Vegas, NV, January, 20-24, 109-112, 2002; and Chen, Z. et al., Analytical Chemistry 76,
3707-3715, 2004.)
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FIGURE 6.10
A buoyancy—driven thermocycling loop. (Adapted from Chen, Z. et al. ASME Fluids Engineering
Division IMECE 04, CD-ROM IMECE 2004-62303, ASME, New York, NY.)

through momentum transport. Because surface tension is a strong function
of temperature, decreasing as temperature rises, a surface tension gradient
may be produced by placing a bubble in a temperature gradient to produce
flow. The temperature gradient is produced using three heaters; a central
heater that creates a vapor bubble through resistive dissipation and two side
heaters whose heat fluxes (resistive dissipation rate) differ to produce a
temperature gradient across the vapor bubble. Flow is then induced toward
the cooler side (higher surface tension side) of the vapor bubble [55]. This is
also known as the thermocapillary effect (Figure 6.9).

6.5.4 Buoyancy-Driven Flows

Fluid density differences may also use the gravitational body force to drive
fluid flows. This has been accomplished by constructing a microfluidic cir-
culation loop with integrated heaters along the channels (Figure 6.10). Each
heater maintains a leg of the channel at a different temperature. Because
fluid density is a strong function of temperature, when the loop is aligned
within the gravitational field, fluid circulation occurs [56,57] with the warm-
est (least dense) fluid rising to the top of the loop and the coolest (most

© 2007 by Taylor & Francis Group, LLC



172 Bio-MEMS: Technologies and Applications

dense) fluid settling, setting up a thermosyphon. This is analogous to free
convection currents occurring in a heated house. By constraining the channel
temperatures at 94°C, 72°C, and 55°C, continuous thermocycling of fluid
temperatures used to drive polymerase chain reaction DNA amplification
was demonstrated [55].

6.6 Conclusions

Miniaturized fluid handling and analysis systems propel fluids through a
variety of methods. Although, many different varieties of micropumps have
been designed, fabricated, and tested utilizing mechanical actuations or
deriving flow from unique fluid physical properties, micropumps have only
begun to penetrate the industrial market. There are still opportunities for
micropump optimization, closer integration with biological assays, and par-
allelization of micropumps for multiplexed assays. Combined with advances
in biosensors, PTAS will drive biological research, healthcare advances, and
biological discoveries over the coming decades.
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7.1 Introduction

The topic of mixing on the microscale has been at the forefront of research
and development efforts over roughly the last fifteen years since the tech-
nological thrust toward miniaturization of fluidic systems began. Mixing is
of significant importance to realizing lab-on-a-chip microscale reactors and
bioanalysis systems because the reactions carried out on the micro- or even
nanoscale in such devices require the on-chip mixing of samples and
reagents. Typical application class examples are thermal-cycling reactors for
the popular polymerization chain reaction (PCR)"? and the Ligase chain
reaction (LCR)® as well as other similar applications. Fully integrated microf-
luidic chips performing such reactions require modestly fast mixing in batch
mode, should the mixing be performed on-chip. This is so because the
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bottleneck in terms of temporal performance usually lies with the thermal
cycling reactions themselves, and because a specific volume of mixture is
usually needed to be produced. In such an application, the emphasis would
be shifted toward low levels of the resource used to drive the chip, that is,
low pressure if the device is pressure driven or low voltage if the device is
electrokinetically driven. This requirement can be critical for reactions such
as PCR and LDR sequences where several levels of on-chip mixing are
necessary, and even more so if the chips are multiplexed. A second example
application area of microscale mixers is to perform continuous flow fast-
reaction kinetics experiments. In this case mixing must be faster than reaction
rates with timescales down to microseconds. In contrast with the previous
application area, the emphasis is on localized mixing with very small times-
cales and batch volume delivery is not a necessity. Low levels of the driving
force to operate the chip are desired, but can be sacrificed in exchange for
speed, so long as the chip is not structurally compromised. Yet another
possible performance requirement of microscale mixers could demand
longer-term continuous production, in which case the emphasis would be
on maximizing the mixture flow rate delivered, while keeping the driving
force for delivery at low levels. An application that would require such
performance would be in situ, designer drug delivery, whereby a particular
drug cocktail would be synthesized on-chip from constituents at proportions
specific to a particular patient, and directly delivered at the point of care.

The primary concentration of this chapter is going to be on pressure-driven
batch micromixers for applications such as the first example above and
possibly the third one. Nevertheless, we will review micromixers developed
for the second application class as well as others. After discussing the basics
and providing an overview of the micromixing literature, we will discuss
the important performance parameters of micromixers, which are meant to
be integrated on microfluidic chips such as those used to perform thermal-
cycling reactions (e.g., PCR, LDR). We will then outline a methodology for
designing optimized, simple, passive, batch-production, pressure-driven
micromixers for such applications.

7.2 Some Basic Considerations

It is very well known from the most fundamental considerations that on the
microscale mixing is driven by diffusion, and that diffusion processes are
inherently slow. This is particularly true in the applications of interest where
binary mass diffusion coefficients are significantly low on the order of D;, =
10'°-10" m?/s or less. On a macroscale, mixing can be made more effective
through turbulent transport, which reduces transport timescales by orders
of magnitude relative to diffusive ones, and is commonplace in many systems
of everyday and industrial use (e.g., internal combustion engines, gas turbine
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combustion systems, chemical reactors, etc.). Turbulent flows are character-
ized by large Reynolds numbers, Re = UD/v, where, U, is a velocity scale
representative of the process, D is a length scale and, v is the kinematic
viscosity (or momentum diffusion coefficient) of the fluid. In microfluidic
systems the length scales are of micron order (e.g., ranging from 1 mm to
500 mm), and because in bioanalytical applications the fluids are predomi-
nantly aqueous solutions, the kinematic viscosity is on the order of 10°m?/s.
The transition Reynolds number from laminar to turbulent flow is approxi-
mately 2300 for ducts and channels, so in order to have the benefit of fully
developed turbulent flow, the Reynolds number ought to be higher than
that. The critical Reynolds numbers for other flows, such as jets and free
shear layers, are also on the order of several hundreds. If one wishes to
generate turbulent flow (e.g., Re = 5000) in a microchannel 100 pm by 100 pm
in cross-section, one requires a velocity of approximately 48m/s. At this
velocity the pressure drop in the channel is more than 4 atmospheres per
millimeter of length, which is prohibitive. Other than examining the feasi-
bility of turbulent microflow, the example brings forth the fact that in addi-
tion to the requirement of rapid and effective mixing, one has to be vigilant
with respect to the required pressure to drive the microfluidic chip. High
pressure requirements are undesirable because they require on-chip, micro-
pumping devices able of sustaining them, which at present do not exist. In
addition they impose higher loads on microfluidic chip components and
make it more prone to leakage if not breakage and/or debonding of bonded
surfaces. Increasing the microchannel cross-section alleviates the high pres-
sure requirement, but increases the volume of the device. Nevertheless, in
the above example, if one uses a 500 pm by 500 pm channel, the pressure
drop per unit length of channel for the same Reynolds number is reduced
by two orders of magnitude, but the volume of the channel is increased by
a factor of 25. Larger chip volume translates into larger amounts of samples
and reagents and to some extent negates part of the advantage of reducing
bioanalytical processes to the microscale. The example highlights the fact
that chip volume is yet another parameter one needs to be vigilant about.
In conclusion, turbulent flow on the microscale for the benefit of achieving
effective mixing is not out of the question, but its usefulness is limited
because of pressure drop and chip-volume constraints. It is perhaps not
surprising that to the extent of the author’s awareness, the highest Reynolds
number reported for the operation of a micromixer in the micromixing
literature is laminar (500),* well below the transition to turbulence value,
with still a rather high pressure drop of approximately 0.47 atmospheres
per millimeter of length. This mixer was a simple T-junction type fabricated
in silicon and covered by Pyrex glass. It should be noted that in Wong et
al.,* very fast mixing was demonstrated at this value of the Reynolds number
caused by instability in the shear layer formed at the interface of the mixed
streams in a low-aspect-ratio channel (0.5) with a hydraulic diameter of
67 pm, but required a pressure of almost 5.5 atmospheres, which is its major
operational drawback.
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In the absence of turbulent transport, the only recourse to achieving effec-
tive mixing is the reduction of the molecular diffusion length. This follows
from basic dimensional considerations because the time required to achieve
full mixing is the diffusive time, t, = 8,2/D,,, necessary for the concentration
signal to traverse a length, 8. When the mass diffusion coefficient is very
small (<O [1071° m?/s]) the only way to cut down on the mixing time is to
reduce this diffusion length. Almost all efforts to improve mixing perfor-
mance on the microscale strive to achieve this by employing a wide variety
of means. For example, the so-called lamination micromixers® pursue the
creation of several alternating narrow layers of the compounds to be mixed,
so as to cut down on the diffusion length; micromixers based on chaotic
advection (chaotic stirring)®”# pursue the same goal by kinematically folding
the interfaces between the compounds multiple times; a broad variety of
micromixers achieve the same through the use of time-varying external
perturbations or exploiting instability mechanisms.

Much like other devices, micromixers are traditionally classified as
active or passive depending on whether or not an external energy source
is used other than that driving the flow through the device. Although
active mixers may effectively provide rapid mixing, it cannot be denied
that the additional mechanical and electronic devices, both on- and off-
chip, often add undesirable complexity. These additional devices need
extra energy, space, and if on-chip, may also be difficult to fabricate and
integrate to form a cost-effective and compact lab-on-a-chip. Additionally,
electrical fields and heat sometimes generated by active control may dam-
age biological samples.’ Different methods and substrates have been used
to fabricate both active and passive micromixers, but it is generally agreed
that passive mixers are most often easier to fabricate and simpler in design
than active mixers. This is more so for pressure-driven devices than elec-
trically driven ones.

Several reviews of micromixers have appeared, especially during recent
years, and we will mention a few. A brief review of passive and active
micromixers can be found in Campbell and Grzybowski!® who also provide
a tabulated assessment of performance and manufacturing complexity of a
few mixers, but focus their discussion on self-assembled magnetic micromix-
ers. Passive micromixers were recently reviewed in Hardt et al.!! A more
comprehensive and nicely illustrated review of a broad variety of both pas-
sive and active mixers available in the literature is presented in Nguyen and
Wu® and will not be duplicated herein. However, an overview with repre-
sentative examples of micromixers from each class will be given here for the
benefit of the reader. An overview will be given for passive, active and
multiphase flow mixers, the former organized in terms of the driving force
used to generate the main flow through the device, as appropriate. The last
category (multiphase) is discussed separately, although it contains micro-
mixers from both of the other categories, in order to emphasize that the
related devices involve an auxiliary passive fluid and moving interfaces.
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7.3 Passive Micromixers

In passive mixers, no external energy source is required as an input for
enhancing the mixing mechanism. We will discuss these micromixers divid-
ing them into two groups based on the driving force: pressure driven and
electrically driven.

7.3.1 Pressure-Driven Passive Micromixers

It is worth mentioning a few mixers that are not identified as veritable
micromixers because they were not realized on microchips, but used con-
centric capillaries combined with a microsphere blockage to force the mixed
fluids through an annular gap on the order of 10 mm. Such are those of
Regenfuss et al.'? and the later improvement upon it by Shastry et al.,'> who
achieved full mixing in continuous flow after a few decades of microseconds
operating at high Reynolds numbers (Re of approximately 1000 to 1700) and
pressures on the order of 5 atmospheres.

One of the earliest efforts to achieve rapid mixing on the microscale for
the purpose of emulsifying immiscible fluids was reported by Schwesinger
et al."* and revisited with improvements by Mahe et al.’® In the original work,
Schwesinger et al.'* designed and demonstrated a two-layer microchip mixer
in silicon, which successfully produced emulsions by successively layering
the fluids in microchannels of a triangular cross-section and typical size of
150 to 200 pm. This was achieved by splitting and recombining the mixing
channels several times on two levels, so as to proliferate alternating layers
of the different fluids in the channel cross-section. This concept and design
can also be effectively used for mixing rather than emulsification, and in
such application the layering succeeds in reducing the diffusion length by a
factor of 2" if the original stream is split and recombined n times. This early
design is a good candidate for integration with other microfluidic devices.
The main complexity in the micromanufacturing process, other than what
is standard when utilizing silicon technology, is the need for alignment of
the two chip layers.

In one of the pioneering works on microscale on—chip mixers, Knight et
al.'® demonstrated very rapid local mixing on a silicon chip taking advantage
of hydrodynamic focusing through the use of a single 10 um-wide mixing
channel of unitary aspect ratio fed by three tributaries in a cross (¥) config-
uration. The middle one was shaped as a nozzle terminating in a 5:1 aspect
ratio exit, with the intent of further facilitating the rapid formation of a
narrower middle diffusion layer. Satisfying requirements imposed for stud-
ies of chemical kinetics, the hydrodynamic focusing, W-junction, mixer of
Knight et al.'® generated very rapid (O[ps]) local mixing of very small vol-
umes (O[nL]) at supply pressures as high as 3 atmospheres. The authors
examined in detail the effect of the supply pressure ratio, the optimum value
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of which is specific to their mixer configuration, and reduced dead time by
a factor of approximately eight relative to the previously mentioned capil-
lary-based mixers, by optimizing focusing. The hydrodynamic focusing con-
cept was used with equal success by Pabit and Hagen,”” who employed
coaxial, UV-transparent, fused silica capillaries (20 pm ID in 100 mm ID) to
achieve off-chip rapid mixing for fast kinetic studies using UV-excited fluo-
rescence probes. The hydrodynamic focusing effect also contributed to effi-
cient solvent extraction by Hibara et al.'® who generated a multilayer flow
of miscible and immiscible fluids in 70 pm-wide channels of low aspect ratio
(0.43) using a focusing W-junction configuration in combination with a down-
stream P-junction one. Although achieving rapid mixing was not their objec-
tive, their simple, single-manufacturing-layer, glass device, could be
operated as a micromixer. A ¥-junction mixer realized in silicon and featuring
a contraction upstream and an expansion downstream of the mixing channel
was developed by Veenstra et al.” With a modest aspect ratio (2), they
achieved improved mixing at a low Reynolds number (0.23) and essentially
provided an indication of how an increased aspect ratio can reduce mixing
time or reduce pressure drop. Y-junction micromixers have been successfully
employed by Wu et al.? to study nonlinear diffusive mixing in microchan-
nels. Interested in gas mixing, Gobby et al.?! performed numerical simula-
tions at low Reynolds numbers studying the characteristics of - and T-
junction micromixers with and without throttling downstream of the mixing
point. They concluded that mixing in gases is improved with throttling and
with modest increases in mixing channel aspect ratio (3). A two-wafer, mul-
tistream (10) mixer with a contraction into a high-aspect-ratio (8) mixing
channel was developed by Floyd et al.?2 on a silicon chip through the use of
deep reactive ion etching (DRIE). This mixer, which was integrated with a
heat exchanger and a probing region to perform infrared transmission kinet-
ics studies of liquid reactions, yielded fully mixed product in a few tens of
milliseconds at a modestly high Reynolds number (97). Considering that
the estimated pressure drop is very modest, this type of mixer is promising
for bio-analytical applications, although the two-wafer alignment and costly
DRIE requirement in its manufacture cannot be overlooked. Various two-
and three-stream high-aspect-ratio (6) micromixers were evaluated through
numerical simulations by Maha et al.?® in terms of pressure drop and mixing
performance for batch operation. It was shown that a combination of high-
aspect-ratio narrow channels combined with hydrodynamic focusing and
an optimization design scheme for batch mixture production can reduce
mixture production time by an order of magnitude for a fixed pressure drop
requirement, or reduce pressure drop by several orders of magnitude for a
fixed mixture production time relative to unitary aspect ratio counterpart
mixers. This was demonstrated experimentally by Maha?* for such micro-
mixers hot embossed on polymethylmethacrylate (PMMA) and polycarbon-
ate (PC) polymers using micromilled brass mold inserts. The simple
manufacturing process, capacity for inexpensive mass production and inte-
grability of such polymer mixers make them very good candidates for
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integration into disposable polymer microchips to perform a variety of bio-
assays. A very low aspect ratio (0.012), W-junction glass micromixer was
developed by Holden et al?> to simultaneously produce mixtures of quasi-
continuously varying concentrations. This was elegantly achieved by an
array of exit channels connected with their entrances arranged diagonally
over the span of the mixing channel. Up to eleven discretely different con-
centrations were produced simultaneously. A tilted UV lithography tech-
nique was used by Yang et al.?® to fabricate a micromixer on SU-8 incorpo-
rating opposing arrays of staggered spatially distributed impinging microjets
in a T-junction mixer channel. This novel and rare three-dimensional mixer
on a single layer is readily integrable on SU-8 chips.

A number of micromixers have been designed and realized incorporating
passive elements, which can generate secondary flows, to fold the fluid
interfaces and improve local diffusional mixing by cutting down the diffu-
sion length. Introduction of such elements also results in a pressure drop
overhead because of increased dissipation. So it is useful to put the relevant
designs in this perspective when evaluating their performance, if pressure
drop information is available, which is rarely the case. Most of the micro-
mixers incorporating secondary flow—generating elements can be viewed as
stirring devices often involving chaotic advection mechanisms.

It is well known that bends in channels generate secondary flows at mod-
estly high, to high Reynolds numbers in the laminar regime. This has been
employed by several investigators and mixers with bends have been used
in integrated chips.?” The same principle, augmented by elastic-fluid insta-
bilities, was also demonstrated to be effective in improving mixing on the
microscale by Pathak et al.?® for non-Newtonian fluids in low-aspect-ratio
serpentine microchannels. Arrays of modest-aspect-ratio (2) single-level, ser-
pentine (zigzag) microchannels combined with simple ¥-junction mixers
were introduced and used by Kamidate et al.? and more recently by Lin et
al.®® to successfully generate, in a predictable manner, dynamically con-
trolled spatial and temporal concentration gradients on glass-covered poly-
dimethylsiloxane (PDMS) microchips embossed using silicon mold inserts.
A numerical study by Mengeaud et al.®! indicates that successive bends in
serpentine (zigzag) channels improve mixing at high Reynolds numbers
(O[107]), and that increasing the number of bends per unit length of channel
while holding its width constant, can be detrimental to the mixing enhance-
ment. Their results should be put in perspective of the fact that their simu-
lations were two-dimensional, while in such flows 3-dimensional effects
could be substantial. A passive, single-layer micromixer incorporating com-
plex Tesla structures has been demonstrated by Hong et al.*? in a cyclo-olefin-
copolymer (COC), low-aspect-ratio (0.45) microchannel fed by a T-junction.
The structures are essentially a combination of a serpentine channel with
curved walls and wedgelike obstacles. Improved mixing was realized with
this device and attributed to Coanda effects in the curved parts of the channel
requiring a modest Reynolds number (6), which is the lowest among the
single-layer passive microchannel mixers with bends.

© 2007 by Taylor & Francis Group, LLC



184 Bio-MEMS: Technologies and Applications

Three-dimensional (two-level), serpentine, microchannels of low aspect
ratio (0.5) fed by a T-junction were introduced by Liu et al.,*® who demon-
strated faster and more complete mixing at modestly high Reynolds numbers
(up to 75) compared to single-level serpentine and straight channel counter-
parts. Standard silicon manufacturing technology was used to realize the 3-
dimensional design, which required a two-wafer process and resulted in
channels of trapezoidal cross-sections. A similar 3-dimensional two-layer
design, realized in PDMS by Park et al.,* also incorporated rounded channel
walls to induce rotation in addition to the bend-induced secondary flows
and a splitting and recombination scheme similar to that of Schwesinger et
al.!* This design realized improved mixing performance for Reynolds num-
bers in the 1 to 50 range. A multilevel 3-dimensional micromixing device of
vascular tortuosity was developed and demonstrated by Therriault et al.®
incorporated the effects of bends and flow splitting and recombination on
numerous levels, and displayed significant mixing effectiveness improve-
ment over a broad Reynolds number range (greater than 1). This improve-
ment was shown to increase almost exponentially with the Reynolds number.
Putting the added complexity of a multiple layer process aside and the
potentially increased dead volume, the two- and multilayer designs men-
tioned in this paragraph could be good candidates for batch production
micromixers.

Improved mixing has also been realized through the use of grooved chan-
nels as generators of secondary flows. In one of the earliest works, Stroock
et al.* took advantage of chaotic advection generated by secondary flows in
low-aspect-ratio (0.35) microchannels bearing angled or herringbone-pat-
terned grooves on the bottom surface and demonstrated significant mixing
improvement relative to the ungrooved channel baseline. Their glass-cov-
ered, Y-junction mixer microchannels were embossed in PDMS using a mold
insert fabricated by a two-layer photolithography process on SU-8. About
the same time, Johnson et al.*” also demonstrated mixing improvements in
low-aspect-ratio (0.43) T-junction mixer microchannels stamped in polycar-
bonate (PC) with laser-ablated angled grooves on their bottom surface. A
computational parametric study was conducted by Wang et al®® on the
performance of grooved mixing channels; they concluded that the minimum
length to generate a single recirculation in the channel depends exponentially
on the groove aspect ratio and is relative independent of velocity. In an other
numerical study, Liu et al.*’ revealed that at low Reynolds numbers (1), both
the 3-dimensional serpentine channel mixer (e.g., as in Liu et al.) and the
one employing a herringbone groove pattern on the channel wall (e.g., as in
Stroock et al.*¢) perform comparably, while at a higher Reynolds number (10)
the serpentine design maintains its performance while the one with the
herringbone grooves does not. Nevertheless, added manufacturing complex-
ity and added dead volume notwithstanding, grooved channels have been
proven to be effective means for enhancing mixing on the microscale in low-
aspect-ratio microchannels at low to modest Reynolds numbers. They could
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be promising for integration into multifunction biochips especially if man-
ufactured successfully on various biocompatible materials.

The potential of attaining improved mixing by placing obstacles in micro-
channels has also been explored. While it is well known that at very low
Reynolds numbers obstacles cannot generate secondary flows such as recir-
culations, it is possible to achieve this at higher Reynolds numbers. This was
also shown in a numerical study by Wang et al.,* who investigated the effect
on mixing due to various arrangements of cylindrical obstacles in a micro-
channel. An effective micromixer incorporating staggered cylindrical obsta-
cles in a mixing chamber was demonstrated by Lin et al.#! on a silicon chip
generating fluid streams of high Reynolds numbers (approximately 380). A
ceramic cross-junction microchannel mixer with sidewall obstacles was dem-
onstrated also at high Reynolds numbers (greater than 100) by Wong et al.#?
This configuration produces essentially a serpentine channel and the benefits
are predominantly due to the successive bends. Micromixers employing
obstacles can be realized with relative ease using single-layer or wafer man-
ufacturing processes, yet the high Reynolds number requirements imply
high operating pressures, which is the major drawback of this approach.

Swirl chambers have also been employed on the microscale to achieve
effective mixing. The multi-inlet design of Bohm et al,*® realized in a glass-
covered silicon chip using two wafers and DRIE is an early example of this
type. It was a very effective mixing device, but required very high pressures
(15 atmospheres) and a costly manufacturing process. Recently Lin et al.#
simulated and demonstrated a multi-inlet swirl-chamber micromixer with
performance at low Reynolds numbers (less than 20) realized in a multilayer
silicon chip. Swirl-chamber mixers can be effective micromixing devices, but
in general they require multilayer manufacturing, high pressures, and
increased volume.

A combination of a microvalve and chamber design was realized by Vold-
man et al.*> to provide both mixing and valving action on a glass-covered
silicone chip. This was micromanufactured in two silicon wafers, one of
which incorporated a cantilevered flap-valve element, and required DRIE.
This dual-function device, which performed reasonably well in terms of
mixing time for batch applications, could also be used as an active mixer
with improved performance by pulsing the supply of the valved fluid.

7.3.2 Electrically Driven Passive Micromixers

In addition to pressure-driven flows, electrically driven flows are very well
suited for application in microfluidic devices that handle biological samples
and perform biological assays. A number of such passive micromixing devices
have been realized thus far. A design combining the effects of electroosmotic
flow, convective effects due to bends, and flow-stream splitting and recom-
bination has been realized on a quartz wafer by He et al.* Voltages on the
order of KVolts were applied to produce velocities of order 0.3 mm/s and
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FIGURE 7.1
Main velocity component contours in chamber electroosmotic micromixer (a) streamwise mid-
plane, x = 0 pm; (b) cross-flow midplane, y = 0 pm.

mixing performance was improved by approximately an order of magnitude
relative to a reference Y-junction electroosmotically driven mixing channel.
A variety of chamber-based electroosmotic mixers were proposed by Yager
et al.#” relying on recirculations generated by pressure gradients imposed by
the conservation of mass. The simplest realization of the device involves a
microscale mixing channel with electrodes (A and B) at each end as in Figure
7.1a. When a potential difference is applied between electrodes A and B, the
fluid will be set into motion near the wall region with a velocity in proportion
to the electroosmotic mobility of the wall material. Because the ends of the
mixing channel (between A and B) cannot be penetrated by the flow, con-
servation of mass will dictate a flow inside the core of the cross-section in
the opposite direction to that near the walls. Thus a recirculating flow will
be established within the mixing channel with shear layers in the proximity
of the walls. This is shown in the numerical simulation results of Figure 7.14
for a channel incorporating material nonhomogeneity. The upper part of the
channel has a different elecroosmotic mobility than the lower part. The
resulting recirculating flow field is shown in Figure 7.1 where it is clearly
visible that the fluid is moving in one direction in the proximity of the wall,
while it is moving in the opposite direction in the core. Because of the unequal
mobility of the top and bottom parts of the channel, flow is not symmetrical
with respect to all the geometrical axes of symmetry. The near wall velocity
is higher on the top half compared to the bottom half, and as a result the
return velocity is higher in the lower part of the core. Consequently, the shear
layers on the top half and bottom half are of unequal strengths. The top-to-
bottom asymmetry will be absent if the channel has homogeneous mobility.
This flow is effective in mixing because it folds material lines multiple times
in a short period of time, depending on the potential difference level (88
volts in this example). Figure 7.2 illustrates this stretching and folding of
material lines caused by the recirculating flow, which is responsible for the
effective mixing function. A plug of liquid with a substantially low mass
diffusion coefficient (1.2 101 m?/sec) is mixed with a second liquid to form
approximately 40 nL of a 2.78% mixture in less than one second. This illus-
trates the effectiveness of this type mixer.
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FIGURE 7.2

Concentration contours in chamber electroosmotic micromixer on streamwise midplane, x =
O pm (a) t =10 s, (b) t =200 ps, (c) t =500 ps, (d) t = 780 ms; mass diffusion coefficient is 1.2
106 cm?/s and 2.78% mixture.

Based on the analytical work of Ajdari,*’ recent technological advances in
microfabrication have enabled the development of a variety of complex
microscale charge patterns on material surfaces (e.g., see Stroock et al.>).
This ability has motivated a number of efforts to explore electroosmotic
passive micromixers based on inhomogeneous surface-charge distribution
in microchannels. These generate secondary flows much like geometrical
nonhomogeneous patterns do in pressure-driven flows. Numerical predic-
tions by Erickson and Li’! on an electroosmotically driven T-junction micro-
channel mixer with alternating surface-charge (or zeta potential) sign on its
side walls demonstrated that mixing can indeed be improved in this manner.
Similar simulations on a broader variety of surface-charge patterns were
conducted by Qian and Bau,? who also demonstrated how chaotic advec-
tion and associated mixing benefits can be generated in such heteroge-
neously charged devices. Another numerical study by Hong et al.3®
demonstrated improved mixing using angled and herringbone patterns of
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inhomogeneous surface-charge distributions based on the grooved channel
configurations used by Stroock et al.*® in a counterpart pressure-driven flow.
T-junction mixers with inhomogeneous surface-charge distributions have
been successfully demonstrated on a microchip by Wu and Liu* in a low-
aspect-ratio (0.3) PDMS microchannel on a silicon substrate by implanting
patterned electrodes into the silicon substrate. Applying voltage of alternating
signs to successive electrodes generated a nonuniform charge distribution on
the bottom wall of the channel, resulting in secondary flows during operation
and improved mixing performance. Glass T-junction micromixers with vari-
ous heterogeneous zeta potential patterns in very low aspect- ratio micro-
channels (0.04) have been manufactured by Biddiss et al.®® They used soft
lithography techniques to chemically pattern the glass microchannel bottom
surface. Both physical realizations®® of this very interesting concept achieved
significant mixing enhancement relative to their homogeneous counterparts.
Widespread practical usage in integrated chips of these types of enhanced
micromixers may be hampered by the manufacturing process complexity and
the durability and shelf life of surface modification when the latter is the
chosen method of introducing surface-charge nonuniformity. Much like many
electrokinetically driven devices, these micromixers are limited to very low
flow rates dictated by the requirement of keeping the driving voltages low.

Secondary flows associated with electrohydrodynamic (EHD) instability
generated by conductivity gradients in the working fluid have also been
shown through simulation and experimentation to enhance mixing by Lin
et al.®® and could be promising for a practical mixing device of fluids with
inherent or imposed conductivity gradients in the practical environment.
Coupled electrorotation of latex microspheres has been proposed and dem-
onstrated by Wilson et al.” on a glass chip with two electrodes separated by
a PDMS wedge, and although intrusive, may be promising for inducing fast
local mixing in microfluidic environments.

7.4 Active Micromixers

Active micromixers can be classified according to the type of external force or
energy used to actively improve the mixing process. A broad variety of exci-
tation forces have been used, including pressure pulsations, electrical, mag-
netic, capillary, thermal, and acoustic. The earliest pulsed-flow/pressure
micromixer was introduced by Evans et al.*® It was a chamber design realized
on silicon with a quartz cover. The actuation was provided by thermally driven
bubble valves/pumps powered by integrated polysilicon heaters. Although
complex and with a sizeable dead volume, this device is the first to incor-
porate the idea of improved mixing through chaotic-advection-inducing flow
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pulsations. The same idea has since been considered in a variety of micro-
channel mixers. An early example was that of Volpert et al.* Following their
work, pressure pulsations were also used by Deshmukh et al.*® who
employed a low-aspect-ratio (approximately 0.2) mixer microchannel with
a T-junction fabricated in silicon using DRIE. An integrated planar micro-
pump was used to pulse the flow in the mixing channel dividing the mixed
liquids into small serial segments and making the mixing process indepen-
dent of convection. A similar device, with a cross-junction and without
integrated pumping, was presented by Lee et al®! and was also fabricated
in silicon using DRIE.

The chaotic-advection behavior and associated mixing enhancement of
pulsed flow cross-junction mixers have been studied theoretically by Lee,
while Niu and Lee® analyzed a multi-cross-junction variant. Pulsations are
in general introduced through the side channels of the cross-junction(s).
Glasgow and Aubry* demonstrated numerically and experimentally the
merits of flow pulsation in a T-junction microchannel mixer. Analysis and
realization of pulsed flow T-junction micromixers has been presented more
recently by Tabeling et al.®® Their micromixer was realized with glass and
PDMS technology and utilized an on-chip microhydraulic actuation system
based on microvalves introduced by Unger et al.,% fabricated using their soft
lithography technique. A multi-side-channel (as in Unger et al), pulsed
flow T-junction mixer was analyzed and evaluated by Bottausci et al.*” They
concluded that the multiple side-channel design performs better than the
single side-channel one when the pulsations introduced through the side chan-
nels are out of phase. A swirl-chamber mixer micromilled in PMMA was
proposed by Chung et al.” in which the swirling of the fluids was achieved by
forward and backward pumping. The mixing chamber was fitted with two
opposing channels of unit aspect ratio tangent to the circular chamber. Simu-
lation indicated up to a twofold mixing improvement compared to that in a
straight channel at rather high, yet laminar, Reynolds numbers (20 to 400). In
general, the majority of the pulsed flow and pressure micromixers are contin-
uous-flow devices and have been shown to improve mixing compared to their
steady-state counterparts leading to shorter mixing-channel lengths for Rey-
nolds numbers of order one or less. When considering such micromixers for
applications, this improvement should be put in perspective of the added
complexity, not so much in terms of manufacturing processes, but that result-
ing from the need for pressure actuation.

Electrical excitation has also been used as an alternative to pressure pulsa-
tions toward improving mixing on the microscale by inducing unsteady sec-
ondary flows and chaotic advection. One of the earliest micromixers utilizing
unsteady electrical fields was that of Lee et al.®! They demonstrated a pressure-
driven, continuous-flow device with periodic electrical excitation introduced
in a chamber on the flow path. They used a combination of silicon and SU-8
technology to manufacture this low-aspect-ratio (approximately 0.13) active
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mixer. They took advantage of dielectophoretic forces induced by the inho-
mogeneous electrical field to improve mixing of dielectric microparticles.
Shortly after, Oddy et al.®® presented electrical active mixers based on electro-
kinetic instability excited by sinusoidal oscillations of the electrical filed. They
evaluated a glass-covered PDMS cross-junction mixer and a chamber cross-
junction one very similar to that of Lee et al®' in Borofloat glass. The main
flow in both these low-aspect-ratio (0.1 to 0.33) micromixers could be either
pressure or electrically driven. Their measurements proved the concept that
substantial improvement in mixing can be achieved through the exploitation
of electrokinetic instability by applying AC voltages of a few kVolts at frequen-
cies of a few Hz. A T-junction active mixer with an array of electrodes installed
on either side of a unit aspect ratio, mixing channel was successfully demon-
strated by El Moctar et al.*®” Unsteady mixing-enhancing flow is generated due
to EHD instability under the application of steady electrical fields for fluids
that have different electrical properties. This pressure-driven device can also
be operated as an active one by applying an unsteady electrical field, which
further improves mixing performance at low Reynolds numbers (approxi-
mately 0.02). A ¥-junction and ring-chamber combination active mixer has
been simulated by Chen et al.”® and realized by Zhang et al.”" on a silicon
chip with integrated heavily doped silicon electrodes. Unsteady electrical
fields imposed in the ring chamber generate secondary flows, which improve
mixing as shown in the simulation results. The device can be pressure or
electrokinetically driven. More recently, Shin et al.”2 conducted an experimental
study of an electrically driven and actuated cross-junction, microchannel mixer
realized on glass. Under a steady driving voltage of a few hundred volts, they
observed instability developing along the focused middle stream with a fre-
quency of a few Hz. Under unsteady conditions with tens of volts peak-to-
peak amplitude, they showed modest mixing enhancement at frequencies
around the first harmonic of the natural instability mode. Active electrically
excited micromixers are attractive for low-flow-rate applications and do not
involve fabrication and operational technological complexity superior to that
required for their passive counterparts, other than an AC generator. Indeed,
they are easier to manufacture than passive mixers employing nonhomoge-
neous charge distributions on microchannel walls. They have the standard
operational drawbacks of electrically driven microfluidic devices.

Magnetic actuation has also been exploited to produce better micromixing
performance. The principle of using magnetohydrodynamic (MHD) forcing to
improve mixing on the microscale was nicely demonstrated by Solomon et al”?
They performed experiments comparing long-range chaotic mixing of miscible
and immiscible impurities in a time-periodic flow by producing an alternating
magnetic field that generated alternating vortex structures due to MHD insta-
bility. Chaotic advection created by magnetic forces inducing mixing on flows
carrying magnetic microbeads has been demonstrated by Suzuki and Ho’* and
Suzuki et al.” on a low-aspect-ratio serpentine microchannel with a T-junction
and an integrated array of copper electrodes normal to the channel length. A
glass-covered SU-8 channel was created on a silicon substrate in which the
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conductors were embedded. This design succeeded in rapidly dispersing mag-
netic microbeads at very low Reynolds numbers (approximately 0.01). Very
good performance in mixing using magnetic microbeads was achieved by Rida
et al’ on a micromixer realized in polymethylmethacrylate (PMMA) with
integrated ferromagnetic permalloy layers to focus the magnetic field generated
by an external electromagnet. In a rather rare design involving moving parts,
Lu et al.” and Ryu et al.”® developed micromixer chips with PDMS or Parylene
P-junction microchannels with an integrated permalloy bar rotor on a silicon
substrate. When the microrotor was rotated by an external rotating magnetic
field, it could act both as a mechanical stirrer and a pumping impeller.

7.5 Multiphase Micromixers

Multiphase flow has also been considered to improve mixing performance.
The main advantage emanating from the use of two or more phases is the
reduction of the volume of the working fluid through the use of an immiscible
gas or liquid buffer. Smaller mixed volumes imply smaller diffusion lengths
and therefore faster mixing. One of the earliest two-phase micromixers was
developed by Hosokawa et al.,”># who succeeded in manipulating and mixing
very small (pL-nL) droplets of liquids on a microfluidic chip through pneu-
matic action. To achieve this they utilized an array of venting microchannels
with ultrahydrophobic surfaces to contain the liquid through capillary pres-
sure. A series of elegant and well-documented parametric studies (e.g., Song
et al.8! and Bringer et al.*?) demonstrated the advantages of effectively mixing
small volumes of several reagents by chaotic advection generated in a pres-
sure-driven, liquid-liquid periodic plug/slug two-phase flow in microchan-
nels with and without bends. Chaotic advection was generated by secondary
flows, which develop due to shear in droplets when they are pushed through
low-aspect-ratio microchannels. This effect was enhanced by the presence of
randomly placed bends in the microchannels. This method requires an auxil-
iary immiscible and inert fluid in order to create and transport the plugs of
mixture; it has reported mixing times as low as submillisecond and utilizes a
relatively simple and easy-to-manufacture chip. It is well suited for chemical
kinetics and biochemical assays provided that the auxiliary fluid does not
affect them. Integration with reactor and thermal cycler modules could be
challenging because of the utilization of a two-phase flow system.

Small droplet manipulation through the exploitation of electrowetting phe-
nomena was used to achieve fast mixing by Fowler et al.** They demonstrated
the potential of this concept to perform fast mixing on a glass chip requiring
a multilayer manufacturing process. Other than the reduced size of the drop-
lets, the mechanisms responsible for mixing enhancement are the secondary
flows generated inside the droplet as it is moved (rolled) in the chip chamber
by capillary forces generated by periodically varied electrowetting actuation.
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The same electrowetting principles were used in a more recent experimental
study by Paik et al.,* who illustrated the flow patterns and enhanced mixing
inside millimeter-sized droplets and used an immiscible liquid (silicone oil)
rather than a gas buffer between droplets. Small-volume liquid manipulation
and enhanced mixing using electrowetting phenomena is restricted to polar-
izable or conductive liquids only. Thermocapillary phenomena have also
been considered recently for both active and passive mixing microdevices
requiring chemical patterning of substrates to control surface energy for
containment of the liquids and the embedding of microheating elements.
For a review and theoretical aspects of this still nascent approach we refer
the reader to Darhuber et al.®

7.6 Performance Metrics for Microscale Mixer Design
and Evaluation

A plethora of micromixer designs has been demonstrated and to various
degrees evaluated in the literature in terms of performance. The majority of
the relevant works have given emphasis on the extent of mixing, or mixing
efficiency, defined in various ways; the mixing time; and the associated
volume. The latter two often depend on the accepted value of the former,
and this is often a source of inconsistency for the performance evaluation
bottom line. For example, if the extent of mixing or mixing efficiency decided
as a base is shifted from 70% with respect to the fully mixed composition to
a 90% value, the resulting mixing time for a diffusion-driven channel mixer
could easily be tripled. Furthermore, the mixing time may have a different
significance depending on the mixer function for a given application. For
example, if kinetic studies are the object (e.g., as in Knight et al.1 and Bringer
et al.%2), where local very rapid mixing is required for very small volumes,
the mixing time would be the time required to attain the desired mixing
efficiency for the desired small volume locally, measured from the moment
the compounds come in contact. For a batch-production micromixer as
needed for a PCR'*% or LDR?® application, the mixing time is that required
for the production of a specified batch volume mixed to the desired extent.
The difference between these two applications is subtle but important in
defining this very important metric. So, in evaluating micromixing solutions,
consistency in the definition of performance metrics and target values as
they pertain to a specific application class is very important in deciding
which solution is best suited for the application needs.

One of the primary performance metrics, which as pointed out above
relates to others, is one that indicates the extent of mixing or mixing effi-
ciency. While there are various ways in which this has been defined in the
literature, we will introduce one of the more popular definitions as intro-
duced by Erickson and Li*! and is given in Equation 7.1:
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where A, is the area of the exit, or a relevant segment of it; A, is the area of
the inlet of the mixing region; c is the local value of the concentration; ¢; is the
concentration of the the i incoming stream inside the mixing channel; and c.,
is the mixture steady-state concentration. This definition of efficiency is most
adequate when applied locally. For a batch or continuous production micro-
mixer, what really matters is the rate at which the mixed product is produced
at the delivery end of the mixer. Thus, for such mixers, it is important to
evaluate the mixing efficiencies in terms of mass fluxes instead of concentra-
tions. This is necessary because it is possible to have two different mixers with
the same inlet conditions and exit average concentrations, yet with different
velocity profiles across the exit. In such cases, these mixers will produce mixed
product at different rates depending on the distribution of the concentration
relative to the distribution of the velocity. Therefore, it would be more appro-
priate to evaluate the mixing efficiency on the basis of the following definition
introduced by Maha et al.:

J'pll ‘c - cw‘ dA
A
2 J. piul C
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where U and r are the local velocity and density, respectively, of the mixture,
and U, and r; are the velocity and density of the fluid of the it layer. Both of
these definitions can obviously be easily used in numerical simulations of micro-
mixers. The same is not true when carrying out experimental performance
evaluations of micromixers, especially if three-dimensional effects are involved.
The first one can be implemented in an experiment at steady state, or nearly so,
if confocal microscopy is used (see, e.g., Knight et al.l® and Stroock et al.*) to
conduct the evaluation. If three-dimensional effects are not strong, then line-of-
sight averaging observations, such as those obtained from standard fluorescence
microscopy, can also be validly used by replacing the area average in Equation
7.1 by a line average.® The definition of Equation 7.2 also requires velocity
measurement over the mixer cross-section, which is a more challenging propo-
sition. The differences between the definition of Equation 7.1 and Equation 7.2
are discussed for diffusion-driven, passive mixers of various types in Maha et
al.®? and illustrated in Figure 7.3. Differences on the order of 5 percentage points
are observed, which, as expected, are gradually eliminated as the mixture

(7.2)
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FIGURE 7.3

Comparison of two mixing efficiency definitions obtained through numerical simulations in a
standard Y-junction microchannel mixer at 1:1 volumetric flow rate ratio. (Adapted from Maha,
A. et al., Proceedings of SPIE, 2004, 5345, 183-193.)

approaches a fully mixed state. Such differences can be more substantial in
mixers with either passively or actively induced secondary flows. In the case of
diffusion-driven mixing discussed here, the use of the definition of Equation 7.1
provides conservative estimates (see Figure 7.3), and thus lends credibility to
experimental evaluations of such mixers, which have made use of it.

The above definitions are given for steady flows but also apply for unsteady
flows with the understanding that the integrals would then be over time as
well as area elements. In the case of unsteady flows, an efficiency in terms of
time-averaged quantities would not be sufficient and a measure of the second
moment, for example of the concentration, would also be necessary to reflect
the intensity of the fluctuations about the time-averaged values.

When the appropriate definition of mixing efficiency is used, and subject
to the specific requirement regarding its value, the mixing time (also appro-
priately defined for the application as mentioned previously), the pressure
drop and the volume of the device are important metrics of performance
for a microscale mixer. Of these, only the first is specific to the micromixer,
while the other two are, in general, metrics of performance for any micro-
fluidic device. The pressure drop in combination with the volumetric flow
rate of the fluid in the device reflects on the magnitude of the power required
to drive the flow in the device, and it is specific to pressure-driven, micro-
fluidic chips. In the laminar microfluidic environment, the pressure drop
along a microchannel is a linear function of the volumetric flow rate, and
thus the power requirement is in general quadratic with flow rate. A large
variety of microfluidic devices and microscale mixers are driven electroki-
netically. In this case, the power input to drive the device is electrical with
the applied potential (voltage) difference and the electrical current drawn
determining its magnitude. Theoretically, the magnitude of the required
voltage to sustain a desired mean velocity of fluid or charged species is
proportional to the length of the channel, just like pressure drop is in
pressure-driven flows. So, long channels in electrokinetically driven flow
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translate into high voltages, which are undesirable, just as high pressures
are in pressure-driven flow.

Other metrics of significant practical relevance are manufacturing and oper-
ational complexity, which ultimately translate to cost, biocompatibility of mate-
rials and process residuals, shelf life (particularly when surface treatments are
applied), potential of clogging during operation, and integrability. The last one
is important because micromixers are more likely to be needed as an integral
part of a microfluidic biochip, whose primary function is other than mixing,
and ought to be designed with that in mind. Some of these practically impor-
tant attributes understandably tend to be overlooked in individual scientific
articles in terms of detailed and comparative assessment. Naturally it is up to
the designer and the user to decide what tradeoffs to accept.

In addition to high efficiency, minimal mixing time, low pressure loss, and
small volume, it is obviously desirable that the microscale mixer of choice
involve a low level of manufacturing complexity, low manufacturing cost, easy
mass production, excellent biocompatibility of materials used, and a point-and-
shoot operational complexity with low fowling propensity. Many of these
attributes are coupled and their tolerated levels are application dependent. In
general, simplicity in the manufacturing process implies low cost. So, when
evaluating mixer concepts for integrated devices, multistep or multilayer pro-
cesses and associated alignment and assembly are less desirable. This criterion
often places active devices in a dimmer light because these require in general
more complex manufacturing processes as well as additional excitation input,
even though in many cases other performance metrics are substantially
improved. The same can be said for passive mixers requiring multilevel man-
ufacturing processes. Because of these and other similar considerations, it
would be useful if a baseline of a readily feasible and simple micromixer could
be established against which other more complex ones can be compared and
put in perspective. This could facilitate both the designer and the user in
deciding if added complexity is warranted. Few will argue that a microchan-
nel-based, diffusion-driven mixer is one of the simplest. In the following sec-
tion, an easy-to-use design and optimization procedure will be given for such
a mixer with batch production specifically in mind. Although a pressure-
driven mixer will be considered, extension to an electroosmotically driven one
can be easily made. A somewhat more general case will be considered involv-
ing multiple layers of fluids to be mixed and an assessment of the influence
of design parameters on performance will be made.

7.7 Design Methodology for Optimal Diffusion-Based
Micromixers for Batch Production Applications

As discussed in previous sections, if batch delivery of mixed product is
required at the outlet port of the mixer, the relevant mixture production time
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is not the raw diffusion time but the time it takes for the mixer to deliver
the required volume of fluid and is still measured from the moment the
constituents come in contact with each other. It should be noted that there
might be time overhead associated with the delivery of the mixture constit-
uents to the point of contact, and in a batch delivery micromixer it ought to
be taken into account. Although this time overhead could be influenced by
the particular microscale mixer design, it is reasonable not to include it in
the tally because it may be constrained by other aspects of the microfluidic
chip functionality and the macro—micro interface.

So, for a simple two-compound, batch delivery, microscale mixer consist-
ing of a channel with a width, w, height, H, and length, L, (see Figure 7.4)
the estimate of the mixture production time, t,,, will have two contributions.
One is t, = 82 /D,,, the diffusion time associated with an appropriate diffu-
sion length, &, and the other is the time, t,, required to produce the desired
volume, V, of mixture. The latter is then dictated by the total volumetric flow
rate, Q, since t, = V/Q. Thus the estimate of the mixture production time is:

2 22
D, Q w | Dp Q

In a microchannel mixer where two or more alternating flow stream layers
are introduced into the mixing channel by means of tributary channels, such
as in Knight et al.'® (3 tributaries or layers), Hibara et al.'® (2 and 3 tributaries
or layers), or Floyd et al.?? (10 tributaries or layers), the relevant diffusion
length is a fraction of the total width of the mixer channel and also depends
on the flow rate of each merging stream. In general, it is safe to select

8p =W, e /2, where w,,, is the width of the widest internal stream layer
or twice the width of the widest wall-bounded layer, whichever two is
largest. Consequently, the estimate of the mixture production time becomes:

2
tu =l¢2w7+1’ (7.4)
4 D, Q

smax

w

where ¢ = is defined as the diffusion width fraction.
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The constituents must be fully mixed by the time they reach the exit of the
mixing channel, therefore the diffusion time, tp,, together with the volumetric
flow rate, Q, define the estimate of the necessary length of the mixer channel:

2
"Hw D, Hw |w | ARD,, 4' ARD,’ '

where AR is the channel aspect ratio defined as the ratio of its height (depth)
over its width, AR = H/w. In terms of the mixer application here, we will
operate under the premise that the layers of the fluids are parallel to the
height (depth) of the channel. In general, the aspect ratio is going to be
viewed as the ratio of the rectangular channel cross-section dimension in a
direction parallel to the mixed fluids layer, over the dimension normal to
the fluid layers as portrayed in Figure 7.4.

It is worth pointing out that w,,,,, is not necessarily the geometrical width
of a tributary channel. In fact, the widths of the tributary channels are
relatively irrelevant, as is the average velocity of the fluids in these tributar-
ies. If the flow is steady and laminar, the initial widths of fluid streams in
the mixing channel are solely determined by the flow rates in the tributaries.
This is so for two reasons. The first has to do with the fact that in most cases
of pressure-driven microfluidic devices, the flow Reynolds number is low
and the flows are laminar without instabilities. For low Reynolds numbers
where viscosity is a dominant or at least a significant factor, momentum
discontinuities, such as those created when streams from tributary channels
merge into one, are smoothed out fairly quickly, that is, the length over which
the resulting flow assumes a fully developed velocity profile (known as the
entrance or development length) is short. For example, in the case of flow
entering a tube with an initially uniform (or nearly so) velocity profile, the
entrance length is known (see White®) to be, to a very good approximation,
0.06ReD,, with, D,, the hydraulic diameter defined as D, = 4A/P, where A,
is the channel cross-sectional area and P the wetted perimeter. Thus, it is
evident that for modest Reynolds numbers (say less than 10) the entrance
length is a fraction of the hydraulic diameter, or by extension, any length
scale associated with the cross-section of the channel. The second reason has
to do with the fact that mass diffusion in the applications of interest here is
substantially lower than momentum diffusion as reflected by the Schmidt
number, Sc =v/D,,, which is usually on the order of 10° to 10°. This means
that momentum discontinuities are smoothed out by molecular action much
faster than concentration discontinuities. Thus in steady laminar flow, the
flow of multiple merging streams fed into a single channel by tributaries
becomes fully developed while the fluid streams themselves are for all prac-
tical purposes still unmixed. Therefore, the widths of the various streams in
the mixing channel are determined by the initial flow rate of each distinct
fluid in the original tributary. This fact is simply illustrated in Figure 7.5,
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FIGURE 7.5

Merging of two streams of miscible fluids in a mixing channel 42.5 um wide and 150 pm high.
The upper fluid channel has an entrance width of 25, while the lower fluid channel has a 12.5-
pm entrance width. The flow rate of each stream is equal to 37.5 nL/s. The binary mass diffusion
coefficient is Dy, = 1.2 10'° m?/s, the Schmidt number is Sc = 8300 and the Reynolds number
in the mixing channel is Re = 0.78.

where the merging of two aqueous solution streams (blue and red) originat-
ing from tributary channels of unequal widths, with unequal average veloc-
ities but equal flow rates, merge into a single channel. It is evident in Figure
7.5 that in spite of the initially different average velocities and tributary
channel widths, the width of each fluid stream in the mixing channel after
the development region is equal to one-half of the mixing channel width as
dictated by the equality of the merging stream flow rates and the symmetry
of the velocity profile for fully developed laminar flow in a rectangular duct.
It can also be seen that the flow development length is a fraction of the
mixing channel width and that the interface between streams is still relatively
sharp by the end of the flow development region.

This illustration assumes that the fluids mixed have equal viscosities and
densities, which is approximately the case in many bioanalytical applica-
tions utilizing dilute aqueous solutions. If the fluids mixed have disparate
properties, the above illustration and the estimates that will follow can still
be made, but the applicable solutions are somewhat more complicated. The
above observation facilitates the estimation of the value of, ¢, which is
necessary for the design of a multistream or multilayer, diffusion-driven,
microchannel mixer. For a two-stream or two-layer mixer with the constit-
uents fed at equal flow rates, the value of ¢ is obviously unity and corre-
sponds to the optimum operating point of this type of mixer in terms of the
proportion between the incoming flow rates, which is 1:1. Any other pro-
portion would increase ¢ and by virtue of Equation 7.4 and Equation 7.5
would also increase the mixture production time and mixing channel length,
respectively. This indicates that in order to attain optimum performance, a
layered mixer must be operated at flow rates with specific proportions. For
multistream layered mixers that mix two fluids, A and B, it is easy to see
that in order to best exploit the reduction of the diffusion length through
layering, the minimum value of ¢ must be ¢,,, =1/(n—1), where 7 is the
number of layers. The ratio of volumetric flow rates of the two compounds
can then be written as
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even
29

y, =2 - L, (7.6)

%%y

where the even-indexed flow rates are of fluid A and the odd-indexed ones
of fluid B. The magnitude of each flow rate, Q,, of layer k must be appro-
priate in order for the thickness of the layer to be equal to the optimum
value, 0., = 1/(n - 1), if the layer is not wall-bound and ¢,,;,, /2=1/2(n - 1),
if the layer is wall-bound. Also, because of the symmetry of the velocity
profile in the channel, it is obvious that if the number of tributaries feeding
the mixing channel is even, the optimum flow rate ratio will always be
W,y = 1. For an odd number of tributaries (and layers) the flow rate ratio is
going to be a function of the channel aspect ratio y,_;(AR). The optimum
individual flow rates and flow rate ratio can be estimated using the semi-
analytical theoretical solution for laminar flow in rectangular channels (e.g.,
see White®). In order to facilitate the design of multistream channel-based
diffusional mixers, the dependence of the optimum flow rate ratio, y,, on
the channel aspect ratio for various multistream or multilayer microchannel
mixers is shown in Figure 7.6. As the number of streams is increased, the
sensitivity of y, to aspect ratio is reduced and its value moves toward unity.
Starting at modest channel aspect ratios, W, approaches an almost fixed
value. For a 3-layer mixer, which has appeared frequently in the literature,
the optimum value of y, for channels with aspect ratios 3 and above is
approximately 2.2.

Also as a design aid, tabulated values of the individual stream flow rates,
as percentages of the total produced mixture flow rate, are given in Table
7.1 for 3-, 4-, and 5-layer channel mixers and for various channel aspect

I
i ¥, 3-layer
i ¥; 5-layer /—_
2 ¥, 7-layer
[ ¥y 9-layer
o E
> [
1.5
1 L i ail A4 43 ——
10-2 10-1 100 101
AR

FIGURE 7.6
Flow rate ratios for optimum performance of some multistream layer microchannel mixers as
function of channel aspect ratio. For an even number of streams or layers , = 1.
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TABLE 7.1

Individual Stream or Layer Volumetric Flow Rates in % of Total Mixture Volumetric
Flow Rate for Optimum Performance of Some Multistream Layer Microchannel
Mixers and Their Dependence on Channel Aspect Ratio

Type v, AR Q%) QB Q% Q% Q%)
3-layer 1.14 1/10 233 53.4 23.3 N/A N/A
1.41 1/4 20.7 58.5 20.7 N/A N/A
1.76 1/2 18.1 63.8 18.1 N/A N/A
2.03 1 16.5 67 16.5 N/A N/A
2.14 2 15.9 68.1 15.9 N/A N/A
2.18 4 15.7 68.5 15.7 N/A N/A
2.19 10 15.7 68.7 15.7 N/A N/A
4-layer 1.00 1/10 144 35.6 35.6 144 N/A
1.00 1/4 11.6 38.4 38.4 11.6 N/A
1.00 1/2 9.3 40.7 40.7 9.3 N/A
1.00 1 8.1 41.9 41.9 8.1 N/A
1.00 2 7.6 424 42.4 7.6 N/A
1.00 4 7.5 425 425 7.5 N/A
1.00 10 74 42.6 42.6 7.4 N/A
5-layer 1.14 1/10 10 26.6 26.7 26.6 10
1.25 1/4 7.4 27.8 29.5 27.8 7.4
1.26 1/2 5.7 27.8 33 27.8 5.7
1.23 1 4.8 27.5 35.4 275 4.8
1.21 2 4.5 27.4 36.3 27.4 4.5
1.21 4 44 274 36.5 274 44
1.21 10 4.3 27.4 36.6 274 4.3

ratios. The aspect-ratio dependence of these flow rates is also weakened at
higher aspect ratios.

These theoretical optimum volumetric flow-rate proportions for various
multistream and multilayer microchannel mixers are needed for the appro-
priate selection and design of such devices for a given application. As men-
tioned previously, in order to complete the design of a diffusion-driven
micromixer of this type, one needs to also specify its dimensions, the oper-
ating flow rate, and the pressure drop. There are two ways to approach the
design issue:

1. Determine a design that will produce the desired volume, V, with a
minimum mixture production time for a specified acceptable pres-
sure loss in the device, or

2. Determine a design that will produce the desired volume, V, while
incurring a minimum pressure loss for a specified acceptable mixture
production time.

Equation 7.4 and Equation 7.5 provide the simple basis for identifying the
appropriate design together with the relationship between pressure loss
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(—Ap) and total mixture flow rate, Q, for the flow in the mixing channel. This
relationship can be simply expressed as:

(—Ap)w4

Q=1ﬂmugmm, (7.7)

where ¢(AR) is a function of the aspect ratio alone.

In order to cast the analysis in a more general context, it is useful to identify
the relevant scales for all the variables. These are given in Table 7.2.

In the pressure scale, p is the density of the fluid(s). The length scale can
be viewed as the side of a cube whose volume is the desired mixture volume
while the time scale represents the order of magnitude of the diffusion time
necessary to mix statically in a cubic chamber with the prescribed volume.
For example, if the volume of an aqueous mixture is 10 nL and the binary
mass diffusion coefficient of the compounds is on the order of 10° m? /s,
the length scale would be 215 pm and the time scale 464 s. The diffusive
time scale is actually one quarter of this. The scales for the volumetric flow
rate and pressure would be 21.5 pL and 0.02 Pa, respectively.

Applying this scaling to Equation 7.4, Equation 7.5, and Equation 7.7 and
eliminating the mixing length, L, from the last one we obtain:

by = 0 “’7 % 7.8)
_1..Q
L= ¢~ (7.9)
Q= SCMAR g(AR) (7.10)
30° '

TABLE 7.2

Definition of Scales

Quantity Scale
Length W
Time Jv? /]‘_‘)12

Volumetric Flow Rate D12 \3/ 1%

Pressure p(V/%/V)Z
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The optimization condition that satisfies both approaches (1 and 2) above is:

Q= (7.11)

In physical terms, this states that the optimum mixer design and operating
point is that for which the diffusion time is equal to the production time.
This applies for both possible usages where either the mixture is delivered
to an interconnected module (e.g., incubator, thermocycler, etc.) or that for
which the mixing channel itself also accommodates the next process (e.g.,
incubation, thermocycling, etc.). The latter usage, when applicable, substan-
tially reduces the volume of the microfluidic chip, which is highly desirable.
The volume for the optimum mixing channel is identical with the volume
of mixture desired. If the mixer is not operated at the optimum volumetric
flow ratio and stream volumetric flow rate proportions, the factor ¢ will be
other than the ideal one (1/(n-1)) and can be estimated from the chosen values
of these operational parameters. Based on the above optimum condition
(Equation 7.11) and Equation 7.8, Equation 7.9, and Equation 7.10, one can
calculate all geometric (w,, L,) and operational (Q,, t,, or [-Ap,]) parameters
for the multilayer, batch production, microchannel diffusion mixer for an
aspect ratio of choice.

Summarizing at this point, the reader is reminded that there are optimum
choices to be made on two levels:

1. in terms of the optimum volumetric flow rate ratio(s), and then

2. in terms of the geometry and the other operational parameters.

As an example, results are presented as a design guide here for the popular
3-layer mixer (W-junction or cross-junction), including off-optimum opera-
tion in terms of volumetric flow rate ratio(s) in the range of 0.1<¥<10. The
optimum mixer parameters can be read from the series of Figures 7.7, 7.8,
7.9, and 7.10, with the aid of Figures 7.11 and 7.6. The former have been built
so that the effect of the aspect ratio is scaled out for AR > 0.5, as evidenced
by the almost common trend for all aspect ratios for which results are shown.
Results for AR = 0.1 are also included in each figure to illustrate that this
scaling does not hold as one moves to lower aspect ratios. Subject to this
constraint, the effect of the aspect ratio is carried by the factor, f,z, which
can be looked up from Figure 7.11. Then, for a chosen channel aspect ratio,
Figure 7.7 can be used to determine the optimum (minimum) mixture pro-
duction time in case of approach (1) or the optimum (minimum) mixer
pressure loss in case of approach (1). Having done that, one can use the
remaining figures to determine the corresponding length of the mixing chan-
nel, L, from Figure 7.8, the appropriate mixture flow rate, Q,, from Figure
7.9, and the appropriate mixing channel width, w,, from Figure 7.10. The
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FIGURE 7.7
Scaled optimum mixture production time as a function of the flow rate ratio for the cross-
junction or W-junction (3 tributaries) microchannel mixer.
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FIGURE 7.8
Scaled optimum mixing-channel length as a function of the flow rate ratio for the cross-junction
or W-junction (3 tributaries) microchannel mixer.

physical values of these variables are obtained by reversing the scaling, using
the scales in Table 7.2.

In terms of the optimum mixture production time, Figure 7.7 indicates that
the departure from optimum performance caused by a nonoptimum value
of the volumetric flow rate ratio, v, is less significant if this value is larger
than the optimum one. This corresponds to a higher flow rate than optimum
for the middle stream of the 3-layer mixer, and it is so because the flow
velocities are higher in the core of the cross-section and an increase in flow
rate does not cause as strong a change in the width of the stream. The
significant effect of the aspect ratio is illustrated if we consider the variation
of the factor, f,;. To put it in perspective, one is reminded that most micro-
mixers in the literature are demonstrated in channels with low aspect ratios,
very often less than 0.5. This is so because the overwhelming majority of the
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FIGURE 7.9
Scaled optimum operating volumetric flow rate as a function of the flow rate ratio for the cross-
junction or P-junction (3 tributaries) microchannel mixer.
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FIGURE 7.10
Scaled optimum mixing-channel width as a function of the flow rate ratio for the cross-junction
or W-junction (3 tributaries) microchannel mixer.

mixers in the literature that are manufactured on a single wafer, and most
of those manufactured with multiple wafers, have been realized using either
silicon and glass technology or soft lithography and PDMS. Neither of these
easily accommodates high aspect ratios, while other polymer-based technol-
ogies do. So, at the reference aspect ratio value of 0.5, f, is approximately
0.5. In contrast, the value of f,; corresponding to an aspect ratio of 8 is
approximately 2.75 (see Figure 7.11). This indicates that the optimum mixture
production time can be reduced by more than half an order of magnitude
simply by moving to a higher channel aspect ratio. The value of aspect ratio
8 for this comparison was chosen because it has been used in a multilayer
mixer manufactured in silicon using DRIE? For applications where the
pressure loss is the critical factor rather than the mixture production time,
the advantage of using high-aspect-ratio channels is more spectacular
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FIGURE 7.11
Aspect ratio factor based on analytical solution for laminar flow in channels of rectangular
cross-section (White®?).

because, as seen in the abscissa of Figure 7.7, the pressure loss for the
optimum solution decreases with a factor f,z* as the aspect ratio is increased.
So, in terms of the previous example, the optimum mixer realized in a readily
achievable channel of aspect ratio 8 involves a pressure loss that is three
orders of magnitude lower than that corresponding to the equivalent opti-
mum mixer realized in a channel of aspect ratio 0.5.

Although higher aspect ratios (as high as 50) are possible in silicon, based
on the depths achieved through DRIE at channel widths as small as 5 pm
(see, for example, McAuley et al). In polymers such as polymethyl-
methacrylate (PMMA), polycarbonate (PC), or cyclo-olefin-copolymer
(COCQ), even higher aspect ratios can be achieved via LIGA at widths of order
10 pm (see Chapter 3 by J. Goettert in this book), while aspect ratios of order
10 to 15 at widths of order 10 mm are routinely achievable using either LIGA,
UV-LIGA, or micromilling with hot embossing (see Maha et al.?*) in poly-
mers. Therefore, the improvements from the use of high-aspect-ratio chan-
nels can be significantly more substantial than the above example indicates.
To better illustrate the benefits of using high-aspect-ratio microchannels in
diffusion-driven mixers, some representative estimates of parameters are
given in Table 7.3 with the highest aspect ratios chosen to be well within
present capabilities with presently available micromanufacturing technolo-
gies. One observation that can be made by looking at these numbers is that
there is a point of diminishing returns in terms of the potential benefits of
increasing the channel aspect ratio, which is indicated by the trend of the
factor, f,, in Figure 7.11, which at high aspect ratio values increases only
with the square root of this parameter. It should also be noted that these
estimates are based on simple theory and are probably conservative in terms
of mixture production time or pressure loss because the implicit assumption
was that mixing is “complete.” In practice, an acceptable mixing efficiency
for most applications can be 90% and the values of these parameters would
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TABLE 7.3

Various Theoretical Optimal 3-Stream Layer Mixer Geometries and Operating

Conditions

A -Dp ty w L Q

# (nL) AR (kPa) (s) (mm) (mm) (nL/s)
1 50 15 10 0.42 20 8.4 240
2 50 10 10 0.51 22 10.2 195
3 50 6 10 0.67 25 13 149
4 50 2 10 1.24 34 21 81
5 50 1 10 1.98 43 26 51
6 50 0.5 10 3.5 58 30 29
7 50 0.2 10 8.2 89 32 12
8 50 10 45107 3.5 58 15 28

be lower than those indicated by this simple calculation. It should be noted
that the simple methodology used here ignores three-dimensional effects and
related local Peclet number variations. Therefore, quantitative results may
be less than accurate when strong three-dimensional effects are present (e.g.,
in the mixing channel entrance region). Nevertheless, the methodology is
adequate for first “back-of-the-envelope” estimates.

The three-stream layer, channel-based, diffusion-driven, two-fluid, micro-
mixer, the optimum design of which was addressed here as an example, is
the simplest possible configuration that can be realized on a single wafer (be
it silicon, glass, or polymer) with two inlets and one outlet. If it is manufac-
tured taking advantage of state-of-the-art capabilities in combining high
aspect ratios and reduced channel width, it can perform significantly well
in terms of mixture production time and / or pressure losses for batch mixture
production. It can be considered as a baseline to assess the relative benefits
of using more complex passive or active designs. Furthermore, many passive
and active schemes applied to microchannels are also applicable at high
aspect ratios, in which case the baseline optimum performance can naturally
be improved. The methodology presented here can also be easily extended
to electroosmotically driven micromixers of the same type as the pressure
driven one dealt with herein.
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8.1 Introduction

During the past decade, microfluidic analytical systems fabricated on silica,
glass, and polymer microchips have undergone explosive growth. Much
attention has been paid to capillary electrophoresis (CE) microchips owing to
their high degree of integration, portability, minimal solvent and reagent
consumption, high performance, and speed [1-3]. These microchip analysis
systems hold considerable promise for applications such as environmental
monitoring, biomedical and pharmaceutical analysis, clinical diagnostics, and
forensic investigations. Many microfluidic systems were produced on glass
substrates using standard photolithographic techniques [3-5], whereas some
polymer chips were fabricated based on techniques such as in situ polymer-
ization [6], laser ablation [7], imprinting [8], and injection molding [9].

As with other analytical techniques, sample introduction and sample pre-
treatments are extremely important. The analytical procedures based on
microelectromechanical systems (MEMS) devices and systems starts with a
sampling step. The sample usually undergoes some kind of sample prepa-
ration or pretreatment step before being submitted to the actual analysis.
This step may involve extracting the sample from its matrix, removing large
matrix components from the sample, masking or removing interference spe-
cies, derivatizing the sample to make it detectable, or performing a sample
preconcentration step. Once the sample has been prepared, it is subjected to
analysis, at which time the presence of the analyte of interest is ascertained
and its concentration often quantified. This chemical information is then
converted to an electronic signal during the data-acquisition step.

The aim of lab-on-a-chip devices is to integrate the components for sample
pretreatment (including sample extraction, sample concentration, and sam-
ple derivertization), sample introduction, separation, and detection on a
microfabricated chip made of glass, silica, and polymers. The integration of
sample pretreatment into microfluidic devices is still a challenging task when
attempting to achieve true miniaturized total analysis systems (U-TAS). The
challenge is made more complex by the enormous variation in samples to
be analyzed. Moreover, the pretreatment technique must be compatible with
the coupled microdevice in terms of time, reagent, and power consumption,
as well as sample volume. This chapter provides a thorough overview of the
developments in this field to date.

8.2 Sample Extraction and Concentrations

In most cases, real samples are not suitable for direct analysis for a number
of reasons. For example, samples contain large organic or inorganic particles
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that must be removed from the sample matrix to prevent disruption of fluid
handling by fouling or blockage of the analytical system. The biological
sample is often contained within a cell and must be removed by means of a
cell membrane rupture technique. Usually the analytes in biological and
environmental samples are only available in trace amounts, and detection
of a signal over the background noise becomes difficult although highly
sensitive detection techniques have been employed. The sample needs to be
separated from a complex background matrix in an initial purification step.
Extracting and preconcentrating a sample before analysis can alleviate the
sensitivity demands placed on the detector by concentrating available ana-
lyte molecules into a smaller volume for enhanced detection. Many applica-
tions therefore require some form of sample preconcentration before analysis
to ensure that trace amounts of analytes can be reproducibly quantified.
Physiological samples present a particular challenge because analytes are
often present at submicromolar levels. To counteract lower detection sensi-
tivity, a number of solution-based, online preconcentration techniques have
been developed for electrokinetic separation.

8.2.1 Solid-Phase Extraction Techniques on Microchips

In general, solid-phase extraction (SPE) refers to processes where the analyte
is retained by an appropriate solid stationary phase and subsequently eluted
in a more concentrated form. It includes the isolation of analytes from an
interfering sample matrix and sample preconcentration. A perhaps somewhat
arbitrary division of SPE methods into two categories, termed nonselective
and selective, has been made. This reflects the degree of selectivity of the
surface layers used for sample extraction. In the first case, surfaces adsorbing
a wide range of compounds were used, whereas in the latter, selectivity was
imparted to the surface by immobilizing very bioactive species.

Nakagawa et al. [10] fabricated a simple microchip device for DNA extrac-
tion based on electrostatic interactions between surface amine groups and
DNA. The microchannel was fabricated on a silicon wafer by photolithog-
raphy and modified with amine groups on the surface. The amount of DNA
captured in the microchip increased, depending on surface amine density.
Furthermore, DNA extraction from whole blood, using an amine-coated
microchip, was examined. The quantification of DNA and proteins in a
washing or eluting fraction indicates that proteins were removed at washing
steps, and only DNA was effectively eluted by changing the alkalinity of the
buffer. The performance of a polymerase chain reaction (PCR) for the eluted
fraction indicates that DNA extracted from whole blood was well purified
using an amine-coated microchip.

A high-efficiency DNA extraction microchip was designed by Chung et
al. [11] to extract DNA from lysed cells using immobilized beads and the
solution flowing back and forth. This chip was able to increase the extraction
efficiency two-fold when there was no serum. When serum existed in the
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solution, the extraction efficiency of immobilized beads was 88-fold higher
than that of free beads. The extraction efficiency of the microchip was tested
under different conditions and numbers of E. coli cells. This study indicated
that DNA could be efficiently extracted, even when the number of bacterial
cells was smaller. This microfluidic extraction chip could find potential appli-
cations in genomic studies where the samples are limited.

Wolfe et al. [12] developed a silica-based, solid-phase extraction system
suitable for incorporation into a microchip platform (u-TAS) that would find
utility in a variety of genetic analysis protocols, including DNA sequencing.
The extraction procedure used is based on adsorption of the DNA onto bare
silica. The procedure involves three steps: (1) DNA adsorption in the pres-
ence of a chaotropic salt, (2) removal of contaminants with an alcohol and
water solution, and (3) elution of the adsorbed DNA in a small volume of
buffer suitable for PCR amplification. Multiple approaches for incorporating
this protocol into a microchip were examined with regard to extraction
efficiency, reproducibility, stability, and the potential to provide PCR-ampli-
fiable DNA. This method allowed nanogram quantities of DNA to be
extracted and eluted in less than 25 min, with the DNA obtained in the
elution buffer fraction. Evaluation of the eluted DNA indicated that it was
of suitable quality to be subsequently amplified by PCR.

For DNA purification to be functionally integrated into the microchip for
high-throughput DNA analysis, Tian et al. [13] developed a miniaturized
purification process that could be easily adapted to the microchip format. In
this study, they evaluated the effectiveness of a variety of silica resins for
miniaturized DNA purification and gauged the potential usefulness for on-
chip solid-phase extraction. A micro-solid-phase extraction device containing
only nanograms of silica resin is shown to be effective for adsorbing and
desorbing DNA in the program-nanogram mass range. Fluorescence spec-
troscopy, as well as capillary electrophoresis with laser-induced fluorescence
detection, were employed to analyze DNA recovered from solid-phase res-
ins, whereas the PCR was used to evaluate the amplifiable nature of the
eluted DNA. They demonstrated that DNA can be directly recovered from
white blood cells with an efficiency of roughly 70%, whereas greater than
80% of the protein was removed with a 500 nl bed volume p-SPE process,
which took less than 10 min. With a capacity in the range of 10 to 30 ng/mg
of silica resin, it was shown that the DNA extracted from white blood cells,
cultured cancer cells, and even whole blood on the low microliter scale is
suitable for direct PCR amplification. The miniaturized format as well as the
rapid time frame for DNA extraction is compatible with fast electrophoresis
on microfabricated chips. Lander’s group also demonstrated a microchip
solid-phase extraction method for purifying DNA from biological samples,
such as blood [14]. Silica beads were packed into glass microchips, and the
beads were immobilized with sol-gel to provide a stable and reproducible
solid phase onto which DNA could be adsorbed. Optimization of the DNA
loading conditions established a higher DNA recovery at pH 6.1 than at 7.6.
This lower pH also allowed for the flow rate to be increased, resulting in a
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decrease in extraction time from 25 min to less than 15 min. Using this
procedure, template genomic DNA from human whole blood was purified
on the microchip platform with the only sample preparation being mixing of
the blood with a load buffer before loading on the microchip device. Com-
parison between the microchip SPE procedure and a commercial microcen-
trifuge method showed that comparable amounts of PCR-amplifiable DNA
could be isolated from cultures of Salmonella typhimurium. The greatest
potential of the microchip SPE device was illustrated by purifying DNA from
spores from the vaccine strain of Bacillus anthracis where eventual integration
of SPE and PCR and separation on a single microdevice could potentially
enable complete detection of the infectious agent in less than 30 min.

Maruyama et al. [15] fabricated a three-phase flow, water/n-heptane/
water microchannel on a glass microchip that was used as a liquid membrane
to separate metal ions. Surface modification of the microchannel by octade-
cylsilane groups induced spontaneous phase separation of the three-phase
flow in the microfluidic device, which allows control of interfacial contact
time and off-chip analysis using a conventional analytical apparatus. Before
selectively transporting a metal ion through the liquid membrane in the
microchannel, the forward and backward extraction of yttrium and zinc ions
was investigated in a two-phase flow on a microfluidic device using 2-
ethylhexyl phosphonic acid mono-2-ethylhexyl ester (commercial name, PC-
88A) as an extractant. The extraction conditions (contact time of the two
phases, pH, extractant concentration) in the microfluidic device were exam-
ined. These investigations demonstrated that the conventional methodology
for solvent extraction of metal ions is applicable to solvent extraction in a
microchannel. Finally, the three-phase flow was employed in the microchan-
nel as a liquid membrane, and the selective transport of Y ions through the
liquid membrane was observed. This was the first time that a targeted metal
ion was selectively separated from an aqueous feed solution into a receiving
phase within a few seconds by employing a liquid membrane formed in a
microfluidic device.

Tokeshi et al. [16] reported a newly designed microchannel for solvent
extraction fabricated in a quartz glass chip and applied to solvent extraction
of a Co-2-nitroso-5-dimethylaminophenol complex. The aqueous solution of
the Co complex and toluene were introduced into the microchannel, and the
Co complex extracted in toluene was detected by thermal lens microscopy
(TLM). The Co complex was quickly extracted into toluene when the flow
was stopped. The observed extraction time, about 50 s, was almost equivalent
to the value calculated using the diffusion distance and diffusion coefficient.
The dependence of the TLM signal on the concentration of the Co complex
showed good linearity in the range of 1.107 to 1.10° M. Kutter et al. [17]
created a microfabricated device with C18-coated channels used to demon-
strate on-chip solid-phase extraction. Sample solutions containing a neutral
dye were enriched and eluted in less than 4 min. Distinct elution peaks with
good signal-to-noise ratios were obtained even for highly diluted samples.
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The gain in concentration estimated from the enrichment and elution vol-
umes was 80-fold.

8.2.2 Field Amplification Stacking Techniques on Microchips

Field amplification stacking (FAS) in conventional capillary systems was first
mentioned by Mikkers et al. [18] and was intensively studied [19-22]. It has
been used on microchips for stac