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Chapter 1

Introduction

Plastic ' materials are used in photonics, electronics, medical, and
chemical/biochemical fields. Plastic microfabrication technologies have developed
low-cost and functional devices. However, the fabrication precision is not fine enough
to obtain micro/nano structures. This chapter introduces the motivation and general

fabrication problems on the precision.

1.1 Motivation

Recently, from the standpoint of purely scientific interest and from that of
technological validity, chemical /biochemical microchips have been attracting attention.
The concept of microchips is the integration of chemical/biochemical, and medical
analysis tools onto a chip [2,3]. Preparation, mixing, reaction, detection, and analysis
are carried out in the micro-space such as microchannel and microchamber. This
strategy is called “micro total analysis systems” (WTAS) or “lab-on-a-chip” (LOC). It

brings advantages below;

(1) Chemical and biochemical reaction times can be shortened.
(2) Reaction efficiency can be improved.

(3) Reactant amounts can be reduced.

(4) Analysis equipment can be downsizing,.

These merits also enable to inexpensive, fast, and ubiquitous analyses such as home

health care testing and on-site analyses.

"Meanings of “plastic” are (a) <noun> a synthetic material made from a wide range of organic
polymers, (b) <adjective> made of plastic, and (c) <adjective> of or relating to the permanent
deformation of a solid without fracture by the temporary application of force [1]. The meaning
is mainly (a) or (b) in this thesis. The meaning of (c) is used for discussion about viscoelastic
character.
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The micro-space structure is usually fabricated by micro electromechanical systems
(MEMS) technologies on such substrate materials as Si, glass, and polymers, and then
bonded with a lid to form sealed structures. Surface modification is also one of the
most important processes for chemical/biochemical microchips to easily control flow
behavior of buffer fluids, reagents and biomaterials in microchannels. The core three

processes for fabrication of microchips are shown in Figure 1.1.

Pattern fabrication Bonding Surface modification

DI‘II‘IT‘»II‘II‘ILIM»_ ||

Substrate Microchannel

Fig. 1.1: Core three processes for fabrication of chemical/biochemical microchip.

Table 1.1 lists comparison of substrate materials for microchannel fabrication.
Conventional Si or glass micro/nanofabrication methods using photolithography and
etching have difficulty in reducing the fabrication cost of the microchip to the
commercialization level. In the case of multistep-pattern fabrication, multiple
photolithography and etching processes are required as shown in Figure 1.2 (a). On the
other hand, the use of polymer can provide low-cost mass-manufacturing due to the
availability of molding methods. Once a mold has been made, the multistep pattern
can be batch transferred by molding with low-cost and high-throughput as shown in
Figure 1.2 (b). Thus, polymer is applicable for chemical /biochemical microchips.

High optical transparent polymer has been used for microchannel to easily observe
and detect biomaterials by optical methods. Examples of the polymer materials are
poly-dimethylsiloxane (PDMS), poly-methylmethacrylate (PMMA), polycarbonate
(PC), polystyrene (PS), cyclo-olefin polymer (COP) and cyclo-olefin copolymer (COC).
PDMS is the most popular polymers for microchips because of its simple fabrication
process [4-7]. Since PDMS is an elastomeric polymer, demolding of PDMS is easier
than that of other rigid plastic materials. PDMS can easily bond to other materials by
self-adhesiveness, and can bond permanently to Si, glass, and PDMS. However, PDMS

has some disadvantages for actual use compared to other materials. For example,

(i) Structural rigidity and strength are insufficient. Supporting plate such as Si, glass,
and other plastics is often required for easily handling of the PDMS microchip. In

addition, the flow is unstable at high internal pressure in the microchannel by

2
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expansion or shrinkage of its structure.
(ii) Liquid vaporization can be occurred at heated condition because of its

high-permeability to gases.

Thus, rigid plastics are also required as materials for low-cost microchip.

Although the size of microstructures in conventional microchip were larger than tens
pum, further downsizing to submicron-scale is expected to enhance the abovementioned
advantages of nTAS. The precisely-fabricated structures are expected to give precise
data according to theoretically designed model. Thus, fine structure ranging from um
to sub-um is important. Currently, Si, glass and PDMS have been selected as a
substrate material. However, the precision for fabrication of plastic microchips is too
low to obtain these fine structures. Systematic technologies for the fabrication of plastic
microchips have been desired to fabricate the structure smaller than sub-um precision.

In this thesis, high precision plastic micro/nanofabrication methods are examined by
using PMMA and COP. The fabrication methods consist of high precision hot
embossing, low-temperature direct bonding, and stable hydrophilic surface treatment.
By combining these methods, functional chemical/biochemical microchips are

fabricated and examined.

Table 1.1: Comparison of substrate materials for microchannel fabrication.

] Pattern g
Material fabrication Advantage Disadvantage
. Photolithography 9 Con.ven.t ional MEMS .
Si, glass ¢ fabrication process @ High-cost process
& etching A
available
@ Insufficient structural
. " rigidity and strength
PDMS Molding @ Easy fabrication ® High-permeability to
gases
Plastic Molding @ Low-cost process ° LO.W precision fqr .
micro/nanofabrication
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(2) (b)
Figure 1.2: Multistep pattern fabrication by (a) photolithography and etching, and

(b) molding.

1.2 Required issues on fabrication methods

for plastic microchips

1.2.1 Molding methods

Examples of molding methods for fabrication of plastic micro/nanopatterns include
injection molding [8-13], hot embossing [8,14-23] and ultraviolet (UV) imprinting
[24-27].

Injection molding is a process of injecting melted polymer into a mold. The merit of
this method is high-throughput. It is generally used between millimeter and meter
scale in industry. In research and development phase, the scale reaches to submicron
and micrometer [13].

Hot embossing is the method by pressing a heated plastic in a mold. Compared with
injection molding, this method has advantages of lower cost of molds, simpler

operation, and higher replication accuracy of micro/nanometer scale patterns.
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However, the throughput of this method is lower than that of injection molding

because of longer thermal cycle. These injection molding and hot embossing are
available for various plastics. Thus, these two methods have general versatility in
industry. Table 1.2 and Figure 1.3 show examples of plastics used in these two molding
methods [8], and chemical structural formulas of plastics of PMMA and COP [28],
respectively.

UV imprinting is a method of pressing mold to UV photocurable resin. Thermal cycle
and high-pressure force are not required. The throughput is higher than that of hot
embossing. High resolution patterns smaller than 100 nm have been obtained by this
method. These hot embossing and UV imprinting have also attracted attention in
nanoscale lithography [18,25-27].

Many works on plastic micro/nanopatterns have been done by molding methods.
However, conventional molding methods are not sufficiently considered subsequent
bonding process. Thus, it was difficult to realize fine micro/nanopatterns in plastic
microchip because the micro/nanopatterns are often deformed after bonding process.

A molding method adaptable for bonding process is required.

Table 1.2: Examples of plastics used for injection molding and hot embossing [8].

Acronym  Full name Temperature stability [°C]  Properties Structure
cocC Cyclo-olefine 140 High transparency Amorphous
copolymer
PMMA Polymethylmethacrylate 80 High transparency Amorphous
PC Polycarbonate 130 High transparency Amorphous
PS Polystyrene 80 Transparent Amorphous
POM Polyoxymethylene 90 Low friction Semi crystalline
PFA Perfluoralkoxy copolymer 260 High chemical resistivity Semi crystalline
PVC Polyvinlchloride 60 Cheap Amorphous
PP Polypropylene 110 Mechanical properties Semi crystalline
PET Polyethylene terephtalate 110 Transparent, low friction Amorphous/Semi crystalline
PEEK Polyetheretherketone 250 High temperature resistivity Semi crystalline
PA Polyamide 80-120 Good mechanical properties Semi crystalline
PSU Polysulfone 150 Chemical and temperature Amorphous
resistivity
PVDF Polyvinylidenefluoride 150 Chemically inert, piezo-electric ~ Semi crystalline
- (|:|_|3 -
-—cl; —CH,+
0—CH;s
(a) (b)

Fig. 1.3: Chemical structural formulas of (a) PMMA and (b) COP [28].
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1.2.2 Bonding methods

Variety of plastic bonding methods have been reported including thermal direct
bonding [11,18,20,23,29], solvent bonding [16,22], bonding using other intermediate
layer such as adhesive and metal layer [10,12,19,30-32].

Plastic bonding process is essential but it causes several fundamental problems:

(1) Deformation of the microstructure causes obstacles to smooth fluidic flow. The
deformation is resulted from over-heating, protrusion of adhesives, or
dissolved/melted plastics into the channel region.

(2) The adhesives or dissolved/melted plastics also cause scattering and absorption of

the light detecting the product materials and / or flowing materials.

To solve these problems, the direct bonding method has been often selected for tens
pum scale microstructures under moderate bonding conditions based on glass transition
temperature, T;. However, the heating around T, causes thermal deformation. To

further downsize the microchannel, low-temperature bonding method is required.

1.2.3 Surface modification methods

Surface modification methods for plastics are classified into two categories. One is
treatment on the original surface using plasma treatment [33-36] and ultraviolet
irradiation [37-43]. Another is coating with other polymer materials [44-57]. In case of
hydrophilic surface treatment, capillary pressure can be utilized for liquid pumping in
microchannel so that no external flow pump is necessary [58,59].

Performances of the modified surface required for biocompatibility are listed below.

(1) Anti-adhesion of biomaterials

(2) Sufficient adhesion strength to substrate

(3) High stability to maintain modified surface for a long time
(4) Uniformity

(6) Durability in water

The micro/nanostructures should be maintained after the modification.

(6) Thin modified layer without changing sizes of the structures

(7) Low-temperature modification avoiding thermal deformation
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However, in case of hydrophilic surface treatment, it is difficult to realize all of the
abovementioned performances. In addition, it is also difficult to maintain the property

of modified surface during bonding.

1.3 Outline of this thesis

The following chapters describe high precision plastic micromachining methods.

Chapter 2 “High Precision Hot Embossing” describes precise structure-controlled
hot embossing method of plastic substrates. The author selects hot embossing as
molding method from viewpoints of simple operation and general versatility in
industry. Flat embossed surface which is required for successive low-temperature
bonding is obtained by optimizing mold structure and demolding conditions.

Chapter 3 “Low-Temperature Direct Bonding” describes low-temperature direct
bonding methods of PMMA and COP. In order to bond at lower than T, pretreatments
of oxygen plasma, atmospheric-pressure oxygen plasma, UV/Os, vacuum UV (VUV),
and VUV/Os are examined. These methods enable plastic bonding with negligible
deformation. The mechanisms of low-temperature direct bonding using oxygen
plasma, VUV and VUV/O; treatments are evaluated using surface analysis methods.
PMMA and COP microchips which have fine microchannel of less than 5 pm in depth
and 150 pm-wide are fabricated.

Chapter 4 “Surface Modification Using Polyurea Film” describes a combined
process with surface modification and low-temperature bonding of plastics. The
polyurea film is coated on plastic surface and treated by VUV/Os. Highly stable
hydrophilic surface is obtained after the treatment. The VUV /Os-treated polyurea film
can be used as intermediate layers for low-temperature PMMA bonding. This bonding
method is applied for fabrication of electrophoresis microchips.

Chapter 5 “Plastic Chemical/Biochemical Microchips” explains plastic
chemical/biochemical microchips of uDMFC, MCE-ESI-MS microchip, and plastic
blood analysis chip realized by high precision plastic micro/nano fabrication methods.

Chapter 6 concludes this thesis and describes the future research.
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Chapter 2
High Precision Hot Embossing’

2.1 Introduction

Ideal hot embossing is schematically illustrated in Figure 2.1 (a). Hot embossing is a
fabrication method of microchannel structures on plastic plate. Si is often used as the
mold material in terms of smooth surface and easy fabrication by deep reactive ion
etching (Deep-RIE) [5]. The embossed surface should be as flat as possible for void-free
bonding. Actually, several pm level failures such as burr, crack and slope at the top
edge of the channel pattern are often remained as illustrated in Figure 2.1 (b). These
failures can be eliminated after conventional bonding with low precision, because
adhesives or dissolved/melted plastics can compensate the failures. However, these
failures result in the failure of low-temperature bonding'. Adaptable hot embossing
method for low-temperature bonding with high precision is required.

In this work, the failures at the top edge of the channel pattern are minimized and
realizes flat surface after hot embossing. The author focuses on mold structure and hot
embossing conditions. A Si mold fabrication method for high precision hot embossing

is described in Section 2.2. Section 2.3 describes high precision hot embossing method.

"This chapter is based on the published papers listed in the reference section [1-4].
"Low-temperature bonding method will be described in Chapters 3 and 4.
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Fig. 2.1: Conceptual diagram of (a) ideal and (b) actual hot embossing.

2.2 Si mold fabrication

2.2.1 Si mold fabrication using Deep-RIE
Figure 2.2 shows typical Si mold fabrication process [5]. First, photoresist or SiO; is

coated on Si wafer (Figure 2.2 (a)). Pattern is formed by conventional photolithography
method (Figure 2.2 (b)). Then, Si is etched by Deep-RIE (Figure 2.2 (c)). Finally, the
resist layer is removed (Figure 2.2 (d)).

Figure 2.3 shows conventional Deep-RIE process [6] using Bosch process. This process
repeats isotropic etching by SFe-RIE and CFx-passivation from CsFs gas. This process
provides fast anisotropic etching. However, there are left ripple-shape structures on
the etched sidewall called scallop resulted from etching/passivation cycles. Thus, the
shape at the bottom edge of the etched area is roundly sloped. Etching conditions were
examined to realize smaller scallops of Deep-RIE [7] by decreasing the slope at the

bottom edge.
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Fig. 2.2: Si mold fabrication process; (a) resist coating, (b) patterning, (c) Si etching,

and (d) removal of resist layer [5].

Resist

Isotropic Etching

Passivation layer

Deposition €—
(Sidewall Passivation)

Removal of bottom
passivation layer by
ion bombardment

Isotropic Etching

... ---~~ Scallop structures

Resulting profile

Fig. 2.3: Process flow of conventional Deep-RIE process [6].

16



Chapter 2 High precision hot embossing

2.3.1 Experimental procedure
Si Deep-RIE process was performed by an inductively coupled plasma (ICP) system

(MUC-21 from Sumitomo Precision Co., Ltd.). Process conditions of conventional
Deep-RIE and small-scallop types [7] are listed in Table 2.1. Conventional type is fitted
for the fabrication of high-aspect ratio structures such as trench or through holes. The
etching rate for mold fabrication is about 1.9 pm/min. In case of small-scallop type, the
effect of passivation process is larger than conventional type so that the scallop
structure can be minimized at appropriate etching rate of about 0.9 um/min.

For evaluation of bottom edge shape of the mold, micrometer-scale pattern with
width of 30 ~ 50 um, and height of 10 ~ 50 um were fabricated with Deep-RIE
conditions in Table 2.1. The degree of roundness was evaluated by measuring
vertical-size difference between ideal vertical shape and the actual shape f defined in
Figure 2.4. The vertical-size difference was measured from cross-sectional scanning

electron microscope (SEM) image.

Table 2.1: Process conditions of conventional Deep-RIE and small-scallop types [7].

Conventional
Small-scallop type
type
Etch On Time (sec) 12.0 7.0
Cycle Time
Pass On Time (sec) 8.0 5.0
CyqFs (sccm) 0 35
Etch
SFs (sccm) 130 90
Gases
Pass CyqFs (sccm) 85 190
SFs (sccm) 0 0

Fig. 2.4: Definition of vertical-size difference f between ideal vertical shape and the

actual shape in Si mold.
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2.3.2 Results and discussion
Figure 2.5 shows dependence of vertical-sides difference f on height of Si pattern. In

case of conventional Deep-RIE type, the f was larger than 1 um at pattern higher than
17 um, and the f was linearly increased with increasing pattern height. Cross-sectional
SEM image of bottom edge shape (pattern height: 27 um) is shown in Figure 2.6 (a). In
small scallop type, the value of f was clearly smaller than that in conventional type at
same pattern height. Cross-sectional SEM image of the edge shape (pattern height: 19
um) is shown in Figure 2.6 (b). The f was smaller than 0.5 um at the pattern height of 19
pm. On the other hand, the sidewall was tapered to be a trapezoidal shape with taper
angle of about 5 °. It is because that the resist near the edge was faceted and gradually
worn off during the Deep-RIE process [8]. The taper is advantageous for demolding; on

the other hand, the taper can be prevented by making the resist thicker.

y_|

25
Pattern height of 19 um
\
2 \ == Conventional process
=== Small-scallop

0 T T 1
0 20 40 60
Pattern height (um)

Fig. 2.5: Dependence of vertical-sides difference f on height of Si pattern.
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0388

2006/01/23 1505

0388 2008/04/25 14:46 x 10k 10 um

2008/04/25 1452 x3 0%, 30 um

Fig. 2.6: Cross-sectional SEM images of bottom edge and its value of vertical-size
difference between ideal vertical shape and the actual shape f. The Si mold was
fabricated with Deep-RIE conditions of (a) conventional type (pattern height: 27 um)
and (b) small-scallop type (pattern height: 19 pm).
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2.3 High precision hot embossing

2.3.1 Concept of high precision hot embossing

Typical hot embossing process is shown in Figure 2.7. The mold and plastic substrate
are heated up to molding temperature higher than glass transition temperature T, of
the plastic (Figure 2.7 (a)). Embossing pressure P, is applied at a constant temperature
Ty (Figure 2.7 (b)). The mold and plastic are cooled holding the embossing pressure
(Figure 2.7 (c)). After that, the mold and plastic are released at a temperature T, (Figure
2.7 (d)).

To decide hot embossing parameters, temperature characteristics of viscoelastic
properties, storage modulus G’, loss modulus G” and Tan & of the plastic are often

considered. Tan Jis defined as

Tan 6=G" /G . (2.1)

G’ and G” are components of complex elastic modulus G*:

G*=G +iG" (2.2)

G’ and G” correspond elastic element and viscous element of the plastic, respectively.

These properties are decided by using dynamic mechanical analysis (DMA). Figure 2.8

shows examples of visco-elastic properties of poly-methylmethacrylate (PMMA) [9].

The states categorize three parts:

(1) Glassy state (< Tg): The polymer chains are locked. The G’ is large and stable.

(2) Glass transition (around Tg): The polymer chain segments start to move. The G is
decreased with increasing temperature. The G” and Tan dhave peaks in this part.

(3) Rubbery state (> T,): The polymer chain segments are free to move while-wide
range molecular movement is small. The G" and G” are decreased with increasing

temperature.

At much higher temperature 200 °C, the polymer changes melting state. In hot
embossing process, the glass transition or rubbery state are used while the melting
state is used in injection molding.

From the DMA results, the T, is defined by G’onset, G peak, or Tan ¢ peak [10]. G’
can be indicator to decide T, and Py, [11].
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The demolding temperature T; is an important parameter for precise hot embossing.
Ng et al. decided the T, to be Tj- 10 °C for T of 120 °C and 130 °C in PMMA hot
embossing from the reason that the embossed depth could reach maximum at the T4
[12]. On the other hand, since the T, higher than T, causes large destruction of the
embossed pattern in demolding process, a T; lower than T is often selected. Yi et al.
automatically demolded Ni mold and cyclo-olefin polymer (COP) substrate by
tangential force originated from the difference in the thermal expansion coefficient of
the mold and the COP [13]. The temperature at the mold was kept higher than that at
the COP to generate the tangential force. Peng et al. showed that T; was an important

factor to reduce the surface roughness of the embossed substrate [14]. Song et al.

@

- Mold

e

—_

/Plastic

(b)

|

(©

(d)

i}

Fig. 2.7: Schematic diagram of hot embossing process; (a) heating mold and plastic,

(b) pressing mold and holding, (c) cooling and holding, and (d) demolding.
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optimized the T, using the finite element analysis [15]. At T; = 70 °C, the local stress of
a PMMA pattern in demolding process showed minimum value. However, research on
the burr and damage of structures during demolding process has not been conducted.
The plastic is being deformed by thermal stress during cooling/holding process
(Figure 2.7 (c)) even at glassy state. Two types of the deformation can be categorized:

elastic/ plastic deformation *, and viscous deformation ®

. During cooling/holding
process, the thermal stress is released as permanent destruction of the pattern in
elastic/ plastic deformation type. The thermal stress is expected to be absorbed in the
material in viscous deformation type, while the pattern is easily deformed by external
force for demolding. Since elastic/ plastic and viscous deformations correspond to G’
and G” in visco-elastic properties, Tan ¢ indicates which deformations are dominant at
a temperature. The transition point from viscous to plastic/elastic deformation
corresponds to rising edge of the Tan ¢ curve at glassy state around 80 °C as shown in
Figure 2.9 [17]. In this work, the optimized Ts is suggested for the transition point
because the influences of both the thermal stress and the external demolding force are
reduced around that point. The author optimizes the T; by measuring the burr height

and width of the embossed patterns.

1082

10e10 Palyimethylmethacryiste)

' - Storage Modulus [Pa]
" - Lozs modulus [Pa)
Tan Defta - Lozs Tangent

Tan Dets

10e-3

10e5 t }
-150 Temperature [C] 150

Fig. 2.8: Examples of visco-elastic properties of PMMA [9].

“Elastic deformation is a change in shape of a material at low stress that is recoverable after
removal of the stress. When the stress is sufficient to permanently deform the material, the
deformation is called plastic deformation [16].

*Viscous deformation is an unrecoverable change in shape of a material after applied a stress.
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20

154
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Tan delta
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Fig. 2.9: Example of temperature dependence of Tan 6 of PMMA (extracted from

Ref. [17]).

2.3.2 Experimental procedure

Optimization of demolding temperature

The microchannel pattern to examine the demolding temperature is designed in
Figure 2.10. The microchannel is 50 um wide and 19 pm deep. It has two 50 um-wide,
100 pm-long, and ~4 pm-gap dams [2]. Two microchannel patterns (types I and II) are
evaluated.

Sample preparation is described below. Firstly, Si mold was fabricated by Deep-RIE.
The Deep-RIE condition was selected for small-scallop type described in Section 2.2. A
mold lubricant (EGC-1720 from Sumitomo 3M, Ltd.) was coated over the surface of the
mold for easy demolding. The microchannel region was formed on a PMMA plate
(Comoglass from Kuraray Co., Ltd.) by using the hot embossing equipment
(EVG520HE from EV Group Co.). The PMMA plate is 20 x 40 x 1 mm?3. Typical
embossing conditions were P, = 2.4 MPa and Tj, = 125 °C. Various T; were tested at 75
°C, 78 °C, 80 °C, 82 °C, 84 °C, 86 °C and 88 °C.

Eight points of edge profiles in an embossed plate were observed by a laser
microscope (VK-8510 from KEYENCE Co.). These measured points are two edges in
each dam structure (dams 1 and 2) and two edges in channel structures (channels 1 and
2) as shown in Figure 2.11 (a). The edge heights were defined as shown in Figure 2.11
(b) and (c). The dent or burr height was measured as the difference from its flat surface
level. Both types I and II were measured at edge heights and widths of dams 1 and 2.
In addition, type I was measured at edge heights and width of channel 1, while type II

was measured at those of channel 2. These sizes were compared to the mold. It is
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difficult to observe the bottom edge shape in the mold precisely due to the limitation of
the laser microscope measurement. Thus, poly-dimethylsiloxane (PDMS) replica

directly transferred from the mold was substituted for the mold.
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20
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Fig. 2.10: Design of the microchannel pattern for evaluation of demolding
temperature (unit: um). (a) Whole design, (b) cross section of two dams (image after

bonding with lid) and (c) differences between two patterns (types I and II).

(b)
(a) Channel 1 Channel 2 urr
/ /
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Edge5 [ Edge6
Edge7 / Edge8
Width
B =R 2
50um | | a
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1| Burr
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’ Edge3 | FEdge4
_I Edgel 7
/' Edgez\
\
Dam 1 Dam 2
Width

Fig. 2.11: (a) Measured points of edge profiles as indicated blue arrows, and

definition of edge height in (b) dams and (c) channel structures.
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Application for other patterns

The optimized demolding conditions were applied for other two 3D microstructure
fabrications. One is 5 um-deep microchannel pattern [3] and the other is double-deck
microchannel-array pattern with 300 um-wide and 85 um-deep channels, and 6

pm-wide and 5 pm-deep microchannels [1]. The embossed patterns were observed by
SEM.

2.3.3 Results and discussion

Optimization of demolding temperature

Figures 2.12 and 2.13 show size differences with embossed samples and PDMS replica
at the various demolding temperatures. Profiles of dam structures of PDMS replica and
embossed samples at Ty = 80 °C and 78 °C are shown in Figure 2.14. The differences
were minimized to be less than 1 pym under the demolding temperature T; of 80 °C.
Since the surface viscosity at the Ty higher than 82 °C was large, the pattern edge could
be stretched along the demolded direction. On the other hand, at the T, lower than 78
°C, the pattern was damaged by thermal stress originated from plastic/elastic
deformation. At the T, of 75 °C, the mold was often released spontaneously from the
embossed plate. This result indicates that the thermal internal stress was relaxed by
plastic/elastic deformation during the cooling from 78 °C to 75 °C. However, the
differences of type II at T; = 75 °C were smaller than those of type I. These results
indicate that the magnitude of the damage by the plastic/elastic deformation depends

on pattern sizes and areas.
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Fig. 2.12: Size differences of type I and PDMS replica at various demolding

temperature: (a) difference of edge height and (b) difference of pattern width.
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Fig. 2.13: Size differences of type II and PDMS replica at various demolding
temperature: (a) difference of edge height and (b) difference of pattern width.
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Fig. 2.14: Profiles of dam structures in type I (dam 1 in Fig 2.10 (a)) and their sizes
(unit: um); (a) PDMS replica, and embossed patterns demolded at (b) 78 °C and (c)
80 °C.
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Application for other patterns

The obtained demolding conditions were applied for other two 3D microstructure
fabrications. Figure 2.15 shows SEM images of embossed shallow microchannel pattern
(depth: 5 um) on PMMA. Pattern failure was not observed at demolding temperature
Ta of 80 °C while it was observed at the T, of 75 °C. Figure 2.16 shows SEM images of
microchannel pattern arrayed on PMMA. The microchannel array was successfully
formed at the T, of 80 °C while that was deformed at the T of 75 °C. These results
indicate that the optimized demolding conditions are applicable for fabrication of other

fine micropatterns.

(@)

/- _ —

150 um

Fig. 2.15: SEM images of embossed microchannel pattern (depth: 5 um) on PMMA
plate demolded at (a) 75 °C and (b) 80 °C [3].

Microchannel array

x38 203 15KV

=1.8k 2apa9 1Sk SAum

Fig. 2.16: SEM images of embossed microchannel array pattern on PMMA plate
demolded at 80 °C [1].
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2.4 Conclusion

Flat embossed surface which is required for successive low-temperature bonding was
realized by optimization of mold structure and demolding conditions.

The shape of the bottom edge of Si mold fabricated by conventional Deep-RIE was
roundly sloped. The depth difference between the bottom edge and flat surface were
approximately 1.6 um in the case of 30 pm etching depth. Etching condition to realize
smaller scallops of Deep-RIE was chosen to decrease the slope at the bottom edge
making less than 0.5 pm.

In hot embossing process, a Si mold with 19 pm-height and 50 um-wide channel
pattern was used. PMMA plate was used as the substrate. The failures were
characterized by measuring the burr height of the patterns. The failures were
minimized to be less than 1 pm under the demolding temperature of 80 °C.

This is a new finding to optimize the edge profile on embossed pattern evaluating the
relationship between demolding temperature and the pattern failure. By combining
low-temperature bonding method, this hot embossing method can be applied for

actual plastic-MEMS devices with fine micro/nanostructures.
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Chapter 3
Low-Temperature Direct Bonding

3.1 Introduction

Many thermal direct bonding methods of plastic plates are carried out at a
temperature around or higher than the glass transition temperature T, [12-15]. When
two plastic surfaces come into contact at an atomic scale, interatomic bonds such as
hydrogen bonds are formed. In particular, the polymer chains are mobile at a
temperature around or higher than the T, and effects similar to the welding of
polymers occur [12]. Because of the applied pressure and heat during the direct
bonding process, deformation of the microchannel was often observed. Thus, smaller
pressure and lower bonding temperature should be applied to eliminate the
deformation. However, it is difficult to realize strong bonding under the conventional
bonding condition. In addition, it is also difficult to fabricate shallow microchannels in
which depth is less than several-um. Submicrometer-scale accuracy of the plastic
bonding are required for downsizing and functionalization of the microchannel.

The author proposes novel methods of low-temperature direct bonding using
poly-methylmethacrylate (PMMA) and cyclo-olefin polymer (COP) as shown in Figure
3.1. Plastic surface is pretreated before bonding. Examples of typical pretreatment
methods are using oxygen plasma, atmospheric-pressure oxygen plasma, UV/O;’,
vacuum UV (VUV) and VUV/Os. To evaluate the pretreated plastics and investigate
the bonding mechanisms, surface analyses are carried out (Section 3.5). Prototype
PMMA and COP microchips, microchips with shallow microchannel and
Au-electrode-embedded microchannel, are fabricated by the methods (Section 3.6).

Firstly, the author describes concept of low-temperature direct bonding and the
methods in Sections 3.2 and 3.3. Section 3.4 describes measurement of bond strength of

plastics prepared by the low-temperature direct bonding.

"This chapter is based on the published papers listed in the reference section [1-11].
'UV treatment under oxygen atmosphere
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Lid Channel plate
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Fig. 3.1: Low-temperature direct bonding process: (a) surface pretreatment and (b)

direct bonding,.

3.2 Concept of low-temperature direct bonding

3.2.1 Surface pretreatment
The effects of surface pretreatment on direct bonding are illustrated in Figure 3.2.

In general, polar functional groups such as -OH (hydroxyl groups), -C-O (carbon
single bond with oxygen atom), -C=0O (carbonyl groups), and -O-C=O (carboxylic acids
or esters) are increased or generated on plastic surface after oxygen plasma treatment
[16-23] or UV irradiation [23-33]. The polar groups increase dipolar interactions
between two treated plates such as -OH:-*OH (hydrogen bond) and -C=0---C=0 as
shown in Figure 3.3 (a).

High energy plasma species or UV photons cause main or side chain cleavage of the
polymer. Since this chain cleavage causes degradation of the plastic, the T; on the
treated surface is decreased [23,29,34]. The degraded layer is called low-T; layer in this
chapter. The low-T; layer acts as an adhesion for the direct bonding; the layer is

diffusion-bonded to each other as shown in Figure 3.3 (c).

R, R’: hydrocarbon group
. H
R R R R R [6) HON
| S A
Rl Rv Rv /C\ /C
Rl Rl R'

0 .. H
[ Q¢ o

(@) (b)

Fig. 3.2: Possible surface chemical structures of plastic: (a) untreated and (b) treated

by oxygen plasma or UV light.
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Fig. 3.3: Effects of surface pretreatment on direct bonding: bonding by dipolar
interactions (a) at room temperature and (b) after annealing; (c) diffusion bonding

by low- T layers.

It is important for low-temperature direct bonding to reduce geometric damage to the
surface after the pretreatment. Features of surface pretreatments of oxygen plasma,
atmospheric-pressure plasma, UV/O;, VUV and VUV/O; for low geometric damage

are described below.

Oxygen plasma
Oxygen plasma treatment in this thesis is defined as a treatment by oxygen plasma
generated in a vacuum chamber. Isotropic oxygen plasma is used to reduce geometric

damage to the surface.

Atmospheric-pressure plasma

Atmospheric-pressure plasma treatment in this thesis is defined as a treatment by
oxygen plasma under atmospheric pressure. High density active plasma is expelled
from a nozzle. Since the region between the nozzle and the sample is not
electrically-biased, the geometric damage after atmospheric-pressure plasma treatment

is smaller than that after conventional plasma treatment.

UV/O3

UV/O; treatment is defined as a treatment by UV irradiation in the presence of
oxygen. The low-pressure UV lamp radiates 185 nm and 254 nm lights. In the presence
of O, the 185-nm UV is absorbed by O: to generate the atomic species in ground state
O(P). O(P) can react with O, to form Os. If this Oz absorbs the 254-nm UV, excited
oxygen atoms O('D) with 190 kJ/mol excitation energy are generated [35]. These O,
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O(D), and the VUV light reaching on the sample play an important role on surface
treatment. This treatment method is widely used for surface cleaning/activation of

various kinds of inorganic materials with low geometric damage [36-38].

VUV and VUV/O3

VUV light is irradiated from a dielectric-barrier discharge excimer lamp filled with Xe
gas. Central wavelength of the VUV light is 172 nm.

VUV treatment in this thesis is defined as a treatment only by VUV light irradiation.
Since photon energy of VUV light is larger than that of conventional UV light,
dissociation of polymer chemical bonds (e.g. C-C, C-H) by direct VUV irradiation is
more effective than that by conventional UV irradiation.

VUV/O; treatment is defined as a treatment by VUV light irradiation in the presence
of oxygen. The VUV generates not only O; and O('D) in the same manner as the
185-nm and 254-nm UV lights, but is also absorbed directly by O» in the chamber to
generate O(!D) [39]. Since absorption coefficient of O, at the 172-nm UV light are
approximately 20 times greater than that at the 185-nm [40], the generation efficiency
of O('D) by VUV/O; treatment is better than that by UV/Os. The VUV light intensity
reached on the sample surface is controllable by the oxygen pressure p and distance

between the VUV-light window and the sample surface d (refer to Chapter 4).

3.2.2 Thermal annealing
Thermal annealing is required during or after direct bonding for achieving high-yield.

Expected effect of thermal annealing during or after direct bonding process were
described below. Some hydrogen bonds in Figure 3.3 (a) are expected to change to
covalent bonds (-C-O-C-) by dehydration during thermal annealing as shown in Figure
3.3 (b). At the bonded interface, local elastic/plastic deformation at elevated
temperature is easier than that at room temperature. The deformation is expected to
increase real contact area. Even lower than T, surface viscosity is increased with

increasing temperature. The increase in viscosity increases surface adhesion force.
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3.3 Surface pretreatment and bonding methods

3.3.1 Surface pretreatment methods
Surface pretreatment conditions in this chapter are listed in Table 3.1.

Oxygen plasma was generated in a plasma-activated bonding system (EVG810LT
from EV Group Co.) [41,42] with parallel electrodes in the vacuum chamber. The
radiofrequency of 397 kHz used in this system is lower than that of other conventional
plasma treatment systems of 13.56 MHz. This chamber is designed to reduce potential
surface etching effect during the plasma irradiation [42].

Atmospheric-pressure plasma was generated by plasma cleaning unit (Aiplasma from
Panasonic Electric Works, Ltd.) [19] supplying mixed gas consisted of 98 % Ar and 2 %
O.. The unit used dielectric-barrier discharge [43] as the plasma source.

UV/Os treatment was performed in cleaning equipment (NL-UV253 from Nippon
Laser & Electronics Lab.) with three low-pressure UV lamps.

Equipment for VUV and VUV/Os treatments (UER20-172 from Ushio Inc.) is shown
in Figure 3.4 [44]. The specifications of the lamp are a central wavelength of 172 nm,
the irradiance of 10 mW/cm? and the full width at half maximum of 14 nm [45]. For
VUV treatment, nitrogen gas was firstly introduced into the chamber to reduce density
of oxygen gas, and then the gases were evacuated. The evacuation continued during
the VUV irradiation. For VUV/O; treatment, oxygen gas was introduced into the
chamber to setup pressure p after evacuation. The chamber was not evacuated during
the VUV irradiation.

Table 3.1: Surface pretreatment conditions for low-temperature bonding.

Treatment type P (W) p (Pa) t (sec) d (mm)
Oxygen plasma 100 - 200 40 - 80 (Oy-rich) 30 -
Atmospheric-pressure
80 1.0 x 10° 0.6 -
plasma
UvV/0s - 1.0 x 105 (Oo-rich) 1200 -
VUV - < 6.0 x 10% (N2-rich) 30 12
3.0 x104-5.0 x 104
VUV/Os - 600 - 1800 12
(Oa-rich)

P: plasma power, p: chamber pressure, t: treatment time, d: distance between VUV-lamp

window and sample surface
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Fig. 3.4: VUV-irradiation equipment: (a) whole view and (b) schematic diagram [44].

3.3.2 Direct bonding methods

After pretreatment, the two plates were exposed to the atmosphere. To minimize
airborne molecular contamination, the plates were introduced into the bonding
equipment within 10 min since the surface was pretreated. These plates were bonded
to each other using a hot embossing system (EVG520HE from EVG Co.) at atmospheric
pressure. The equipment ensures the high uniformity of pressure and temperature to
within +1%. Top and bottom side heaters are equipped and temperature can be
controlled independently. In this bonding process, both heaters were set a same
temperature of lower than T;. A pressure was applied to the sample and holding for a
set time. In this thesis, the set temperature and time are defined as annealing
temperature and annealing time, respectively. On the other hand, some of the samples

bonded at room temperature were thermally annealed on a hot plate.

3.4 Measurement of bond strength

3.4.1 Experimental procedure
Bare PMMA or COP plates were used. These surfaces of the plates were pretreated

and bonded with abovementioned methods described in subsections 3.3.1. and 3.3.2.
Figure 3.5 shows tensile test equipment (MODEL 1307 from Aikoh Engineering Co,

Ltd.) for evaluating bond strength. The bonded sample was glued with stainless

plates by epoxy adhesive (Araldite from Vantico Ltd.), and pulled perpendicularly by
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the equipment.

Figure 3.6 shows schematic diagram of razor blade method for investigation of
thermal annealing effect after COP room temperature bonding. A razor is parallelly
inserted into the interface between two plates. Surface energy between two plates ()

can be written as [46]
y =3Ex%y2 / (32L%), (3.1)

where E is modulus of elasticity, x is thickness of the substrate, 2y is thickness of the

razor blade, and L is crack length.

(a)

(b)

Metal plateﬁ
1 ! B(in/cied sample
@ Metal plate

Fig. 3.5: Tensile test for evaluating bond strength; (a) photograph of the tensile test

equipment and (b) principle of the tensile test [6].
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5

Substrate

A

Substrate

L

Fig. 3.6: Schematic diagram of razor blade method for the evaluation of bond
strength [46].

Commercially available PMMA or COP plates were used for these tests. Table 3.2

shows trade names of these plastic plates, their thickness and thermal properties. In

general, plastic properties are slightly different from each other depending on their

preparation methods, average molecular weights, and additive agents.

Table 3.2: PMMA and COP plates used for bond strength measurements.

Deflection Vicat
Common Trade Thickness | temperature . o
Manufacturer softening | T, (°C)
name name (mm) under load S
" point (°C)
Q)
Acrvlite Mitsubishi
PMMA y Rayon Co., 1 90 [47] - -
E-IR
Ltd.
Kuraray Co.,
PMMA | Comoglass Ltd 1 92 [48] 104 [48] -
Sumitomo
PMMA Tec;‘(‘)‘oolu"y Chemical 0.25 ] ] 107 [49]
Co., Ltd.
COP Zeonex 480 Zeon Co. 1 123 [46] - 138 [50]
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3.4.2 Experimental results
Bond strength between two PMMA plates (Acrylite E-IR) is shown in Figure 3.7. In

this figure, red broken lines indicate the values for direct bonding at temperature of
95 °C, applied pressure of 1.25 MPa and annealing time of 25 min, without any
pretreatments [51]. The bond strengths of the samples using pretreatment were same
or stronger than that of the sample without pretreatment.

Among three bonding parameters of annealing temperature, applied pressure and
annealing time, long annealing time or high annealing temperature is effective to
increase the chemical reactions at the bonding interface. On the other hand, high
applied pressure enhances intimate contact between surfaces. Especially after
pretreatment of atmospheric-pressure plasma, the bonding became clearly stronger
with increasing these bonding parameters. In case of UV/O; pretreatment, the bonding
is weakest among these four pretreatments. The VUV /Os-treated bonding is stronger
(about 0.9 MPa) in most cases.

Figure 3.8 shows bond strengths between different-type PMMA plates (Comoglass
and Technolloy) and between same-type PMMA plates (Comoglass and Comoglass).
Oxygen plasma pretreatment at plasma power P of 200 W and chamber pressure p of
80 Pa were used in this case. Bonding stronger than 1 MPa was realized in both cases.
This result indicates that the low-temperature direct bonding was also applicable
between different-type PMMA plates.

Figure 3.9 shows bond strength between two COP plates. Pretreatments of oxygen
plasma at plasma power P of 100 W, chamber pressure p of 40 Pa, VUV, and VUV /O3
for 10 min were used in this case. The bonding was performed at room temperature
with applied pressure of 2.5 MPa for 5 min. Strong bonding (> 1 MPa) was realized by
pretreatment and room temperature bonding.

Figure 3.10 shows dependence of the surface energy between two COP plates on
annealing temperature after room temperature bonding measured by razor blade
method. Oxygen plasma was used in this case. The surface energy was significantly

increased with increase in the annealing temperature.
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Fig. 3.7: Bond strength between two PMMA plates bonded by pretreatments of
atmospheric-pressure plasma, oxygen plasma (P = 200 W, p = 80 Pa), UV/O; and
VUV/O; (p = 5.0 x 10* Pa, t = 30 min): (a) dependence of the bond strength on
annealing time, (b) dependence of the bond strength on annealing temperature,

and (c) dependence of the bond strength on applied pressure [6].
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Fig. 3.8: Bond strength of PMMA plates (with different type plates and with same

type plates) bonded by pretreatments of oxygen plasma (P =200 W, p = 80 Pa).
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Fig. 3.9: Bond strength between COP plates bonded by pretreatments of oxygen
plasma (P =100 W, p = 40 Pa), VUV (t = 30 sec) and VUV /Os (p = 5.0 x 104 Pa, t = 10

min).
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i at room temperature
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Fig. 3.10: Dependence of surface energy between two COP plates on annealing
temperature; the two plates were bonded with the applied pressure of 5 MPa at

room temperature [2,3].

3.5 Evaluation of pretreated plastics

3.5.1 Experimental procedure

Bare PMMA or COP plates were used for surface analysis by attenuated total
reflection Fourier-transform infrared spectrometer (ATR-FT-IR), contact angle
measurements and micro thermal analysis (u1-TA). For X-ray photoelectron
spectroscopy (XPS) and near edge X-ray absorption fine structure (NEXAFS) analysis,
thin PMMA or COP films were prepared by spin-coating of PMMA /toluene or
COP/ toluene solutions onto Si wafers. The films were thinner than 150 nm.

ATR-FT-IR measurements (equipment: SpectrumOne from PerkinElmer, Inc.) were
performed by using Ge prism. The ATR was single reflection type, and the incident
angle was 65 °.

XPS measurements (equipment: 5400MC from PerkinElmer, Inc.) were performed by
using AlKa (1486.6 eV) radiation operating at 150 W (15 kV, 10 mA) to investigate the

chemical structure on the surface at shallower point with tens nm than ATR-FT-IR. All

45



Chapter 3 Low-temperature direct bonding

spectra were compensated assuming that the Cls C-C/C-H peak appears at a binding
energy of 285.0 eV. The Cls and Ols spectra were decomposed by fitting mixed
Gaussian-Lorenzian functions, according to expected chemical assignments
[21,28,31,33,52,53].

To confirm results of ATR-FT-IR and XPS, surface free energy y on the sample surface
was calculated by measuring contact angles 6 of water (HO), glycerin (CsHs(OH)s),
formamide (HCONH>) and diiodomethane (CHzlz) on the sample surface. The surface
free energy is defined by Owens-Wendt theory [54]:

%= b+, (3.2)
n=p+ (3.3)
7 (1+cos 6) =2(y y)05 + 2(yd )05, (3.4)

where y is the surface tension of the liquid and the superscripts ‘p" and ‘d’ refer to the
polar and dispersive components. When y and y¢ are known values, j, % and y? are
obtained by measuring & of more than two different liquids. In our case, the surface
energies of samples were calculated using a computer program [55].

NEXAFS analyses on PMMA surface were carried out for supplementation of XPS
results. These analyses were performed at the BL12 in the SAGA Light Source
(SAGA-LS), Japan. The X-ray incident angle was 90 °.

For investigation of thermal properties on PMMA surface, u-TA was measured by
combining nano-thermal analysis unit (from Anasys Instruments Corp.) with atomic
force microscope (AFM) system (SPM-9600 from Shimadzu Co.) with contact mode.
The probe contacted on the sample surface is heating up and the deflection signal of
the probe is increased due to thermal expansion. The signal is decreased at the
softening or melting point of the surface [56]. The rate of temperature rise of the probe

was +5 °C/sec.
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3.5.2 Results and discussion

Increase in polar functional groups

Figure 3.11 (a) shows ATR-FT-IR spectra of PMMA before and after surface
treatments. Figure 3.11 (b) shows these spectra minus the untreated spectrum shown in
Figure 3.11 (a). Spectra changes in the VUV and VUV/O; treatments suggest that
C-O-C/C-C components of main- or side-chain were decreased, while -OH and C=0O
(ketone or aldehyde components) [26,30] were generated. O-C=0 (carboxylic acids or
esters) component in the spectrum of VUV /Os-treated PMMA was also increased. The
change of the spectrum of oxygen plasma-treated PMMA was smallest among that of
others.

Figure 3.12 shows ATR-FT-IR spectra of COP. The spectrum of untreated COP
suggests that the COP has many cyclopentane rings [57]. Spectra changes in the VUV
and VUV/O; treatments suggest that -OH, C=0, O-C=0, C=C and C-H (CH, CH; and
CHs) components were generated by the reactions of cyclopentane ring-opening and
dehydrogeneration. The increase in C=C and C-H components suggests that main- or
side-chain cleavage also occurred on the treated surfaces. A broad -OH peak was
detected from the spectrum of oxygen plasma-treated COP; however, the change of the
spectrum was smaller than those of the other spectra, as well as the spectrum of
oxygen plasma-treated PMMA. This is because the plasma-treated surface layer is

thinner than the detection depth represented by the ATR-FT-IR spectrum [17].
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Fig. 3.11: (a) ATR-FT-IR spectra of untreated, VUV (t = 1 min), VUV/Os (p = 5.0 x
104 Pa, t = 10 min) and O» plasma (P =200 W, p = 80 Pa) treated PMMA samples; (b)

subtracted spectra by the untreated spectrum (v: stretching vibration) [8].
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Fig. 3.12: (a) ATR-FT-IR spectra of untreated, VUV (t = 1 min), VUV/Os (p = 5.0 x
104 Pa, t = 5 min) and O; plasma (P = 100 W, p = 40 Pa) treated COP samples; (b)
subtracted spectra by the untreated spectrum (v: stretching vibration, J: bending
vibration) [9].
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Figure 3.13 shows Cls XPS spectra of PMMA. The VUV and VUV/Os spectra shows
that C=0/0-C-O components were generated. In case of VUV /Os and oxygen plasma,
The O-C=0 peaks in VUV/Os- and oxygen plasma-treated PMMA were increased.
Their Ols spectra are shown in Figure 3.14. From the spectra of VUV- and
VUV/Os-treated PMMA, O-C (ethers or alcohols) peaks were generated. The O=C and
O*-C=0 peaks (the asterisk corresponds to the analyzed oxygen) in the spectra of
VUV/Os- and oxygen plasma-treated PMMA were increased. These ATR-FT-IR and
XPS results indicate that the oxidized polar components such as -OH, C=0O (including
ketone or aldehyde), and O-C=0 (ester or carboxylic groups) were increased after VUV
or VUV/Os treatments. The oxidized polar components were also increased after

oxygen plasma treatment, while newly generated component could not be determined.
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Fig. 3.13: Cl1s XPS spectra of (a) untreated PMMA, (b) VUV (¢t =1 min), (c) VUV/O3
(p =5.0 x 104 Pa, t = 10 min) and (d) Oz plasma (P =200 W, p = 80 Pa) treated PMMA

samples [8]. The asterisk indicates the carbon that was analyzed.
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Fig. 3.14: Ols XPS spectra of (a) untreated PMMA, (b) VUV (t =1 min), (c) VUV/Os
(p =5.0 x 104 Pa, t = 10 min) and (d) Oz plasma (P =200 W, p = 80 Pa) treated PMMA

samples [8]. The asterisk indicates the oxygen that was analyzed.
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The Cl1s and Ols XPS spectra of COP are shown in Figures 3.15 and 3.16. All Cls and
Ols spectra after treatments show that the components originating in oxygen were
generated. These results support the ATR-FT-IR results of VUV- and VUV /Os-treated
COP in Figure 3.12.

Figures 3.17 and 3.18 show the calculation results of %, % and %? of PMMA and COP
surfaces. Increase in % was observed in each case. The increase in y? corresponds to
the polar group formation detected in the ATR-FT-IR and XPS.

The polar groups increases dipolar interactions between two treated plates as shown

in Figure 3.3 (a).
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Fig. 3.15: Cl1s XPS spectra of (a) untreated COP, (b) VUV (t = 1 min), (c) VUV/Os (p
= 5.0 x 10* Pa, t = 10 min) and (d) O, plasma (P = 100 W, p = 40 Pa) treated COP

samples [9]. The asterisk indicates the carbon that was analyzed.
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Fig. 3.16: Ol1s XPS spectra of (a) untreated COP, (b) VUV (¢t =1 min), (c) VUV/Os (p
= 5.0 x 10* Pa, t = 10 min) and (d) O, plasma (P = 100 W, p = 40 Pa) treated COP

samples. The asterisk indicates the oxygen that was analyzed.
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Fig. 3.17: Surface free energies on untreated, VUV (f = 1 min), VUV/O; (p = 3.0 x 104
Pa, t = 10 min) and oxygen plasma (P = 200 W, p = 80 Pa) treated PMMA samples

[8].
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Fig. 3.18: Surface free energies on untreated, VUV (¢ =1 min), VUV/O; (p = 5.0 x 104
Pa, t = 10 min) and oxygen plasma (P =100 W, p = 40 Pa) treated COP samples [9].

S

Figure 3.19 shows NEXAFS spectra of untreated, VUV and VUV /Os-treated PMMA.
Expected peak assignments were referred to other literatures [58-62]. Since peak 1
(m*(C=C) transition) was also observed in spectrum of untreated PMMA, the peak was
generated by X-ray irradiation damage [61]. Peak 2 (n*(C=C) transition) was generated
after VUV irradiation. Peak 3 (n*(C=C) transition) originated in cross-linking according
to Ref. [62]. Figure 3.20 shows the spectrum of oxygen plasma-treated PMMA. Peak 3

was also generated after oxygen plasma treatment.

Based on these surface analysis results including ATR-FT-IR, XPS, surface free energy
measurements, and NEXAFS, the author proposed examples of chemical changes of
PMMA surface after the treatments as shown in Figure 3.21. In cross-linked structure,
the surface occupancy of O-C=O (ester) is relatively increased with decrease of -CHs
(Figure 3.21 (c)). It is expected that the increase in dipolar interactions between two
treated PMMA surfaces are originated in the increase in O-C=0O component. In
addition, after VUV and VUV/Os treatments, polar groups is incorporated or
substituted as shown in Figure 3.21 (a) and (b) [16,21]. The generated polar groups

cause increase in the dipolar interactions.
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Fig. 3.19: C-K edge NEXAFS spectra of untreated, VUV (t = 30 sec) and VUV/Os (p
3.0 x 10* Pa, t = 5 min) treated PMMA; 1-3: n*(C=C), 4: n*(C-H), 5: n*(C=0),

6: 6*(C-C, C-0), 7: 6*(C=0), 8: multiple scattering [10].
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Fig. 3.20: C-K edge NEXAFS spectra of untreated and oxygen plasma (P =200 W, p
= 80 Pa) treated PMMA: (a) range of 280-320 eV and (b) 283-288.5 eV
(overwrittened). 1,3: n*(C=C), 4: n*(C-H), 5: n*(C=0), 6: c*(C-C, C-O), 7: c*(C=0),
8: multiple scattering [10].
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Generation of low-Ty layer

Main or side chain cleavage of polymer chains causes degradation of the plastics so as
to generate low-T; layer on the surface. Figure 3.22 shows results of p-TA on PMMA
surface. The first softening points as indicated with blue and green arrows in the
curves of VUV- and VUV/Os-treated PMMA were decreased (~60 °C). On the other
hand, the softening point of the oxygen plasma-treated sample was not changed with
red arrow. These results indicate that the T, on the PMMA surface was decreased after
VUV and VUV/O; treatments.

Thermal annealing effect

Figure 3.23 shows changes in surface free energies on oxygen plasma-treated COP
surfaces after thermal annealing at 120 °C. After the annealing, 7 decreased while y
increased. These results suggest that the generated polar groups (e.g. -OH, -COOH)
were consumed by the dehydration reaction. This reaction could also have occurred at
the interface of the two COPs during the bonding process. H.O also could be
consumed during annealing, and some hydrogen bonds change to covalent bonds
(-C-O-C-), as shown in Figure 3.3 (a) and (b).

5 L
;/ Untreated
4t
Z N
= 3} O, plasma
=
5 2f —
S [~ VUV
A gt
0 L L I VUV/O,
0 50 100 150

Temperature (°C)

Fig. 3.22: Results of p-TA on untreated, VUV (t = 30 sec), VUV/Os (p = 3.0 x 104 Pa, ¢
=5 min) and oxygen plasma (P = 200 W, p = 80 Pa) treated PMMA samples [8].
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Fig. 3.23: Changes in surface free energies (%, 5% and %) on oxygen plasma-treated
(P =100 W, p = 40 Pa) COP surfaces after thermal annealing at 120 °C [9].

3.6 Applications for microchannel fabrication

3.6.1 Shallow microchannel

Fabrication process

Fabrication process of a microchip with shallow microchannel is shown in Figure 3.24.
A silicon mold was fabricated by conventional photolithography and deep reactive ion
etching (Deep-RIE) (Fig. 3.24 (a)). The micro-channel region was fabricated by
embossing a plastic plate (Fig. 3.24 (b)). Then the surface of the micro-channel plate
and the PMMA lid were pretreated (Fig. 3.24 (c)). Finally, the microchip was fabricated
by direct bonding of the plates to each other (Fig. 3.24 (d)).
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Fig. 3.24: Fabrication process of microchip with shallow microchannel: (a) Si mold

fabrication; (b) hot embossing; (c) surface pretreatment; and (d) direct bonding.

Fabrication results

A prototype PMMA microchip which has fine channel with depth of 5 um and width
of 150 um is shown in Figure 3.25. Figure 3.26 shows COP microchannels with depth of
1 um and width of 150 um. The shallow microchannel was successfully fabricated
without deformation and significant voids.

Figure 3.27 shows a PMMA microchip which has two dams with a gap of less than 5
pm. The dam structures were maintained after low-temperature bonding. The flow
behaviors of the dams were evaluated with de-ionized water including fluorescent
beads. The water was introduced from port E. There was no leakage or obstacles for
smooth flow. Large microbeads with diameter of 5.7 um were completely trapped and
filled between two dams, while small microbeads with diameter of 1.0 pm passed
through the dams, as shown in Figure 3.27 (c).

These results indicate that these bonding method described in this chapter can be

applicable to fabricate fine microchannels with several pm gaps.
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Fig. 3.25: A shallow PMMA microchannel: (a) whole and (b) magnified view of the

microchip; (c) cross-section of the microchannel (width: 150 pm, depth: 5 um) [6].

Fig. 3.26: Shallow COP microchannel: (a) photomicrograph and (b) cross-section
SEM image (along line A-A” in (a)) [9].
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Fig. 3.27: A PMMA microchip which has two dams with shallow gap (< 5 pm): (a)
design, (b) whole view and photomicrograph near a dam, and (c) flow behavior

near a dam [5].

3.6.2 Au-embedded COP microchannel

Experimental procedure

Figure 3.28 shows fabrication process of an Au-embedded microchip. Au film of 200
nm thickness is deposited on bare COP plate by electron beam evaporation (Figure 3.28
(a)). Au electrode pattern was formed by conventional photolithography (Figure 3.28
(b)) and wet etching techniques (Figure 3.28 (c)). Using the other COP plate,
micro-channel plate was fabricated by hot embossing (Figure 3.28 (d)). The two plates
were treated by oxygen plasma activation bonding system (EVG810LT) (Figure 3.28

(e)). The treatment was carried out under the following conditions; plasma power P
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of 100 W, oxygen pressure p of 0.4 mbar, and treatment time ¢ of 30 sec. Finally, the two
plates were bonded together with applied pressure of 3 MPa, at a temperature of 120
°C and the annealing time of 10 min (Figure 3.28 (f)).

Adhesion strength between COP and Au film was measured by microindentation
tester [62] (MH4000 from NEC San-ei Instruments, Ltd.). For comparison, the adhesion
strengths between PMMA and Au, between quartz glass and Au film, and between Si
and Cr film were also measured. All metal films (thickness: ~200 nm) were coated by
electron beam evaporation.

The bonding strength between COP and Au film coated on COP was evaluated by a
tensile test method explained in Section 3.4.

The flow behavior in the fabricated microchip was observed by introducing

de-ionized water including negative-charged fluorescent beads (diameter: 5 um).
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Fig. 3.28: Fabrication process of Au-embedded COP microchip.

Results and discussion

Figure 3.29 shows the adhesion strength of Au-COP, Au-quartz, and Cr-Si. The
Au-COP adhesion was stronger than that of Au-quartz and as same as that of Cr-Si.
Strong Au-COP adhesion was obtained compared to other conventional polymer
materials, such as poly-dimethylsiloxane (PDMS), PMMA, and polycarbonate (PC)
[13,63].

The bonding strength of Au-COP was approximately 0.3 MPa. The strength value
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measured by the microindentation method cannot be compared simply with that by
the tensile test [62]. However, the two COP plates were separated at the direct-bonded
interface. This result indicates that the bonding strength of Au-COP was weaker than
that of adhesion strength. On the other hand, the strength of COP-COP was larger than
1 MPa as explained in Section 3.4. Further experiments and optimizations of surface

pretreatment and bonding conditions are required to realize strong Au-COP bonding.
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Fig. 3.29: Adhesion strength of Au-COP, Au-Quartz and Cr-Si measured by

microindentation method [7].

Figures 3.30 and 3.31 show the designed structure and image of the fabricated
microchip. The microchannels are 50 pm wide and 20 um deep. There are three pairs of
Au electrodes, and each pair of the electrodes is faced on either side of the
microchannels. The gap between the two electrodes is 25 um. There was no void at the
interface between COP and Au as well as the interface of two COP surfaces.

The flow behaviors in the microchannel were evaluated with de-ionized water
including negative-charged fluorescent beads (diameter: 5 um). There was no leakage
or obstacles to smooth fluidic flow at the bonded interfaces and at the exposed Au
electrodes as shown in Figure 3.32 (a).

Then, direct current (DC) voltage of + 5 V was applied to the electrodes of #1 or #2 in
Figure 3.30. The beads were drawn to the voltage-applied electrodes, and the flow
behaviors changed by voltage switching as shown in Figure 3.32 (b) and (c). These
results indicate that the electrical continuity of Au electrode was kept after the bonding

process. Au-embedded COP structure is widely applicable for practical microchips.
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Fig. 3.30: Design of prototype Au-embededed microchip: (a) whole view and (b)

magnified view of Y-junction (enclosed with dash line in (a)) [11].

—
20 pm

Fig. 3.31: Fabricated Au-embedded microchip: (a) whole view of the microchip, and

(b) SEM image of embossed microchannel at Y-junction [11].

Beads flow

Fig. 3.32: Flow behavior in the microchip: (a) without voltage, (b) voltage applied to
lower electrode, and (c) voltage applied to upper electrode [11].
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3.6 Conclusion

In order to bond plastics directly at a temperature lower than T, of the plastic, various
pretreatments such as oxygen plasma, atmospheric-pressure plasma, UV/Os;, VUV and
VUV/O; were evaluated and optimum conditions were investigated. Appropriate
bond strength was realized even at room temperature, and the bond strength is
increased with increasing temperature.

The mechanisms of low-temperature bonding using oxygen plasma, VUV and
VUV/O; treatments were investigated using surface analysis methods. The bonding
mechanisms are described below: Each bonding is partly originated in increasing
dipolar interactions between polar functional groups on two treated plates such as
-OH'--OH (hydrogen bond) and -C=0O:-:-C=0. Decrement of surface free energies on
oxygen plasma-treated samples changes some of the hydrogen bonds to covalent
bonds (-C-O-C-) during annealing. Low-Tj layer is generated on the surface after VUV
and VUV/Os pretreatments, and the layer is diffusion-bonded to each other. This is the
world’s first research to propose the low-temperature bonding mechanisms by
showing specific surface chemical changes after pretreatment. These bonding
mechanisms become guidelines to other low-temperature bonding methods such as
using other kinds of plastics and other pretreatment methods.

PMMA and COP microchips with a microchannel of less than 5 um in depth and 150
um wide were fabricated. This is the world’s first results to realize such shallow and
fine channel structures using plastic material. These results indicate that this bonding
method can be applicable for fine microstructures which have several pm gaps. In
addition, an Au-electrode-embedded COP microchip was fabricated by hot embossing
and low-temperature direct bonding. The fabrication method of this microchip has

remarkable advantage for integrating electrodes in a plastic microchip.
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Chapter 4
Surface Modification Using Polyurea’

4.1 Introduction

Surface modification methods for hydrophilic surface treatment on microchannel
surfaces are classified into two categories as shown in Figure 4.1. One is pretreatment
before bonding process. Pretreatments for low-temperature direct bonding as
described in Chapter 3 are included in this category. The other is post-treatment
obtained by filling the liquid reagents into the microchannel after bonding process
[7-10]. Since the pretreated surface had not enough hydrophilic durability to be
maintained during bonding, post-treatment methods are generally added. However, it
is difficult to find out appropriate reagents enabling efficient treatment without
damage on plastic surface. Since wettability of the damage-free reagents such as
reagents not containing organic solvents on plastic is low, the post-treatment method
often takes long time for filling the reagents into whole plastic microchannels. In
addition, the method takes long time for completing the hydrophilic reaction on whole
surfaces.

In this work, surface modification and low-temperature bonding processes are
combined by using VUV/Ojs'-treated aromatic polyurea film as shown in Figure 4.2.
Section 4.2 describes the surface control of plastic using polyurea. The surface control
method is applied for low-temperature bonding in Section 4.3. In section 4.4, a

polyurea-coated microchip for microchip electrophoresis (MCE) is fabricated.

"This chapter is based on the published papers listed in the reference section [1-6].
'Vacuum UV (VUV) treatment under oxygen atmosphere
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Fig. 4.1: Surface modification methods on microchannel surfaces.
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Fig. 4.2: Fabrication process of the polyurea-coated microchip: (a) polyurea coating,
(b) VUV/Os treatment, and (c) thermal bonding,.

73




Chapter 4 Surface modification using polyurea

4.2 Surface control of plastic using polyurea

4.2.1 Concept of surface control using polyurea

Aromatic polyurea film is coated on the substrate to hydrophilize the surface [11].
Figure 4.3 shows reaction scheme of aromatic polyurea coated by vapor deposition
polymerization [11-15]. Two monomers of 4.4'-diaminodiphenylmethane (MDA) and
4 4'-diphenylmethanediisocyanate (MDI) are heated for evaporation in the process
chamber as shown in Figure 4.4. The monomers adsorbed on the surface of a substrate
react to copolymerize the aromatic polyurea. The advantages of the polyurea film are
its visible transparency, non-toxicity, high purity, and uniform film thickness on
microchannel surface. The film can be coated on the substrate so thin that the change in

sizes of the microstructures is negligible.

MDI MDA
O§C§ ¢(1//O
N N HaN NH2

\ J
Y

Polyurea

s @ orayl

Fig. 4.3: Reaction scheme of aromatic polyurea.

As-deposited polyurea film is low-hydrophilic with water contact angle of about 80 °.
Highly hydrophilic surface was realized by annealing (50 - 150 °C) in Os; under
atmospheric pressure as shown in Figure 4.5 [15]. Figure 4.6 shows changes in water
contact angle on Os-treated polyurea film (thickness: 80 nm) coated on PMMA surface.
The Os-treated film had highly hydrophilic surface, water contact angle was smaller
than 30 °, and the hydrophilic state on the film kept for long time longer than a month.
However, the annealing for hydrophilic surface treatment causes bending of the
thermoplastics such as PMMA. On the other hand, the film surface was recovered to

hydrophobic after washing by water. For practical microchip applications, surface
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stability of the film is required for achieving the reproducibility in observations and

measurements.

Substrate
Polyurea

Vacuum

chamber Valve

l MDI MDA
Vacuum

Fig. 4.4: Schematic diagram of equipment for vapor deposition polymerization.

Substrate

Ozonizer

Fig. 4.5: Schematic diagram of conventional hydrophilic surface treatment of

polyurea.
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Fig. 4.6: Changes in water contact angle on Os-treated polyurea film (annealing

temperature: 50 °C) [1].

The author proposes novel surface modification method for hydrophilic surface
treatment of polyurea using VUV/O; treatment (central UV wavelength of 172 nm).
Differences between conventional O3 treatment and that of VUV /O; are listed in Table
4.1. The advantages of the VUV/O; treatment are higher density of Os and O(1D),
cleaner treatment condition because of under reduced pressure, efficient surface
modification by combined effects of O3, O(*D), and VUV light, and room temperature
process. The deformation of the sample structure and thermal bending are negligible
because of its room temperature process. In addition, direct irradiation effect of the
VUV light for surface modification is small under oxygen-rich atmosphere. The light
intensity on the sample surface decreases, because the UV light is absorbed by oxygen
gas in the chamber [16]. Thus, the UV light intensity on the sample surface is
controllable by the oxygen pressure p and distance between the light source and the
sample surface. O; and O(!D) are only generated near the lamp window and these

gases spread over the chamber by diffusion.
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Table 4.1: Differences between conventional Os; treatment and that of VUV /Os.

Surface Chamber Density of O3 Annealing UV light
treatment pressure and O('D) temperature (°C) intensity
Atmospheric
Os Low 50 - 150 -
pressure
Reduced
VUV/Os High - Controllable
pressure

4.2.2 Experimental procedure
Aromatic polyurea was coated by vapor deposition polymerization on

poly-methylmethacrylate (PMMA) surface. Typical preparation conditions were MDA
temperature of 100 °C, MDI temperature of 71 °C, chamber pressure of approximately 1
x 103 Pa, the deposition rate of about 10 nm/min, and the substrate temperature of 25
°C [13]. Thickness of the film was about 140 nm.

VUV/O; treatment (equipment: UER20-172 from Ushio Inc.) was carried out with
chamber oxygen pressure p of 3.0 x 104 ~ 5.0 x 104 Pa and treatment time ¢ of 5 ~ 20 min.
Oxygen gas was introduced into the chamber after evacuation.

To study the influence of direct VUV irradiation to polyurea, contact angle of
de-ionized water droplet on the polyurea at various distances between the lamp
window and the sample surface d was measured. To evaluate the long-term stability of
hydrophilic state, transit time of water contact angle after VUV/O; treatment of the
polyurea was measured. In addition, the author also measured water contact angle on
the VUV/Os-treated polyurea before and after washing by ultrasonic cleaning in

de-ionized water for 3 min.
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4.2.3 Results and discussion

Results of water contact angle measurements at various d are shown in Figure 4.7. The

contact angle on the polyurea decreased after VUV /O; treatment. The contact angle
decreased with increasing the distance d, and the smallest contact angle of about 12 °
was obtained at d = 142 mm. Since the VUV light intensity decreases with distance
from the light source, the direct irradiation effect of the VUV light such as cross-linking
[13] and over-degradation of polyurea can be avoided.

Figure 4.8 shows water contact angle on the polyurea versus the transit time in
various VUV/O; treatment conditions under the distance d of 142 mm. The treated
films kept contact angles smaller than 45 ° for long time. Especially under the condition
of the chamber pressure p of 3.0x10* Pa and treatment time ¢ of 20 min, contact angle of
smaller than 20 ° was obtained and kept the state about 2 months. These results in
Figure 4.8 indicate that longer t is more important than higher p for hydrophilic
treatment. As the treatment time t increased, water contact angle became smaller.
Although the chamber pressure is concerned with the volume of O; and O('D), the
generated volume is saturated at the pressure p higher than 3.0x10¢4 Pa.

Figure 4.9 shows measurement results of water contact angle on the O;- and
VUV/Os-treated polyurea before and after washing by ultrasonic cleaning in
de-ionized water. The Os-treated polyurea was recovered to low-hydrophilic after
washing, while the VUV/Os-treated polyurea kept hydrophilic after washing.
Especially, contact angle of smaller than 40 ° after washing was realized with the
sample treated within an hour. These results indicate that the VUV/Os-treated

polyurea improved surface stability after washing by water.
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Fig. 4.9: Water contact angle before and after ultrasonic cleaning of de-ionized water
at 3 min treated by VUV/O; (p = 3.0x10* Pa, t = 20 min) at d = 142 mm and

conventional O; treatment (*within 1 h after treatment and 20 days after treatment)

[3].

4.3 Application for low-temperature bonding

4.3.1 Concept of low-temperature bonding using polyurea
The author proposes a novel method of low-temperature thermal bonding of plastics

using VUV /Os-treated polyurea film as intermediate layers. In Figure 4.3, the polyurea
film of only about five monomers (n = 5) is deposited at room temperature [14].
Further polymerization takes place (n > 5) when the deposited films are annealed by
consuming unreacted polymer tails such as NH; and N=C=0O to form amid bonds [15].
This polymerization occurs at the interface of the two polyurea films during the
bonding process. In addition, the generated polar groups by VUV/Oj3 treatment cause
low-temperature bonding, as in the case of pretreatment in low-temperature direct

bonding method described in Chapter 3.
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4.3.2 Experimental procedure
Polyurea-coated PMMA was treated by VUV/O; under the condition of chamber

pressure p of 3.0 x 104 Pa, treatment time t of 20 min. The distance between the VUV
lamp window and the polyurea surface d was 142 mm. After the VUV/O; treatment,
the two plates were brought into contact and then pressed using bonding equipment
(EVG520HE). The applied pressure and period were 3 MPa and 20 min.

The bond strength between two polyurea-coated PMMA plates was evaluated by
tensile test explained in chapter 3. Bare PMMA plates were used as substrates.
Thickness of the polyurea film was about 120 nm.

To investigate the bonding mechanism and annealing effects, surface free energy
calculation according to Owens-Wendt theory [17] and X-ray photoelectron
spectroscopy (XPS) analyses were carried out for the polyurea surface. For comparison
with other low-temperature bonding methods, water contact angles on the plastic
plates of cyclo-olefin polymer (COP (Zeonex480)) and PMMA (Comoglass) were also
measured. Three kinds of plates were tested, before treatment, after O, plasma
treatment, and after O, plasma treatment and annealing for 20 min. The surface
pretreatments were carried out under the same conditions as those of the

low-temperature direct bonding explained in Chapter 3.

4.3.3 Results and discussion

Void-free bonding was done at a bonding temperature of 85 °C. The bond strength
measured by the tensile test was 0.60 £ 0.09 MPa. The strength is larger than that of
conventional PMMA direct bonding at a temperature of 95 °C without any surface
treatment or coating [19]. The two plates were not bonded at a bonding temperature of
50 °C. This result indicates that the annealing plays an important role in bonding.
Figure 4.10 shows a photomicrograph of the removed surface after the tensile test.
Polyurea film peeled from the PMMA surface in some areas. It indicates that the
adhesion strength between the polyurea film and the PMMA plate is not enough. To
increase the adhesion strength, pretreatment with plasma or UV on the PMMA plate

before coating the polyurea will be necessary.
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PMMA surface

Fig. 4.10: Photomicrograph of the removed surface after the tensile test of the

polyurea-bonded sample [5].

The contact angle measurements on the polyurea surface are shown in Figure 4.11.
After VUV/Os treatment, contact angles of water, glycerin, and formamide decreased
dramatically, and the contact angles kept even after annealing of 85 °C for 20 min. The
highly hydrophilic surface of the microchannel was also formed after the thermal
bonding at 85 °C.

Figure 4.12 shows calculated surface free energy (), its polar (#) and dispersive ()
components of the polyurea. After the VUV/O; treatment, the y» was increased
significantly, while the %? was decreased. The additional new polar groups were
created after the treatment. After annealing, the y» was decreased while the x¢ was

increased.
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Fig. 4.11: Averaged contact angle of water, glycerin, formamide, and diiodomethane
on the polyurea surface before and after VUV /O3 treatment and annealing of 85 °C
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Fig. 4.13: Cls XPS spectra of polyurea before and after VUV /O; treatment.

Fig. 4.13 shows Cls XPS spectra of polyurea before and after VUV /O3 treatment.
After treatment, the free C=O peak was increased while the C-C/C-H peak was
decreased. C-O (ether or and O-C=O (carboxylic acids or esters) peaks were newly
generated. This result follows the surface free energy measurements in Fig. 4.10. These
peaks are expected to be originated in -C=0, -CO, -OH, and -COOH. In addition, n-n*
peak originated in benzene ring was disappeared after the treatment. This result
indicates that the cleavage of the C-C bond in benzene ring was occurred after the
treatment [16,19-21]. Oxygen atoms easily attach at the cleaved sites.

The annealing can affect two possible characteristics. One is that hydrogen bond
and/or -C-O-C- bond can be generated by dehydration reaction of nearby polar groups
such as -OH and -COOH. The other is that unreacted polymer tails of NH> and N=C=0O
were consumed by further polymerization during the annealing. These transformations
and polymerization also occurred at the interface of the two polyurea films during the

bonding process.
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Figure 4.14 shows water contact angle in three conditions on VUV/O;-treated polyurea,
oxygen plasma-treated COP, and oxygen plasma-treated PMMA. In the case of the COP, a
highly hydrophilic surface (~20 °) was realized after O, plasma treatment. However,
the hydrophilic surface was not maintained after the annealing. In the case of the
PMMA, the treatment effect was small. From these results, the bonding using the
polyurea as the intermediate layer is the best method from the hydrophilicity point of

view.
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~30 L 5 -=--COP-O, plasma
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Fig. 4.14: Water contact angle in three conditions (untreated, after treatment, after
treatment and annealing of 85 °C for 20 min) on VUV /Os-treated polyurea, oxygen
plasma-treated COP (P =100 W, p = 40 Pa, t = 30 sec), and oxygen plasma-treated
PMMA (P =200 W, p = 80 Pa, t = 30 sec) [5]. P: plasma power, p: chamber pressure

(oxygen-rich), t: treatment time.
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4.4 Application for microchannel fabrication

4.4.1 Experimental procedure
Polyurea-coated PMMA microchip was fabricated by the bonding method explained

in Section 4.3. Fabrication process was shown in Figure 4.2. The polyurea was coated
on the channel plate and the lid by vapor deposition polymerization (Figure 4.2 (a)).
The two plates were made of PMMA. The channel plate was fabricated by hot
embossing method described in Chapter 2. Next, the polyurea-coated plates were
treated with VUV/O; (Figure 4.2 (b)). After VUV/O; treatment, the two plates were
bonded (Figure 4.2 (c)). The bonding temperature was 85 °C, and the pressure and
period were 3 MPa and 20 min.

A MCE microchip with cross-junction structure was fabricated by this method. The
microchannel was 50 ym wide and 19 pm deep. To confirm the compatibility for
biogenic compounds, 500 ppm fluorescence-labeled bovine serum albumin (BSA) and
borate buffer (pH 9.0) were introduced into the microchannels and keep for 30 min.

MCE analysis was carried out using 10 ppm BSA and 10 mM borate buffer (pH 9.0).

4.4.2 Results and discussion

Figure 4.15 shows design and photographs of a prototype polyurea-coated PMMA
microchip. The microchannels were 50 pm wide and 19 um deep. It had a Y-junction, a
cross-junction, a T-junction and six ports (diameter: 2 mm). Void-free bonding was
realized over the whole sample surface. Since the bonding temperature is lower than
the T, of the PMMA, negligible deformation of the channel structure is obtained. To
observe its flow behavior, a 5-uL methylene blue aqueous solution droplet was applied
onto a port (as indicated black arrow in Figure 4.15 (a)) on the fabricated microchip. Its
flow behavior at the cross-junction is shown in Figure 4.16. All the microchannels were
tilled by capillary force. There was no leakage or obstacles to smooth fluidic flow at the
bonded interface. This result indicates that the fabricated microchip realized enough

bond strength for actual use.
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Fig. 4.15: Prototype polyurea-coated microchip: (a) design, (b) whole view, and (c)
magnified view at cross-junction [5]. The black arrowed port in (a) was used for

introducing methylene blue aqueous solution.
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Fig. 4.16: Flow behavior at the Y-junction, the cross-junction and the T-junction in

the fabricated microchip using methylene blue aqueous solution [5].

Figure 4.17 shows fluorescent photomicrographs of the microchannels with and
without VUV/Os-treated polyurea coating after washing by water. The adhesion of
BSA was significant in the conventional unmodified and uncoated PMMA chip (Figure
417 (a)), while almost no adhesion was observed in the modified polyurea-coated chip
(Figure 4.17 (b)). Fig. 4.18 shows the results of MCE of VUV /Os-treated polyurea
coated and uncoated PMMA microchannels. The uncoated microchannel detected the

BSA as a broad peak (Figure 4.18 (a)), while the polyurea-coated microchannel detected
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as a sharp peak (Figure 4.18 (b)). The theoretical plate number (N)* of polyurea-coated

microchannel was about 600. It is six times larger than that of uncoated PMMA

microchannel [22]. The sharp peak was realized by negligible adhesion of BSA. Fast
migration speed in a positive direction (approximately 1 mm/s) was also observed in
polyurea-coated microchip. This result indicates that VUV /Os-treated polyurea surface
on the microchannel is negatively charged with high concentrated polar groups of -OH
or -COOH. These results indicate that this polyurea-coated microchannel is applicable

for high speed MCE analysis.

Fig. 4.17: Fluorescent photomicrographs of the (a) unmodified and (b) modified
polyurea-coated PMMA microchips after BSA exposure for 30 min [6].
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Fig. 4.18: Electropherograms of BSA on the (a) unmodified, (b) modified

polyurea-coated PMMA microchips [6].

fa barometer of separation efficiency: N = 5.54 (t, / Wi,)?
(t: retention time, Wi: half peak height) [23]
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4.5 Conclusion

The author developed a novel surface control method using aromatic polyurea film
for hydrophilic surface treatment of plastic. The polyurea coated on plastic was
changed into highly hydrophilic after VUV /Os treatment; water contact angle on the
surface was smaller than 20 °. The treated film kept highly hydrophilic surface for
about 2 months. The highly hydrophilic polyurea surface was stable and was kept even
after very hard condition of ultrasonic cleaning in de-ionized water.

The method of the hydrophilic surface treatment of polyurea can be applied for
low-temperature bonding of plastics. The VUV /Os-treated polyurea film was used as
intermediate bonding layers. A microchannel with a highly hydrophilic surface was
realized by the VUV /Os treatment. The highly hydrophilic surface of the microchannel
was retained even after the thermal bonding process. There was no leakage or
obstacles to fluidic flow at the bonded interface. This polyurea-coated microchannel is
applicable for high speed electrophoresis analysis.

This is the world’s first method to realize highly-stable hydrophilic surface by means
of low-temperature bonding. In actual use, post-hydrophilic treatment after bonding
can be skipped. This method has remarkable advantages for the fabrication of low-cost

PMMA chemical/biochemical microchips.
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Chapter 5
Plastic Chemical/Biochemical Microchips”

5.1 Plastic micro direct methanol fuel cell

(WDMFC)

5.1.1 Introduction

Conventional micro direct methanol fuel cell (WDMFC) was fabricated on the Si or
glass substrates [8,9]. Design of Si-uDMEFC is shown in Figure 5.1. This design is
different from the conventional bipolar structure that the anode and cathode channels
are made on two separate substrates and stacked with a polymer electrolyte membrane
(PEM). Main features of the device are a plane structure and integration of the anodes
and the cathodes side by side onto a polymer substrate. This simple structure enables
easy fabrication including the assembly of PEM. This device has two micro channels
for introducing new fuel solution and oxidant solution to the reaction area
continuously to achieve high performance. The sidewall of the channel is tapered
(about 35 °) for easy patterning of electrode on the channel. The tapered channel is
formed by KOH anisotropic etching [9].

In view of cost reduction, plastic micro devices were requested in actual use. The
author chooses cyclo-olefin polymer (COP) as the plastic material because of its high
chemical durability and easy metallization of the electrodes. In order to achieve high
power density, 3-D electrodes which increase the catalyst surface area keeping the total

size are employed.

"This chapter is based on the published papers listed in the reference section [1-7].
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Fig. 5.1: Design of Si-uDMEC [8,9].

5.1.2 Experimental procedure

Fabrication process of COP-uDMEFC is shown in Figure 5.2. To use conventional
Si-uDMEFC design without change, Ni electroplating process was incorporated, and the
Ni was used as a mold. First, a (100)-Si wafer was etched anisotropically by KOH
solution as in the case of the Si-uDMFC [9]. A seed layer was coated on the substrate
(Figure 5.2 (a)). After electroplating of Ni on the substrate (Figure 5.2 (b)), Si was
removed by KOH etching (Figure 5.2 (c)). Hot embossing of the COP substrate was
performed using hot embossing equipment (EVG520HE from EV Group Co.) (Figure
52 (d)). After coating an Au layer on the embossed surface (Figure 5.2 (e)), a

photoresist was patterned on the 3-D topographic structures by spray coating and

94



Chapter 5 Plastic chemical/biochemical microchips

photolithography methods [9] (Figure 5.2 (f)). Au electrode pattern were formed by
wet etching. Catalyst layers of the anode and cathode were formed by electroplating
Pt-Ru for the anode and Pt for the cathode, onto the Ti/Au 3-D electrodes (Figure 5.2
(g)). Finally the uDMFC was assembled by placing a PEM membrane between the
silicon substrate and the glass cover. These three layers were clamped mechanically
(Figure 5.2 (h)).

The performance of the pDMFC was tested at room temperature using 2M
methanol /0.5 M sulfuric acid/H,O as the fuel and O-sat/0.5 M sulfuric acid/H>O as
the oxidant. The O, saturated solution was prepared by using oxygen bubbling into 0.5
M sulfuric acid/H>O solution. The supply of fuel and oxidant was made by a micro

syringe pump connected to the fabricated uDMFC unit.

@) S,.}ed layer ©

Photoresist

() /

) Catalyst

(d) (h)

Glass
PEM

NN

COP

Fig. 5.2: Fabrication process of a COP-uDMFC: (a) wet etching of Si and coating seed
layer, (b) Ni electroplating, (c) removal of Si, (d) hot embossing, () Au evaporation,
(f) photoresist patterning, (g) Au wet etching and electrodeposition of catalysts and
(h) assembly.
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5.1.2 Results and discussion
The photograph of the plastic utDMFC is shown in Figure 5.3. Figure 5.4 shows the cell

voltage and power density vs. current density of the prototype device at the oxidant
and fuel flow rate of 10 mL/min. The open circuit voltage of 237 mV and the maximum
power density of 0.04 mW /cm?2 were obtained. In order to realize micro power sources,
large numbers of uDMFC are going to be integrated serially on a substrate. This

technique can apply to the COP-uDMEFC array chip which has many cells in parallel.

K 2mm
Fig. 5.3: Photograph of the COP-uDMEFC (before assembled) [1].
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Fig. 5.4: Power generation characteristic of fabricated uDMFC [1].
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5.2 MCE-ESI-MS microchip

5.2.1 Introduction

Mass spectrometry (MS) is one of the useful detection methods for microchip
electrophoresis (MCE). The advantages of combining MCE and MS (MCE-MS) include
high sensitivity, no need for the derivatization of samples and valuable for the analysis
of complex mixtures such as biomedical samples. In many cases, the electrospray
ionization (ESI) method is used as an interface of MCE-MS (MCE-ESI-MS) [10-15].
Tapered capillary of a spray nozzle was generally connected directly to the channel
outlet [12-15]. To generate stable electrospray, ESI voltage is applied through a liquid
junction [12-14] or at a spray nozzle having conductive coating [15]. However, there are
a few technical problems caused by the dead volume at a connecting joint between the
spray nozzle and the microchip. Efficiency of the spray strongly depends on the
structure of the nozzle. The conventional microchips for MCE-ESI-MS are generally
expensive because the chips were mainly made of glass or quartz. A few polymer
ESI-MS chips have been reported. Svedberg et al. [16] fabricated directly from the end
of the microchips that were made of polycarbonate (PC) or poly-methylmethacrylate
(PMMA) with injection molding. The emitter tip was coated with either
polymer-embedded gold particles or graphite particles as the conducting layer for
applying ESI voltage. A syringe pump was used for introducing the sample and stable
flow rate. Arscott et al. [17] fabricated a microchip which has a free-standing micro-nib
made of an epoxy-based negative photoresist SU-8 and a silicon wafer which
supported the nib-structure. This chip had no lid and a sample droplet was placed on
the reservoir. The ESI voltage was applied via the droplet directly using a Pt wire.
Chiou et al. [18] fabricated an ESI nozzle which had no dead volume between the spray
nozzle and the microchannel using poly-dimethylsiloxane (PDMS) casting techniques.
The ESI voltage was applied through a Pt wire embedded with the PDMS chip. Since
these three ESI-MS chips did not have MCE channels, no MCE-ESI-MS analysis results
were reported in these references.

In this section, a COP microchip for MCE-ESI-MS is fabricated by hot embossing and
low-temperature direct bonding. An ESI emitter tip is fabricated directly on the
opening of a separation channel. Stable ESI is achieved at low flow rate without
external pump. Since the structure of the nano-electrospray tip enables neglected dead
volume in the ESI interface, an efficient spray of a sample solution and higher

separation efficiency are expected. MCE-ESI-MS analysis is demonstrated
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by using the microchip.

5.2.2 Experimental procedure

Design of the microchip

Figure 5.5 shows design of MCE-ESI-MS microchip. The microchip consists of a
conventional cross-type microchannel for MCE separation and a nanospray tip for ESL
An Au electrode was formed around the nanospray tip. The ESI emitter tip was formed
directly at the separation channel outlet. Dimensions of the channel are 50 pm in width
and 20 um in depth and 30 mm in length. The width of the outlet channel tapers from
50 pm to 10 pm.

Fabrication process

Fabrication process of the MCE-ESI-MS microchip is shown in Figure 5.6. A silicon
mold with the conventional cross-type channel configuration for the MCE separation
was fabricated by photolithography and deep-reactive ion etching (Deep-RIE). The
microchannel pattern was fabricated by embossing a COP plate (Zeonex480) (Figure
5.6 (a)). The embossing temperature was 165 °C, and the press strength of 1400 N was
applied for 4 min. The dimensions of the COP plate were 12.5 mm % 40 mm % 1 mm. To
prevent from bending of the COP plate caused by thermal stress after hot embossing,
ten through holes (diameter 2 mm) were drilled on non-embossing area before hot
embossing (see Fig. 5.8 (a)). Then, the surface of the microchannel plate and a COP lid
are treated by an O» plasma activation bonding system (EVG810LT). The dimensions of
the lid were 12.5 mm x 40 mm % 1 mm. The treatment was carried out at 100W plasma
power and chamber pressure of 0.4 mbar for 30 sec. Direct bonding between the
substrates each other was performed under contact force of 1000N at 120 °C (lower
than glass transition temperature (Tg) of the COP) for 5 min using EVG520HE (Figure
5.6 (b)). After bonding, the ESI emitter was machined directly on the COP chip. The
tapered tip was structured by a circular saw (Figure 5.6 (c)). Four microchips were
fabricated by changing the tip angle « of 180 ° (non-tapered), 90 °, 60 °, and 30 °. The Au
emitter electrode around the spray tip is formed by electron beam evaporation (Figure
5.6 (d)). Thickness of the Au film was 200 nm. To reduce the size of droplets formed at
the spray tip, hydrophobic surface around the nozzle is effective. The surface of the Au
electrode was modified with alkanethiol by soaking it in 1% mercaptooctadecane in

methanol for 30 min. Finally, the surface of Au was washed by ethanol and water.

98



Chapter 5 Plastic chemical/biochemical microchips

50 um
mm
20 pum
10 um
Channel opening
Bufter inlet
Sample inlet

12.5 mm S
O

Sample waste

.\
<

Augelectrode

COP plates
Fig. 5.5: Design of MCE-ESI-MS microchip [3].
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Fig. 5.6: Fabrication process of the MCE-ESI-MS microchip; (a) hot embossing, (b)

low-temperature direct bonding, (c) tip structuring: elevational view (left) and top

view (right), and (d) Au evaporation [3].
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ESI experiments

The COP MCE-ESI-MS microchip was evaluated in ESI experiments including
observation of the Taylor cone formation, the infusion analysis, and MCE-ESI-MS
analysis using mass spectrometer. Schematic diagram of the experimental setup is
shown in Figure 5.7. The target grounded electrode (MS orifice) was spaced a few
millimeters from channel opening. Vsgp is defined as the potential difference between
the buffer inlet and the ESI electrode as shown in Figure 5.7. Vs is defined as the
applied voltage to the ESI electrode.

For observation of the Taylor cone?, 20 mM phosphate buffer liquid was used as the
sample solution. The Vsgr was 1.0 kV, and the Vest was 2.0 kV. The estimated flow late
by measuring the electroosmotic flow (EOF) as reported by Sze et al. [20] was about 0.1
puL/min. The difference in the tip angles « was also observed.

For the infusion analysis with electroosmotic flow, 1000 ppm caffeine (Mw 194) in 10
mM ammonium acetate was continually infused. The Vsgr was 1.0 kV, and the Vis; was
1.8 kV. Ionized caffeine was detected by a quadrupole mass spectrometer
(LCMS-2010A from Shimadzu Co.).

For the MCE-ESI-MS analysis, 1000 ppm arginine (Mw 174) and caffeine (Mw 194) in
10 mM ammonium acetate were used as sample solutions. The Vsgp was 1.3 kV, and the
Vest was 1.8 kV. The sample solutions were injected into the separation channel by the
gated injection technique.

For stability and reproducibility test, MCE-ESI-MS analysis was carried out
repeatedly, by using caffeine in 10 mM ammonium acetate as a sample solution. A
MCE-ESI-MS microchip (a = 30 °) was reused and the reproducibility of the peak

heights detected as MS spectrum was observed.

tTaylor cone is equilibrium shape of a free liquid surface at the end of an ESI electrode in a
sufficiently intense electric field [19].
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Fig. 5.7: Experimental setup for ESI experiments. The grounded target was spaced a

few millimeters from channel opening.

5.2.3 Results and discussion

Fabricated microchip

Whole view of the COP microchip and scanning electron microscope (SEM) image of
the spray tip (a = 90 °) are shown in Figure 5.8. The channel outlet of 10 pm in width
and 20 um in depth formed at the spray tip was observed. At the direct bonding
process, deformation of the channel structure was negligible because bonding is
performed at the temperature lower than T,. Even after ESI tip structuring by a circular
saw, there was no crack at the bonded interface because of its sufficient bonding

strength.

ESI measurements

Photomicrographs of the channel outlet at the experiments of Taylor cone formation
are shown in Figure 5.9. The Taylor cone was not formed at the non-tapered tip (a =
180 °) (Figure 5.9 (a)), while it was formed at the tapered emitter tips (o= 90°, 60°, 30°)
(Figure 5.9 (b-d)). The success rate of the Taylor cone formation increased with
decreasing the tip angle a. This reason was expected that broadening droplet along the

tip surface could be avoided by structuring the sharp emitter tip.
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Fig. 5.8: Fabricated MCE-ESI-MS microchip (a = 90 °); (a) whole view and (b) SEM
image of the ESI tip [3].

(d)

Taylor cone

100_Em

Fig. 5.9: Photomicrographs of the channel outlet at the experiments of Taylor cone
formation; the tip angle a of (a) 180 °, (b) 90°, (c) 60°, and (d) 30° [3].
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Fig. 5.10: Detection of caffeine by infusion analysis: (a) electropherogram and (b) MS

spectrum of caffeine [3].

The electropherogram and the MS spectrum obtained with an infusion analysis of
caffeine (o = 30°) are shown in Figure 5.10. The protonated ion of caffeine (m/z 195)
was observed in the positive ion mode (Figure 5.10 (b)). The electropherogram is stable
and the background noise in MS spectrum is very small. These results indicate that

stable ESI were achieved.

Figure 5.11 shows the separation of arginine and caffeine by MCE-ESI-MS at o = 30 °.
Injection time was 1 s, and MS detection mode was positive ion mode. Complete
separation of the sample in the MCE-ESI-MS analysis was obtained. Arginine and
caffeine were successfully detected as protonated molecules [M+H]*. The background
noise and contamination noise from the other sample are negligible. Thus, the
fabricated COP microchip can be employed as the MCE-ESI-MS analysis device.
However, the peak of caffeine is very small in the electropherogram; the values of
caffeine are multiplied twenty times in Figure 5.11 (a). Caffeine is neutral and shows
lower detection sensitivity compared to cationic species such as arginine. Since the
electrophoresis speed of arginine is faster than that of caffeine, concentration of
arginine seems to be occurred at sample injection. Another problem is broadening the
bands (~ 10 sec) in Figure 5.11 (a). This effect was strongly affected by the negative
pressure generated in the MS orifice as reported by Tachibana et al. [13]. This problem

can be overcome by using a microchip with the longer separation channel.
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Fig. 5.11: MCE-ESI-MS analysis of caffeine and arginine; (a) electropherogram, (b)
MS spectrum of arginine (t = 0.643 min) and (c) caffeine (t = 0.710 min) [3];

t: migration time.

Figure 5.12 (a) shows the peak heights of MS spectrum at 1st, 3rd, 5th, 7th, 10th, 12th,
and 14th run in stability and reproducibility test. Stable MS detection was achieved
and reproducible peak heights were kept up to 13 times. The residual standard
deviation (RSD) of the peak height was 9.4 %. At the 14th run, the peak was not
detected. Figure 5.12 (b) shows photomicrographs of the nano-electrospray tip after 1st,
5th, 10th, and 14th run in this test. After 10th run, optical transparency of the tip was
increased obviously. It is indicated that thickness of the Au film decreased. After 14th

run, the decrease area was expanded, and deformation of the tip structure was
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observed. The obvious decrement of the peak at 14th run was caused by the

deformation or damage of the Au electrode. The damages of the bonding interface
were not observed. The Au thickness looked thinner; however, it was still remained on
the COP tip. These results indicate that bonding strength of the COP plates and the
adhesion strength of the Au film are strong enough. The stability and reproducibility

of the fabricated nanospray tip is sufficient in practical use.
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Fig. 5.12: Results of stability and reproducibility test of ESI tip: (a) reproducibility of
the peak height detected as MS spectrum; (b) photomicrographs of the
nano-electrospray tip after 1st, 5th, 10th, and 14th run [2].
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5.3 Plastic blood analysis chip

5.3.1 Introduction

In order to observe blood flow behavior in vivo capillary vessels, Kikuchi et al.
developed a blood analysis chip made of silicon [21,22]. This chip has microchannel
array, which equivalent diameter is 6 um. When human blood is flowed into the
microchannels, platelet aggregation was observed after channel passage due to
activation of platelet. This chip is used for the evaluations of the shear stress sensitivity
of platelets, the adhesion of white blood cells and the hardness of red blood cells from
blood transit time as well as the blood flow images. Several experiments have been
reported by using these chips [23,24]. Since the commercialized blood analysis chips
are fabricated by silicon fabrication process, cost of chip is one of the problems in
actual use.

In the case of the blood analysis chip made of silicon, thermal oxidation for
hydrophilic treatment (changed SiO,) was performed to introduce blood into the
microchannels smoothly. In order to realize reproducible blood analysis, the highly
hydrophilic surface modification methods are requested. Long-term stable hydrophilic
surface and anti-adhesion of biomaterials (platelets and white blood cells) as well as
biocompatibility are also required. However, the surface by thermal oxidization causes
adhesion of biomaterials on the chip surface.

The author fabricated the blood analysis chip made of PMMA [25-27] in our previous
work. Since the multistep structures are formed at once by hot embossing or injection
molding, low-fabrication cost is realized. Hydrophilic organic films (MPC
(2-methacryloyloxiethylphosphorylcholine) [25,27] or ozone-treated polyurea [26])
were coated on the PMMA chip for smooth flow and anti-adhesion of biomaterials. On
the other hand, since the organic film-coated surfaces were recovered to hydrophobic
after washing by water, adhesion of biomaterials were often observed on the
microchannel surfaces after washing. For reproducible measurements, improvement of
the surface stability is required.

The author applies VUV/Os-treated polyurea film (see Chapter 4) for the PMMA
blood analysis chip. The performance of the surface treatment is evaluated by flowing

actual human whole blood.
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5.3.2 Experimental procedure

Fabrication process

Fabrication process of the blood analysis chip is shown in Figure 5.13. The blood
analysis chip was structured by injection molding of PMMA (PARAPET GH-S from
Kuraray Co., Ltd.) (Figure 5.13 (a)). The nickel stamp is fabricated by photolithography
and electroforming [25,27]. After evaporation of aluminum on the chip surface to
observe with epi-illumination (Figure 5.13 (b)), polyurea film was coated and treated
by VUV/O; (Figure 5.13 (c)). Thickness of the polyurea film was about 140 nm. The
VUV/Os-treatment conditions were chamber oxygen pressure p of 3.0 x 10* Pa,
treatment time t of 20 min, and distance between the lamp window and the sample

surface d of 142 mm.
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Fig. 5.13: Fabrication process of a blood analysis chip: (a) injection molding of

PMMA by using Ni mold, (b) evaporation of Al, and (c) polyurea film coating and
VUV/QOs; treatment [6].
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Measurement setup

Special chip assembly for blood flow test was used as shown in Figure 5.14. As in the
case of a conventional silicon chip [21-24], fabricated PMMA chip was contacted with
flat glass plate mechanically.

A micro channel flow analyzer (MCFAN from Hitachi Haramachi Electronics Co.,
Ltd.) as shown in Figure 5.15 was used to characterize the fabricated PMMA chip. The
fresh human whole blood (100 pL, heparin addition (5%)) was flowed into the chip
under a pressure difference of 20 cm H>O. The contentious imaging of the blood flow
was performed to evaluate the adhesion of the platelets and white blood cells. For
comparison, conventional silicon chip was also measured. The PMMA chip is reused
once more after the first blood flow test. The PMMA chip is washed by ultrasonic

cleaning in surfactant induced water for removing blood.
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Fig. 5.14: Chip assembly for blood flow test and its photograph [6].
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Fig. 5.15: Experimental setup for blood flow analyzer [6].

108



Chapter 5 Plastic chemical/biochemical microchips

5.3.3 Results and discussion
Figure 5.16 (a) and (b) is a whole view and SEM micrographs of the fabricated chip.

This chip has 300 pm-wide and 85 pm-deep channels for introducing blood sample,
and 6 pm-wide and 5 pm-deep microchannels for observation.

The images of human blood flow of the conventional silicon chip and the newly
developed PMMA chip are shown in Figure 5.17. The adhesion of platelets and white
blood cells was significant in the case of a silicon chip (Figure 5.17 (a)) while almost no
adhesion was observed in the case of a PMMA chip coated with the polyurea film
(Figure 5.17 (b)). Even the reused polyurea chip shows almost no adhesion (Figure 5.17
(c)). These results indicate that this polyurea film treated by VUV/O; has remarkable

advantages in the blood analysis chips.

Wide-channel
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s
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Fig. 5.16: (a) Whole view and (b) SEM micrographs of the fabricated blood analysis
chip [6].
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Fig. 5.17: Images of blood flow in (a) Si chip for reference, (b) PMMA chip coated
polyurea film, and (c) reused PMMA chip after ultrasonic cleaning with

surfactant-induced water [6].
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5.4 Conclusion

A pDMEFC device was realized on COP substrate. Microchannel pattern was
fabricated by hot embossing. The plastic pDMFC with 3-D electrodes succeeded in
generating electricity. The open circuit voltage of 237 mV and the maximum power
density of 0.04 mW /cm? were obtained at room temperature with 2M methanol. This
technique can apply for a pDMFC array chip which has numbers of cells in series.

A MCE-ESI-MS microchip was fabricated by hot embossing and low-temperature
direct bonding. The ESI emitter tip structure was formed directly at the MCE outlet.
Since these microchips enable negligible dead volume at the electrospray port, efficient
spray of the sample necessary for acceptable resolution of MS was realized. It also
achieved stable spray at the low flow rate of about 0.1 pL/min without an external
pump. By applying the fabricated COP chip for actual MCE-ESI-MS chemical analysis,
successful separation and detection of caffeine and arginine was achieved. The
fabricated COP microchip can be employed as the MCE-ESI-MS analysis device.
Long-term stable MS spectrum was obtained and the reproducible results were
observed up to 13 times. Low cost and reusable plastic MCE-ESI-MS chip can be
realized.

The VUV /Os-treated polyurea film was applied for PMMA blood analysis chip which
has blood cell behavior detection microchannels (equivalent diameter: 6 um). The fresh
human whole blood was flowed into the chip. The adhesion of platelets and white
blood cells was significant in the case of a silicon chip, while almost no adhesion was
observed in the case of VUV/Os-treated polyurea coated chip, even after ultrasonic
cleaning in surfactant induced water. This polyurea film treated by VUV/Os has
remarkable advantages in the blood analysis chips.

These applications indicate that the fabrication methods previously described in

Chapters 2, 3 and 4 are applicable for fabrication of actual plastic microchips.
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Chapter 6
Conclusion

Through creative experiments, the author has being worked to establish the
foundations of high precision plastic micro/nanofabrication such as high precision hot
embossing, low-temperature direct bonding, and surface modification using aromatic
polyurea film. Functional chemical/biochemical microchips were successfully
fabricated by combination of these methods.

The summary of this work discussed in Chapters 1-5 is as follows:

Chapter 1 introduced the thesis by summarizing the trends in relevant technical fields.
The author provided the technical backgrounds of plastic micro/nanofabrication
methods which required for low-cost fabrication of chemical/biochemical microchips.

The required issues on fabrication methods for plastic microchips were also described.

Chapter 2 described high precision hot embossing of plastic substrates. Flat embossed
surface which is required for successive low-temperature bonding was realized by
optimization of mold structure and demolding conditions. Etching condition to realize
smaller scallops of deep-reactive ion etching (Deep-RIE) was chosen to decrease the
rounded slope at the bottom edge. In hot embossing of poly-methylmethacrylate
(PMMA), the failures such as burr height were minimized to be less than 1 um under

the demolding temperature of 80 °C.

Chapter 3 described low-temperature direct bonding methods of PMMA and
cyclo-olefin polymer (COP). In order to bond plastics at lower than glass transition
temperature Ty, pretreatments of oxygen plasma, atmospheric-pressure plasma,
UV/0Os, vacuum UV (VUV), and VUV/Os3; were examined. The mechanisms of
low-temperature direct bonding using oxygen plasma, VUV and VUV/Os treatments
were investigated using surface analysis methods. Increment of polar functional
groups and/or decrement of the T, on the surface were observed after the pretreatment.

The low-temperature direct bonding is originated in dipolar interactions between the
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polar functional groups, and/or cross-diffusion of the low-T; layers. This bonding
method can be applicable for fine microstructures of smaller than micron meter-scale.
An Au-electrode-embedded functional COP microchip was also successfully

fabricated.

In Chapter 4, surface modification and low-temperature bonding processes were
combined by using aromatic polyurea film. The polyurea film was coated on plastic
surface and treated by VUV /Os. Highly stable hydrophilic surface was obtained after
the treatment. The VUV /Os-treated polyurea film can be used as intermediate layers
for low-temperature bonding of PMMA. The highly hydrophilic surface of the
microchannel was retained even after the thermal bonding process. This bonding

method was applied for fabrication of electrophoresis microchips.

Chapter 5 explained three kinds of plastic chemical/biochemical microchips realized
by high precision plastic micro/nano fabrication methods.

A micro direct methanol fuel cell (WDMFC) device was realized by hot embossing of
COP. The plastic pDMFC with 3-D electrodes succeeded in generating electricity. The
open circuit voltage of 237 mV and the maximum power density of 0.04 mW /cm?2 were
obtained at room temperature with 2M methanol.

A MCE-ESI-MS microchip is fabricated by hot embossing and low-temperature direct
bonding of COP. The electrospray ionization (ESI) emitter tip structure was formed
directly at the microchip electrophoresis (MCE) outlet. Since these microchips enable
negligible dead volume at the electrospray port, efficient spray of the sample necessary
for acceptable resolution of mass spectrometry (MS) was realized. It also achieved
stable spray at the low flow rate (~ 0.1 pL/min) without an external pump. By
applying the fabricated COP chip for actual MCE-ESI-MS chemical analysis, successful
separation and detection of caffeine and arginine was achieved.

The VUV /Os-treated polyurea film was applied for PMMA blood analysis chip which
has blood cell behavior detection microchannels (equivalent diameter: 6 um). The fresh
human whole blood was flowed into the chip. Almost no adhesion of platelets and

white blood cells was observed in VUV /Os-treated polyurea coated chip.

This thesis shows possibility to realize functional plastic microchips of smaller than
micron meter-scale. In addition, these fabrication methods are significant stepping

stones to technological development of functional plastic micro/nano devices in future.
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Thus, the results of these works greatly contribute on various scientific fields such as

micro/nanoelectronics, analytical chemistry, biochemistry, and life science.

Future works on high precision plastic micro/nanofabrication will include further
investigation of low-temperature bonding mechanisms, optimization of
low-temperature bonding conditions. The investigations of this thesis are
indispensable for future commercialization of functional chemical and biochemical

microchips applicable for life science and human health care.
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