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Abstract 

                                    

The thesis describes the development of laser-assisted bonding methods for assembly of 

microfluidic devices and MEMS packaging. A laser microwelding technique for 

assembly of transparent polymer substrates for fabrication of microfluidic devices was 

studied. The transparent PMMA substrates were bonded together using a high power 

diode laser system with a broad top-hat beam profile and an intermediate titanium thin 

film consisting of 0.7 mm diameter spots. A tensile strength of 6 MPa was achieved for 

this novel method which is comparable to that of the previous work in laser welding of 

polymers. It has been demonstrated that the method is capable of leak free encapsulation 

of a microfluidic channel. Furthermore, a novel laser-based method using an LCP film 

for packaging of MEMS, sensors and other microelectronic devices has been 

investigated. The results show that it is possible to use a laser based method with an 

LCP polymer for high quality substrate bonding applications. Glass-glass based cavities 

allow optical transmission and have potential applications for optical sensors and other 

photonic devices. For glass-glass bonding, it was shown that thin film titanium material 

can be used as an effective optical absorber in the laser based LCP bonding technique. 

Laser bonding of glass and silicon using an LCP film has also been achieved but in this 

case the silicon substrate acted as the absorber to capture the laser power. Laser bonding 

of a silicon cap to a molded LCP package has also been demonstrated successfully. The 

results of temperature monitoring using embedded sensors show that the temperature at 

the base of the LCP package (~130C) is substantially lower than the bonding 

temperature (> 280C). The results of shear and leak test show good reliability and 

hermeticity of the laser bonded microcavities. Both two-dimensional and 

three-dimensional models of heat transfer are developed and studied using the 

COMSOL Multiphysics software tool to understand the localised laser heating effects. 

The results are in good agreement with those of the practical work.  
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Chapter 1  Introduction 

 

1.1  Introduction 

MEMS is acronym for Micro-electromechanical systems that originated in the United 

States and are also referred to as Micro System Technology (MST) in Europe and 

Micromachining in Japan. MEMS devices are very small and their components are 

usually microscopic [1]. Pumps, sensors, values, gears, actuators and even steam 

engines have been successfully fabricated by MEMS. Since early 1950’s, MEMS has 

gradually made its way out of research laboratories and into industrial products. In the 

mid-1990’s, MEMS elements started coming out in larger number of commercial 

products and applications including pressure sensors for medical applications, inkjet 

printer heads and accelerometers used to control airbag deployment in vehicles. Later, 

other products were developed such as lab on chip, MOEMS, RF-MEMS and 

microphones.   

 

Micro-electromechanical systems (MEMS) are technologies used to achieve small 

integrated devices and systems that associate electrical and mechanical components.  

They have characteristic sizes ranging from micrometers to millimeters and the size also 

make them possible to be integrated into a wide range of systems. Generally, 

mechanical microstructures, microsensors, microactuators and microelectronics are 

constituents of MEMS and all of them are integrated onto a silicon chip which is shown 

schematically in Figure 1.1 [1].   

 

  

Figure 1.1: Schematic diagram of MEMS components [1]. 

 

Since MEMS have small size and weight features, they are attractive and widely used in 

Microsensors Microactuators 

Microelectronics Microstructures 

MEMS 
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many applications which allow devices to be miniaturized. Moreover, parallel 

fabrication of thousands of systems can be processed with many MEMS fabrication 

technologies in the integrated circuit industry that may economize the manufacturing 

cost and enhance the reliability. Similar to other technologies, MEMS present some 

challenges. Due to most of the microsystems operating at a size scale far below normal 

mechanical devices, it is extremely difficult to control the surface forces which means a 

little bit over-force may lead to the device being damaged. Besides for MEMS 

components, every part presents a challenge which is why the surface must be kept 

clean and free of contamination to achieve the optimal application. Finally, the 

processing temperature acts as an important factor and is difficult to control on both 

inner and exterior MEMS devices.  

 

The area of microfluidics, also referred to as lab-on-a-chip, has become a growing field 

in the last decade and offers significant potential in future applications. The original 

concept of microfluidics is the operation and analysis of fluids in micro-channels which 

are fabricated by micro-engineering techniques. Microfluidics devices offer effective 

benefits in fluid delivery, drug synthesis, inkjet printing, bioarrays, and biomedical 

engineering (BioMEMS). Originally, silicon and glass were primary used in the 

fabrication of microfluidic channels by micromachining methods. Then, several other 

types of polymers have been applied for creating microfluidic channels, such as SU-8, 

polymethyl methacrylate (PMMA) and polydimethyl dimethylsiloxane (PDMS). The 

main reason for interest in polymers is because of their low cost, fast processing time, 

ease of processing, and potentials of achieving flexible transmutable modules. The 

bonding and sealing of polymer based microfluidic devices without any deformation or 

damage of fabricated microstructures is a considerable problem. Several bonding 

methods of microfluidics devices have been studied such as indirect bonding methods   

(adhesive bonding) and direct bonding approaches based on thermal fusion bonding, 

solvent bonding, and localized bonding techniques.   

 

1.2  Aims and Objectives of the Thesis Work 

The main aim of this study is the development of fabrication processes for sealing of 

microfluidic devices and packaging of MEMS devices based on laser welding 

technology. The main objectives can be briefly described as follow: 

 

  Developing and designing several masks which could be suited for PMMA and 
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LCP manufacturing.  

  Fabricating microchannel for testing the sealing of microfluidic application based 

on laser bonding technology.  

  Developing and fabricating near-hermetic MEMS packages by using an 

intermediate LCP film.  

  Creating development of monitoring approximate temperature during the laser 

bonding MEMS packages process.  

  Understanding and optimizing the parameters of the thermal transfer in term of 

laser bonding process based on COMSOL simulation.  

 

1.3  Layout of Thesis 

Chapter 2 provides a comprehensive overview of traditional bonding methods for 

microfluidic devices and MEMS package. The fabrication processes to create 

microfluidic devices and bonding approaches of microfluidic systems based on 

thermoplastics are reviewed. Then the reviews of MEMS package using global heating 

method are presented. In addition, laser bonding technology for microfluidic devices 

and MEMS packaging are discussed.     

 

Chapter 3 reports the material preparation, theoretical investigations and experimental 

results of laser bonding PMMA substrates. Different bonding parameters are analyzed 

such as laser output power, bonding time and bonding force. At the beginning, the 

theory of the laser system used in this study is presented. Then the material preparation 

in terms of PMMA mask designing by CO2 laser micro-machining and PMMA substrate 

cleaning and metal film deposition are demonstrated. After that, numeric models with 

several process parameters of laser bonding PMMA substrates are analyzed to achieve 

the optimal bonding conditions including the analysis of bonding melt zone and heat 

affected zone. Based on the best bonding parameters, more designs of metal film 

patterns are applied on PMMA substrates to test the bonding strength and to achieve the 

optimal PMMA joining effects that could be used in practical microfluidic devices. 

Finally, a simple microfluidic system is bonded to test this bonding method. 

 

In chapter 4, the method of laser bonding MEMS devices using an LCP film as the 

adhesive layer is studied. As an important adhesive material, the properties of LCP are 

discussed in details. Then the method of micromachining LCP by using a CO2 laser 

system is described. Following that, several LCP packaging design configurations are 
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presented including the bonding parameters and temperature monitoring during the 

bonding process. After this, quality tests such as shear force testing and leak testing are 

presented within several approaches. Finally, SEM images of cross-sectional of different 

configurations are viewed and analyzed.    

 

In chapter 5, the temperature distribution during laser processing of microfluidic devices 

and MEMS packaging is simulated by COMSOL. Two-dimensional and 

three-dimensional time-dependent models of heat transfer are developed including 

different process parameters such as laser power and heating times. And the material 

properties and heat transfer equation are described. Compared with the practical 

experiments, the temperature distributions of several configurations in term of 

microfluidic devices bonding and MEMS packaging are simulated.  

 

Chapter 6 provides all the conclusions of the study presented in this project.  

Suggestions for future work are also discussed at the end.  
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Chapter 2  Literature Review 

 

This chapter presents a review of the previous techniques for sealing of microfluidic 

devices and packaging of microelectronic and microelectromechanical systems. First, 

the development and challenges in packaging of micro-devices are discussed. Then 

several bonding methods for packaging of micro-devices are reviewed including 

microfluidic system sealing methods and MEMS packaging approaches. Furthermore, 

laser bonding techniques such as for thermoplastics and laser bonding for packaging of 

MEMS devices are described.  

 

2.1  Sealing of Microfluidic System  

The area of microfluidic systems has had considerable attention over the past two 

decades. This is because these devices are able to manipulate liquid through a series of 

micro-channels, pumps and filters at the submillimeter level in order to process DNA, 

proteins and other cells in nano volumes [2]. Over the years, a number of applications of 

microfluidic systems have been demonstrated. Development of bonding techniques has 

been one of the major fields of research in microfluidic systems.   

 

Several materials have been used to produce the structures of microfabricated devices 

such as silicon, glass, polymers, metals and ceramic materials. Silicon has been widely 

used since the material and the fabrication processes were available in the early days of 

the field. Glass was also vastly used in microfluidic system, in particular for biological 

applications, because most of the biochemical behaviors can be monitored through glass 

[2]. Compared to silicon and glass, thermoplastics as substrate materials for 

microfluidic systems have significant industrial advantages such as low raw material 

cost, low manufacturing cost and simple to process [3]. In the early development of 

thermoplastic microfluidic systems, polycarbonate (PC) and poly(methyl methacrylate) 

(PMMA) were largely studied because of their useful properties, for example, good 

optical transmission at both visible and UV wavelengths, good solvent and chemical 

compatibility and good molding ability. Recently, cyclic olefins polymer (COC and 

COP) have widely appeared as microfluidic materials because of their attractive 

properties which are low water absorption and high optical transparency into the UV 

range [4]. Some of other engineering thermoplastics have also been used for 

microfluidic systems including polystyrene (PS), polyethylene terephthalate (PET), 

polyetheretherketone (PEEK), parylene and fluoropolymers such as 
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polytetrafluoroethylene (PTFE) and fluorinated ethylene propylene (FEP). Since 

microfluidic systems often required optical detection, most thermoplastics are 

amorphous materials and offer wide wavelength range of transmission in lab-on- a-chip 

systems. However for PET, it is either transparent or opaque depending on the grade and 

processing conditions [5]. Several important properties of thermoplastics materials for 

microfluidic devices are summarized in Table 2.1 [3].   

 

Table 2.1: Properties of common thermoplastic materials [3]. 

Polymer Tg(°C) Tm(°C) CTE 

(10
-6

/°C) 

Water 

Absorption 

(%) 

Solvent 

Resistance 

Optical 

transmissivity 

Visible UV 

COC/COP 70-155 190-320 60-80 0.01 Excellent Excellent Excellent 

PMMA 100-122 250-260 70-150 0.3-0.6 Good Excellent Good 

PC 145-148 260-270 60-70 0.12-0.34 Good Excellent Poor 

PS 92-100 240-260 10-150 0.02-0.15 Poor Excellent Poor 

PP -20 160 18-185 0.10 Good Good Fair 

PEEK 147-158 340-350 47-54 0.1-0.5 Excellent Poor Poor 

PET 69-78 248-260 48-78 0.1-0.3 Excellent Good Good 

PE -30 120-130 180-230 0.01 Excellent Fair Fair 

PVDC 0 76 190 0.10 Good Good Poor 

PVC 80 180-210 50 0.04-0.4 Good Good Poor 

PSU 170-187 180-190 55-60 0.3-0.4 Fair Fair Poor 

Tg-glass transition temperature (Tg characterizes the transition from true solid to very viscous liquid), 

Tm-melting temperature (Tm of a solid is the temperature at which it changes state from solid to 

liquid at atmospheric pressure ), CTE-coefficient of thermal expansion. 

 

Normally, microfluidic bonding methods can be categorized into two main types that 

are indirect bonding and direct bonding. In the indirect bonding technique, an additional 

glue or epoxy layer is applied to bond one substrate to another one. However, in the 

direct bonding technique two substrates are bonded together without any additional 

intermediate materials. Here some typical bonding techniques that have been used for 

bonding microfluidic systems are discussed, and several issues which affected the 

development of the field are also described.  

 

2.1.1  Adhesive Bonding 

Adhesive bonding has been extensively used for bonding polymer microfluidic systems 

since this technique is relatively simple and is easy to use [6-10]. The simplest adhesive 
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bonding method is to use a glue to bond the substrates, for example, using liquid 

adhesives through the evaporation of solvent or epoxies and acrylates which can be 

cured using catalyzing agent [11-12], but the main challenge of this method is channel 

clogging. Generally, adhesive bonding is processed by using a thin layer such as a high 

viscosity liquid adhesive to form a bond after curing by UV light irradiation. In order to 

prevent the adhesive from clogging the microchannels, various approaches have been 

studied. Figure 2.1 shows a contact printing process has been developed in which a 

stainless steel plate and a sacrificial channel network design were used to produce a thin 

adhesive layer in a rubber pad for printing onto a microfluidic substrate for bonding [8].  

 

 

Figure 2.1: Adhesive application using a contact printing process. (1) Adhesive was poured on a steel 

plate with a hollow. (2) Adhesive was spread over the plate using a blade. (3) Adhesive 

was applied on a silicon rubber pad. (4) The silicon pad was removed with adhesive. (5) 

The silicon pad with adhesive was deposited on the PMMA chip. (6) The excessive 

adhesive was removed by sacrificial channels [8]. 

 

Another attractive approach for adhesive bonding is based on a laminated film because 

the commercial laminators are inexpensive and easy to use. A range of laminate films 

are available with thickness as low as 40 μm. For thermal lamination, they consist of a 

polymer layer coated with an adhesive resin which is activated at promoted 

temperatures between 100°C and 150°C. A range of basic lamination processes have 

been reported such as using a thin COC sheet within an intermediate solvent mixture as 

an adhesive lamination film [13], or using dry lamination films to form an uncrosslinked 

photopatternable resin (SU-8) spun onto a polyethylene terephthalate (PET) backing 

sheet in opposition to another crosslinked SU-8 layer [14].  

 

2.1.2  Thermal Fusion Bonding 

In direct thermal fusion bonding, two substrates are pressed together under a pressure 

and are heated up to a temperature above the glass transition temperature (Tg) of one or 

both of the substrate materials. In this case, the interface between the two substrates can 

be in close contact and strong bonding can be obtained since the combined temperature 
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and pressure can generate sufficient flow of polymer materials. One of the most 

important advantages of direct thermal fusion bonding is the homogeneous surface 

properties of the microchannels when the same materials are used for both the lid and 

the substrate of the microchannels. Due to the two advantages that are high bonding 

strength and simple approach to process, the thermal fusion bonding method is one of 

the most common methods for bonding microfluidic systems. Several thermoplastic 

materials have been widely used in thermal fusion bonding such as PC [15-19], PMMA 

[20-25] and COC [26-30]. A number of other polymers have also been explored for 

direct thermal bonding including polystyrene and polysulfone [31], polystyrene and 

copolyester [32]. 

 

One of the main challenges of thermal fusion bonding is channel distortion because of 

the high temperature or pressure. In order to prevent excessive polymer flow and restrict 

deformation of the embedded microchannels, precisely controlled temperature, pressure 

and time are crucial to achieving strong strength. In this situation, the use of a specially 

devised hot press [33-35] and high throughput roller laminator [27, 30] methods is 

generally preferred. There are some methodologies explored to reduce the degree of 

broken microchannel during thermal bonding. An interesting approach relies on the use 

of a high bond temperature of 165°C which is above the substrate Tg, while carrying out 

at low pressure to limit deformation of the substrates [22]. Excellent channel cross 

sections can be obtained using this method as shown in Figure 2.2.   

 

 

Figure 2.2: Cross-sectional images of laser micromachined PMMA channels with thermally bonding 

at 180°C and a low bonding pressure below 20 kPa [22].  

 

2.1.3  Solvent Bonding 

In solvent bonding, a solvent is used which can dissolve the polymer at room 
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temperature. When this happens, the chains of the polymer are moving in the liquid and 

mixing with some dissolved chains of the other substrate. Solvent bonding of 

thermoplastics makes use of polymer solubility in selected solvent systems to achieve 

interaction of polymer chains across the interface. When the surface of a thermoplastic 

is solvated, the polymer chains become unstable and can easily spread on top of the 

solvated layer resulting in a strong bond between the thermoplastic and the material it is 

being adhered to. According to the method, it is easy to achieve a high quality product 

whether fabricating prototypes or in mass production. Besides, polymer substrates are 

used solvent method can be applied either liquid or vapor phase. In conclusion, liquid 

phase applications are carried out using solvent and polymer systems with appropriate 

solvability parameters in order to prevent residual solvent within the polymer model to 

avoid deformations of channels during processing. The residual solvent absorption can 

also be blocked by using fast solvent exposure times.  

 

PMMA as a polymer material for solvent bonding for microfluidic applications has been 

widely reported. Before attaching PMMA substrates together under pressure of solvent 

bonding, they were immersed in ethanol for 10 min. Because the solvability parameters 

of PMMA and ethanol are different, the immersion processing could be carried out 

without channel deformation [36]. The PMMA based solvent bonding method has also 

been studied using methanol and isopropanol which applied solvent to the covered layer 

by fast bucking the polymer chip into a solvent bath. Under different pressures, 

temperatures and times to identify best process conditions, these chips were 

immediately removed and bonded to the microchannel plates [37]. Based on the results 

of the tensile test, the bonding strength can be as high as 23.5 MPa. In order to prevent 

microchannel deformation the solvent composition, exposure time and temperature must 

be under precise control. One solution was to use a sacrificial phase change material. In 

this method, the microchannels filled with liquid wax [38] or water [39] are cooled to 

solidify the sacrificial material. Once the ethelyene dichloride applied on the surfaces of 

the chips, the channel distortion can be actually eliminated since the sacrificial materials 

prevent solvation of the channels walls. The microfabrication process is described in 

Figure 2.3 [39].  
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Figure 2.3: Frozen water as a sacrificial layer was employed in solvent bonding process to protect 

the enclosed microchannels stability [39].  

 

2.1.4  Localized Bonding 

An interesting method unlike the adhesive and fusion based approaches for bonding 

thermoplastic substrates is to use ultrasonic energy to soften the interface between the 

bonding parts to produce a strong bond. The advantage of this method is that the 

ultrasonic energy can be applied locally to particular areas for bonding or to the entire 

interface [5]. An ultrasonic welding method for PMMA and PEEK microfluidic devices 

has been reported [40]. In this method, the microchannel chip and the cover plate were 

machined to contain energy directors and structures to generate the melt flow during 

welding process, and good bonding results were achieved by optimizing the bonding 

pressure, power and time as shown in Figure 2.4.  
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Figure 2.4: Cross-section microphotograph of PMMA microchannel with 500 μm square and sealed 

by ultrasonic bonding [40]. 

 

Another method of localized welding of thermoplastics is to use microwave energy to 

heat metal films placed between the bonding surfaces. In this technique a 100 nm thick 

layer of chromium/gold was coated onto an embossed PMMA substrate, and the cover 

plate was also deposited with a 100 nm metal film. Then the two substrates were 

clamped together and placed into a microwave chamber. The frequency of the 

microwave source was 2.4 GHz. When the microwave energy was applied, the PMMA 

was transparent and the metal films absorbed the microwave energy efficiently to melt 

the surrounding polymer materials resulting in localized bonding. The successful 

bonding was achieved with 10 W microwave power and 120 s of heating time [41].  

 

A method of employing nickel as an intermediate layer was also studied in low 

frequency induction heating of two PMMA substrates. The intermediate 50-100 nm 

thick nickel layer was deposited onto a PMMA substrate and was heated using different 

coils and frequencies [42]. The details of results are shown on Figure 2.5.   
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(a)                                  (b) 

Figure 2.5: The results of PMMA bonding in low frequency induction heating method: (a) bonded 

PMMA substrates with 7.5 μm thick nickel foil, and (b) cross-section microphotograph 

of bonded area [42]. 

 

2.2  Review of MEMS Packaging Methods 

For the commercialization of Micro-Electro-Mechanical-Systems (MEMS) products, 

one of the most crucial challenges is packaging. A suitable surrounding is provided by 

packaging of MEMS devices to improve their reliability. Packaging is often one of the 

most expensive steps in MEMS manufacturing, and it is also the main factor to 

determine the final response of MEMS devices. It often has an influencing effect on the 

microsystem performance. A number of technologies of MEMS and microsystems are 

required to achieve successful development, such as their packaging, assembly and 

low-cost fabrication. The long term stability and the cost of several MEMS devices are 

usually determined by packaging. Several techniques are required in many MEMS, for 

example, wafer level fabrication, temperature control, vacuum and hermetic 

encapsulation. In the previous studies, wafer bonding has been investigated and thin 

film approaches have attracted recent attention. For most of MEMS devices, bonding 

techniques are the most important requirements. A number of bonding methods have 

been studied so far, including anodic and eutectic bonding, adhesive, solder and laser 

joining using thin films such as glass frit and benzocyclobutene (BCB).  

 

2.2.1  Anodic Bonding 

Anodic bonding which is also known as electrostatic bonding, field assisted bonding or 

Mallory bonding, was first reported in 1969 [43]. Originally anodic bonding was used 

for glass to metal sealing, but nowadays it is used for bonding of silicon to glass 

applications in the production of microsystems and MEMS, for instance, encapsulation 

of sensors [44-46]. The classic configuration of the bonding process is shown in Figure 

2.6. For silicon wafer to glass wafer bonding, the two polished surfaces are kept clean, 
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then clamped to ensure intimate contact and at 400°C to 450°C of representative 

temperature and a voltage between 400 V and 1200 V is applied across the wafers to 

realize bonding at the interface. And the glass wafer acts as cathode and the silicon 

wafer as anode. Because of the increased temperature the movement of the sodium ions 

(Na
+
) is improved within the glass wafer. The positively charged Na

+
 move to the 

cathode and generating a depletion area in the glass side between the glass and silicon 

interface. The negatively charged and relatively constant oxygen anions are left behind 

creating a space charge region. And in the silicon side between the glass and silicon 

interface, an equivalent positive charge is generated. This leads to a strong electrostatic 

attraction of the bond interfaces driving them into close-contact. The oxygen anions are 

pulled to this interface induced by the high electric field and react with the silicon 

because of the increased bonding temperature. Bonding strengths ranging from 15 to 25 

MPa have been achieved between the two surfaces in an electrochemical reaction [44, 

46-48]. During anodic bonding, sodium rich glass wafers are needed such as Corning 

#7740, Corning #7070, soda lime #0080 and K4 glass [45, 46, 49-51].  

 

The main anodic bonding process include four steps: firstly, the polished and cleaned 

bonding surfaces are prepared in order to ensure a particle-free interface, then the 

polished surfaces of the wafers are clamped to make intimate contact and heated in an 

oven or on a hot plate to the required temperature, after that the bonding process is 

carried out by application of an electrostatic field, and lastly the wafer stack is cooled 

down after normally 5 to 10 min. For successful bonding, one of the key factors is the 

coefficient of thermal expansion (CET) of the bonding partners has a good match over 

the temperature range of the bonding process. Otherwise the bond can fail due to the 

mechanical stress at the interface after cooling to room temperature, or causing a wafer 

warping effect which might influenc the stability of the MEMS devices [43, 46, 49, 51].  

 

 

Figure 2.6: The schematic of anodic bonding [46]. 

Silicon           

Glass           

Heater               

Heater                

V    

 

 
 

V 

+ 

Cathode 

Anode 

Voltage  

source      



 

14 
 

 

In comparison to silicon fusion bonding, anodic bonding has an important advantage 

which is less stringent requirement on the surface flatness although it still requires clean, 

smooth and polished interface with less than 1 μm of surface roughness. The similar 

challenge of silicon fusion bonding and anodic bonding is that there might be 

non-bonded areas if the bonding surfaces are not free of dust particles [43, 50, 51]. For 

anodic bonding, the most important processing parameters are the bonding temperature 

and the voltage. Generally, stronger bonding can be achieved at higher bonding 

temperature (restricted to a maximum 450°C) and at stronger electric fields. If the 

temperature is higher than 450°C, the difference in the CTE of glass and silicon might 

cause excessive mechanical stress between the wafers and hence bond failure. 

 

Although anodic bonding is reliable and widely used in the MEMS industry, it has 

several limitations. The successful bonding requires particle-free and less than 1 μm of 

surface roughness which can only be guaranteed in controlled environments and also 

requires complex preparation of the bonding interface before bonding. In contrast to the 

other bonding methods it is restricted to bonding of materials with closely matched CTE. 

Moreover, during the anodic bonding process, the strong electric field requirement 

prevents the technique from being applied to packaging of sensitive electronics and 

other prefabricated devices like RF-MEMS [51]. 

 

2.2.2  Eutectic Bonding 

Eutectic bonding, which is also known as eutectic soldering, is a bonding method using 

intermediate metallic layers as the joining layer to form an eutectic alloy. There are 

several advantages in this technique, one of which is that the melting point of the 

eutectic alloy that is formed during bonding process is much lower than the melting 

temperature of the original materials. Usually, one of the main materials for eutectic 

bonding is the eutectic solder. For chip packaging, eutectic bonding has been a 

well-established method in the industry since the early 1990’s, the first application of 

wafer to wafer bonding for packaging of silicon microsystems was studied by 

Woffenbuttel in 1994 [52, 53]. For eutectic bonding, it is easier to achieve strong 

bonding in hermetic packaging with considerably lower temperatures than in the direct 

bonding approaches. In silicon eutectic bonding, gold as an important material, has been 

widely used in MEMS packaging [52, 54, 55]. At the temperature of 363°C, an eutectic 

alloy is formed with silicon at an eutectic composition of 19% Si and 81% Au. The 
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important thing is the melting point of 363°C is below the melting point of gold which 

is 1064°C and silicon which is 1414°C. The phase diagram is shown in Figure 2.7 [53].    

 

 

Figure 2.7: The phase diagram of silicon and gold [53]. 

 

During the eutectic bonding process, a liquid phase is directly formed while the 

compound is heated above the eutectic temperature of 363°C. The compound will keep 

fluid unless the temperature falls below the eutectic temperature or the concentration of 

the composition changes below the liquid line [52]. In order to achieve two wafers to 

bond together, silicon and gold must be applied to the bond interfaces to form the 

eutectic alloy. Generally, gold is evaporated onto either one wafer and silicon is 

provided from the silicon wafer itself. Compared with direct bonding, the atomic 

contact of the gold and silicon starts with a diffusion process and then accelerated along 

with the increasing temperature. Above the eutectic bonding temperature, the eutectic 

compound can be melted as a liquid phase and then mixed and diffused to act as 

intermediate bonding layer. Because the silicon comes from the substrate directly with 

unlimited supply, the solidification starts when the silicon has reached the certain 

concentration in the mixture and the temperature falls below the liquid line as shown in 

Figure 2.7. After cooling, a strong eutectic bond is formed that consists of a gold silicon 

hypereutectic phase [52-54]. 

 

The advantages of eutectic bonding are low bonding temperature, lower pressure and no 

out-gassing during bonding [52, 54, 56]. The most important reason of its wide use in 
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commercial applications is that hermetic packaging and chip interconnect sensor can be 

operated in the same processing [52, 56]. There are three steps in the eutectic bonding 

process, including substrate preparation, bonding process and cooling down to form the 

bond. For substrate preparation, this step is extremely important. The main problem of 

this step is the poor wettability and adhesion of gold on an oxide surface, even the 

native oxide layer absorbed on the silicon substrate can also affect successful bonding. 

In order to overcome this problem, two approaches have been developed to remove the 

oxide layer prior to bonding and depositing of additional adhesion layers on the top of 

the oxide [52, 54, 56]. Mechanically, the oxide layer can be removed by rubbing the 

surface against each other to break up the oxide or by using ultrasound vibration. 

Commonly, the method to remove an oxide layer is based on wet chemical etching or 

plasma cleaning.  

 

Although good bonding of gold and silicon can be achieved after removing the oxide, 

the second technique is to apply adhesive layers as normally preferred in applications. 

However the native oxide on the silicon substrate is needed as a passivation layer for 

integrated circuits. The intermediate metal films are deposited on the top of oxide 

surface followed by the gold layer deposition. Usually titanium and chromium or 

combinations of them are the suitable materials. A Au-Sn medium with eutectiv 

composition Au:Sn nearly 80:20 wt.% was used since this melts at the temperature to 

ensure a sufficient thermal conductivity through the solder and provide mechanical 

flexibility. A typical illustration of this processing is shown in Figure 2.8 [55]. 

 

 

Figure 2.8: The schematic of Eutectic bonding [55]. 

 

In silicon-gold eutectic bonding, the bonding process must be carried out as soon as 

possible because fast processing can prevent re-oxidation of the silicon surface. To 

achieve a strong bond, these surfaces should be kept free of dust particles and therefore 
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it is better to process in an inert gas atmosphere or vacuum to avoid oxidation at high 

temperature. The materials of eutectic bonding should have several microns of thickness 

to compensate the roughness of non-planar surfaces [54]. After preparation, the wafers 

which needed to be bonded are placed on the top of each other, and these wafers are 

heated above the eutectic temperature during the bonding process. Like most of the 

bonding methods, to achieve intimate contact between the bonding interfaces, a suitable 

pressure or force must be used throughout the process. The most important bonding 

parameters of eutectic bonding are the bonding temperature, time and pressure. For the 

silicon to gold eutectic bonding, the process is typically carried out at the temperature of 

390°C to 400°C for roughly 15 minutes and the pressure usually from 100 kPa to 500 

kPa [52].  

 

For eutectic bonding of silicon to gold, a bond strength of up to 148 MPa has been 

reported. But the processing temperature is up to 500°C for reliable bonding which is 

considerably higher than the eutectic bonding temperature of 363°C [56, 60]. So in this 

case several problems can occur, for instance, regression of performance, excessive 

stress at the interface or even totally deformed devices. An interesting example is 

RF-MEMS which usually can only be packaged below 350°C of temperature protecting 

the inner sensors. Therefore for reducing the bonding temperature, different eutectic 

alloys have been investigated [57, 58, 60-62]. For example successful wafer level 

packaging of RF-MEMS has been obtained using a gold and tin based eutectic alloy [57, 

58, 61]. In the study, hermetic packaging with average bonding strengths of up to 71.5 

MPa was achieved in a bonding process at a temperature below 300°C. Further bonding 

temperature has to be raised to 180°C to 210°C on reported by using gold and indium 

based eutectic system [62]. For glass to glass and glass to silicon bonding, average bond 

strengths of 20 MPa to 40 MPa have been reported. A hermetic seal with bonding 

strength up to 20 MPa in silicon to silicon bonding has been demonstrated and the 

bonding temperature was reduced even further below 160°C by using indium-tin alloys.      

 

2.2.3  Glass Frit Bonding 

Glass frit bonding is a packaging method using glass frit as the intermediate bonding 

layer. This approach is widely used in the industry field, such as gyroscopes, micro 

relays, acceleration sensors, IR-bolometers and many other devices [63-70]. In these 

applications, it is necessary to make sure the devices are hermetically sealed with long 

term reliability and functionality. In the past several years, glass frit bonding has been 
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studied and reported to be a suitable sealing method [71-73]. The main advantage of 

glass frit packaging is high bonding strength, high process yield and good process 

repeatability. It does not require a very flat surface due to its high wetting abilities. It is 

also possible to directly bond the sealing ring without deforming the inner sensors. 

Glass frit as the adhesive layer can be used for most materials in microsystem 

technologies. An important factor in packaging is temperature, the temperature in glass 

frit bonding ranges from 300°C to 450°C which limit the use of the method for 

temperature sensitive materials and structures within the package. The outgassing of the 

glass frit material during bonding could affect the encapsulated structures. 

 

As an important bonding material, glass frit is processed as paste and it is available from 

different companies such as Corning, Diemat, Schott and Asahi Glass Company (AGC). 

In order to ensure the glass frit bonding method is compatible with IC packaging and 

suitable for most MEMS applications, glass frit materials are usually designed to enable 

the processing temperature below 450°C [64, 65, 67-69]. Glass frit materials with a 

processing temperature below 400°C can also be used for CMOS packaging [74]. Low 

bonding temperature is usually achieved by using lead or lead silicate glass with high 

lead oxide content [67, 469, 74]. The glass is made into many small particles such as 

frits and the sizes of these frits range from 1 μm to 15 μm. The glass powder is 

compounded with organic binder and solvents to generate a printable paste which can 

be printed onto the bonding surface. Like silicon bonding, inorganic fillers are added to 

the paste to match the coefficient of thermal expansion of the materials to be bonded [64, 

65, 67-69, 74]. 

 

In glass frit bonding, the glass frit paste can be screen-printed, stencil-printed or 

dispensed onto one of the surfaces to be bonded. When screen-printing is used, the mesh 

size of roughly 190 μm with a minimum spacing of 100 μm can be achieved. Roughly a 

height of 30 μm for glass frit paste is recommended to ensure sufficient material for 

reflow [67, 68]. These deposition techniques have the disadvantages that the rough frit 

quantity is different to control and the deposition accuracy is marginal. After deposition 

of the glass frit paste onto the substrate, the paste is heated at elevated temperatures to 

drive out solvents and burn out the organic binder before bonding. The temperature 

profile of the thermal conditioning process of the glass frit is shown in Figure 2.9. 
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Figure 2.9: Profile of thermal conditioning temperature of glass frit material [67]. 

 

At the beginning, the frit paste is first heated to a temperature of 100°C to 120°C for 

usually 10 minutes to 30 minutes to dry the paste and remove any remaining solvents.  

After that, the temperature is increased to around 250°C for 30 minutes to 60 minutes 

until the organic elements are totally burnt out. The precise temperature depends on the 

mixture of the paste. The paste is then heated to the bonding temperature at around 

440°C and a compact glass without any gap is formed. After glazing, it is easy to 

observe that the thickness of the glass frit layer is reduced. The inorganic fillers applied 

to match the coefficient of thermal expansion of the substrates are melted in the glazing 

process. Then the final properties of the layer are achieved.   

 

Glass frit packaging is a thermo-compression bonding method. The materials can be 

bonded and the glass frit is heated to the bonding temperature with a suitable pressure 

that results in reduction of the thickness of the glass frit layer to enhance the wetting of 

the bonding interface. The increased temperature reduces the viscosity of the glass frit 

to such a degree which even for rough and non-planar surfaces, a total wetting of the 

bonding area can be achieved. During the glass frit bonding process, the critical 

parameter is the temperature rather than the applied pressure. The temperature must be 

high enough to make proper wetting, however, too high temperature will cause flow of 

the glass frit material into the microstructures which would damage the inner devices. In 

the case of silicon and glass bonding, a thin glass mixture is additionally formed 

between the silicon and glass interface which enhances the bond strength. Cooling stress 

can occur because of the mismatch of coefficient of thermal expansion of the materials, 

however, this is only crucial at temperatures above 200°C [64, 65, 67-69]. A 

cross-sectional monograph of a bonded silicon to silicon substrate is shown in Figure 
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2.10 [67].  

 

 
 

Figure 2.10: Cross-sectional image of wafer level encapsulation and packaging with glass frit layer 

[67]. 

 

Glass frit bonding is a simple and successful process without the requirements for 

careful preparation of the surface of the bonding substrates. Comparing with anodic and 

eutectic bonding, glass frit bonding can produce hermetic sealing with up to 20 MPa of 

shear strength [67, 68]. In contrast to the other bonding methods, glass frit bonding has 

high viscosity during bonding and it is suitable for rough surfaces and non-planar 

surfaces. No additional passivation is needed when the glass frit is heated up to 

temperature of 150°C to prevent leakage of currents since glass frit is a dielectric 

material [63, 67, 68]. After processing, the thickness of the glass frit layer ranges from 5 

μm to 10μm which can be used as a spacer between the sealed surfaces to create an 

inner cavity for MEMS applications as shown in Figure 2.11. 

 

        

Figure 2.11: A schematic diagram of bonded MEMS device intermediate glass frit [68]. 

 

For the glass frit bonding, almost all the materials that are used in MEMS technologies 
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are suitable for successful joining, for example silicon, metals, glass, insulators and 

passivation layers [63, 67, 68, 76]. For glass frit to silicon oxide bonding, it is not 

possible to use eutectic bonding but it can be achieved using glass frit bonding with 

good bond strength. Moreover, electric fields are not needed in glass frit bonding and 

bonding temperatures below 400°C enable glass frit packaging to be compatible with 

the IC and CMOS chips. Glass frit bonding has been successfully used for vacuum 

packaging of silicon resonators [71-73, 77]. In order to solve the problem of outgassing 

of moisture and carbon from the glass frit, lower cavity pressure of less than 1.13 x 10
-3

 

mbar can be obtained by using getters. From these studies, glass frit as a sealant 

achieved useful properties for packages of hermeticity and long-term stability. Even 

after the samples were stored at a high temperature of 95°C for three years, there was no 

loss of vacuum in the packages.  

 

The main disadvantage of glass frit bonding is the relatively high temperature up to 

450°C and normally the whole packages are heated. This bonding method is not suitable 

for hermetic packaging of temperature sensitive devices [78].  

 

2.2.4  Polymer Based Bonding Methods 

Polymer based bonding is a technique that uses a polymer film as an intermediate 

bonding layer and it is also referred to as adhesive layer bonding. Several polymers, 

such as PMMA, SU-8, parylene, benzocyclobutene (BCB) and liquid crystal polymer 

(LCP), have been widely used for MEMS devices, wafer bonding and packaging of IC 

[80-102].  

 

For polymer layer bonding, it is possible to carry out the bonding process below 100°C 

and hence without any effect on the substrate materials. In this method, strong bond 

strengths and good adhesion can be achieved for most packaging materials. Since it 

does not need electrical fields during the bonding process, the approach can be used for 

IC packaging. This bonding process is a simple and favorable method which is less 

sensitive to particles, surface roughness and non-planar bond surfaces. This makes the 

bonding process easy and cost effective. Low pressure bonding is possible since the 

intermediate polymer film is a flexible material and sometimes has liquid behaviour 

during the bonding process. After bonding, the thickness of the polymer film layer can 

range from tens to hundreds of microns, so that the layer can also be used as a spacer for 

cavity packages. Some limitations should be considered, for example, lack of 
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hermeticity, limited temperature stability and limited long-term stability of the bonds in 

harsh environments such as moisture, temperature and radiation [79, 80, 88, 92, 95, 

102]. 

 

Generally, there are three main process steps in polymer layer bonding. First, the 

polymer film is placed onto one or both surfaces of the substrates. Then, the two 

substrates are aligned to each other. Last, a pressure or force is applied to the substrate. 

The polymer layer has intimate contact with the surfaces of the substrates. During the 

bonding process, the polymer film is transformed from a solid to a viscous liquid by 

heat in thermal bonding and then become a solid again after cooling. The principle of 

the polymer film bonding is that the surfaces of both substrates are bonded to each other 

using an intermediate polymer layer. In order to make sure the surfaces of both 

substrates have enough contact without any gaps, the polymer film should have low 

viscosity. When the polymer film is melted and flowed to cover the uneven surface, the 

bonding areas are all covered with the polymer and a complete bond is formed after 

cooling. In this case, a strong bond is generated between the substrates [80]. Polymer 

materials are divided into four main types, namely thermoplastics, thermosetting 

polymers, elastomers and hybrid polymers. All of these four polymer materials can be 

used for polymer layer based bonding. In these four types of polymers, thermosetting 

polymers are more suitable for polymer bonding because of their special material 

characteristics. The glass transition temperature of thermosetting polymers can be from 

300°C to 450°C with a fairly high chemical resistance. Actually the polymer layer 

bonding is an originally heat activated polymerization process which is also called 

curing. Because of the chemical reaction, the small side chains of the polymer 

molecules are cross-linked to generate a reliable three-dimensional network. After 

generating a solid polymer, sufficient curing is pre-condition for a strong bond. As 

discussed before, the polymer requires a liquid phase at some status during the bonding 

process to make sure enough wetting of the bonding surfaces. This can be achieved 

during the preheating step before starting the cross-linking process [80, 102]. 

 

For thermosetting polymer based bonding, the process steps are as follow: first, the 

bonding substrates must be cleaned, then the intermediate layers are deposited and 

structured, at the last step, the actual curing process is carried out. Before the deposition 

of the polymer, the wafers must be cleaned to remove the dust and dried on a hotplate or 

an oven at a suitable temperature to remove moisture. After this, an adhesion promoter 
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is deposited onto the substrate surface to enhance the adhesion between the polymer 

film and the substrate surface. Then the adhesive polymer is deposited after drying the 

promoter. In order to achieve a precise thickness, the polymer is spin-coated over the 

whole wafer substrate under controlled conditions. A baking process must be performed 

to allow any solvent to evaporate. This step is extremely important because the 

remaining solvent on the bonding layer could be the source of bubbles in the film after 

bonding. The polymer layer can be patterned to form sealing rings by photolithography 

or reactive ion etching depending on the type of the polymer material. The structured 

adhesive layer is usually followed by a baking step to partly solidify the polymer. In this 

case, the polymer should be hard enough to ensure the patterned structures do not 

deform but also soft enough to be conformal to the bonding interfaces in the bonding 

process. Normally, the polymer is cured at a temperature between 200°C and 300°C 

until it is completely bonded and the bonding time depends on the bonding temperature. 

Better bonding can be achieved in a vacuum to prevent formation of voids due to 

trapped air bubbles in the polymer [80, 88]. The main processing parameters of this 

bonding method are bonding time, bonding temperature and the pressure that is applied 

to the substrates [90, 102]. Figure 2.12 shows a schematic illustration of bonding rough 

surfaces [80].  

 

 

 

 

 

 

 

 

Figure 2.12: The schematic of bonded rough surface [80].  

 

BCB and SU-8 as two important polymers have been widely used in industry for 

bonding applications in MEMS, RF-packaging, microsystems technologies [79-83, 85, 

87, 90-92, 93, 95-98, 101, 102]. Both of the BCB and SU-8 polymers have been 

regarded as the most useful materials for adhesive bonding. SU-8 is a negative tone 

photoresist because of its low curing temperature which is from 100°C to 200°C. The 

negative resist remains on the surface wherever it is exposed and the developer solution 

removes only the unexposed portions, and the positive resists behave in the opposite 
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manner. Since the bonding temperature is low, the stress generated in the bonding 

process is small resulting in high yield processes. The thickness of the polymer layers 

can range from a few microns up to hundreds of microns and these layers can be coated 

in a single spin coating process [85, 87, 100]. Aspect ratios as high as 17:1 can be 

accomplished, so that the intermediate layer could also be used as the spacer for most 

cavity packages [87]. Because of the high tolerance to the surface quality of the bond 

interface, it is more suitable for low cost and high volume production [85, 87, 100]. 

Figure 2.13 presents an example of the main steps of a contact imprinting based 

bonding process [85].   

 

 

Figure 2.13: (a) SU8-5 photoresist was spun on a dummy wafer, (b) SU8-5 photoresist was contact 

imprinted by a cover wafer on the dummy wafer, (c) take apart of cover wafer, (d) 

alignment and contact, and (e) wafer to wafer bonding [85]. 

  

Silicon to silicon bonding using an intermediate SU-8 layer has been successfully 

achieved and reported which has a high bonding strength up to 20.6 MPa at the 

temperature of 90°C [93, 94]. For silicon to glass bonding, the maximum bonding 

strength can be up to 20.9 MPa while keeping the bonding temperature below 105°C. In 

comparison with the other materials used in microsystems, the main disadvantage of 

SU-8 is its high coefficient of thermal expansion (CET) of 50 x 10
-6

 K
-1

. The high CTE 

can cause cracks and deformation in the SU-8 bonding ring resulting in package failure 
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[100]. 

 

BCB as a potential polymer is suitable for adhesive bonding [79-83, 90-92, 95-98, 101].  

In the thermal curing process of BCB, it does not need any catalyst that can cause 

outgassing and the solvent has already been evaporated fully during wafer preparation. 

Moreover, BCB has such advantages as high mechanical strength, low residual stress, 

high chemical resistance, bio-compatibility and low residual stress level. Due to its 

excellent electrical properties of high resistivity (1 x 10
19

 Ω·cm), low permittivity 

(2.65) and low loss tangent (1 MHz to 1.5 THz), BCB is a very suitable material for 

packaging of RF-devices. Because of the liquid behavior of the BCB, it could be bonded 

to rough or non-planar surfaces and it is less sensitive to particles than the direct 

bonding methods. Actually the BCB material can be used as insulating layers in 

electrical interconnects due to the low bonding temperature [81-83, 89, 90, 92, 95, 11]. 

For MEMS packaging, a 0-level glass-lid encapsulation technique using BCB and a 

contact printing method has been studied as shown in Figure 2.14 [92]. 

 

 

Figure 2.14: Fabrication sequence of 0-level glass-lid encapsulation technique by using BCB contact 

printing approach [92]. 

 

Several papers have reported silicon to glass bonding using BCB as the adhesive layer 

for packaging of RF-MEMS [81-83, 101]. After processing of the BCB polymer at 

round 250°C, shear strength of up to 37 MPa was accomplished that is even stronger 

than the value of 15 to 25 MPa in anodic bonding. It has also been demonstrated that the 
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BCB is not only used as an adhesive layer for the packaging of RF-MEMS but it can 

also acts as a capping material. A novel encapsulation process was studied to use a thin 

BCB polymer film for packaging. In comparison with the glass based lid, BCB as the 

lid material for packaging RF-MEMS has better performance because of its good 

electrical properties. Like most of the polymers, BCB as the adhesive layer also has a 

disadvantage which is that it is not incapable of hermetic sealing. In leak test, leak rates 

of 1.4 x 10
-7

 and 4.8 x 10
-7

 mbar·l·s
-1

 can be accomplished which is 3 to 10 times higher 

than the limits of MIL-STD-883G. In order to enhance hermeticity, an additional 

diffusion barrier of silicon nitride around the polymer seal has to be deposited although 

the enhancement is just near-hermetic [90, 92]. Another disadvantage of the BCB 

polymer for bonding is the thermal stability. The mechanical stability of the bond 

decreases quickly after bonding at the temperature of 350°C due to the dissolution of the 

polymer [79].  

 

It has been shown that the polymer layer bonding is simple and robust. This bonding 

method does not need highly smooth bonding surface. It is insensitive to dust 

contamination and the substrates could be bonded in a normal environment without any 

special preparation of the bonding surfaces [102]. The bonding strength can be the same 

as the method of eutectic and anodic bonding without any careful wafer preparation. But 

for this technology, the limited long time reliability of the bond in harsh environments 

and the lack of completely hermetic seals are the main disadvantages. Although the 

BCB layer bonding process can be achieved at low temperature as compared with the 

other intermediate layer bonding process, it is a disadvantage to heat the whole package 

at 250°C since some temperature sensitive devices and materials have low temperature 

tolerance such as the functional polymers used in organic light-emitting diodes (OLEDs) 

with the maximum temperature of limit below 100°C [78]. 

 

Liquid crystal polymer (LCP) has gained much attention due to its excellent properties 

for microsystem packaging. It is extremely stable and exhibits near-hermetic properties. 

As an important polymer, LCP has the potential to be a cheaper option than the other 

materials such as ceramics materials. Due to its low cost and favorable packaging 

characteristics, LCP has been widely applied as a dielectric substrate and packaging 

material for RF applications. Several advantages of LCP are described as quasi-hermetic 

(water absorption < 0.04%) performance, low cost, flexible for conformal application, 

flexible circuit substrates and excellent high-frequency electrical properties [103-106].   
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The lamination process of LCP requires several different hot press steps and many 

parameters such as bonding time, pressure, temperature and vacuum settings [107]. The 

main difficulties with the lamination process are the rigorous temperature uniformity 

and precise control needed for proper adhesion. The rigorous temperature tolerance 

during the LCP lamination process is because LCP has a steep change in the modulus of 

elasticity which is shown in Figure 2.15 [107]. Initially, the LCP modulus of elasticity is 

stable to the melting temperature, then it decreases dramatically. Because in the solid 

state, molecules are strongly ordered and have little translational freedom. However the 

characteristic original order of the liquid crystal state is between the traditional solid and 

liquid phases and this is the origin of term mesogenic state, used synonymously with 

liquid crystal state. Therefore the process temperature must be monitored and controlled 

precisely.   

 

Figure 2.15: The relationship between elastic modulus and temperature for LCP [107]. 

 

A temperature profile for successful LCP bond processing from Rogers Corporation is 

shown in Figure 2.16. After several tests and experimental runs, these parameters have 

been widely used in commercial applications especially in RF-MEMS. 
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Figure 2.16: A typical LCP bonding process from Rogers Corporation [108]. 

  

Liquid crystal polymer as a thermoplastic material has been largely used in electronic 

packages because of its distinct structural and excellent moisture and oxygen barrier 

properties. In 2002, Wang et al. [109] described a technique of lamination based 

bonding of LCP to various materials including glass, copper, gold and silicon surface. In 

order to achieve successful bonding, a reactive ion etching recipe for LCP using oxygen 

plasma was developed. From this study, the maximum bonding strength of 29.94 psi 

(206.4 kPa) was achieved, measured by blister test. The schematic diagram of the blister 

test for LCP to glass bonding is shown in Figure 2.17. 

 

 

Figure 2.17: A schematic of the bonding strength test at the interface between LCP and glass using 

blister method [109]. 

 

LCP as a structural material offers greater sensitivity than many other materials due to 

its much lower Young’s modulus. Therefore, LCP membrane-based flow sensors have 

been investigated by Kottapalli et al [110, 111]. They described two methods of 

bonding LCP film to Si substrates. In the first method, the bottom Si substrate and the 

top LCP film were coated with a thin layer SU-8 and then placed on a hotplate, 

enhancing bond strength between the two substrates. However, the wafer-pair buckled 

after bonding. This occurred due to the CTE mismatch between the silicon (3.2 ppm/
o
C) 
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and LCP (18 ppm/
o
C) resulting in the silicon wafer breaking into pieces during the 

dicing process. Therefore, the subsequent silicon and LCP bonding using an 

intermediate SU-8 layer was carried out at a lower temperature. Before bonding, the 

silicon substrate and LCP film were prepared carefully and the wafer-pair was bonded 

at the low temperature and for a longer time to prevent the heat generated stress and 

trapped air bubbles at the interface. The wafer-pair was heated at 40°C for 20 minutes 

then increased to 80°C for 10 minutes followed by 120°C for 20 minutes. It was found 

the bond strength between the silicon wafer and LCP film was enhanced. The main 

fabrication process steps are shown in Figure 2.18.  

 

 

Figure 2.18: The fabrication processing steps for flow sensor: (a) LCP to silicon bonding with 

intermediate SU-8 layer, (b) resist patterning and DRIE through-hole etching, (c) 100 

nm gold sputter deposition, and (d) gold separation [110].  



 

30 
 

 

In addition, LCP as a near-hermetic material has been applied in packaging of MEMS 

for microwave applications achieving excellent bonding strength and near hermetic 

sealing [111 - 116]. For lamination of LCP as the bonding layer, most of the methods in 

RF-MEMS applications are based on the traditional hot plate configuration as shown in 

Figure 2.19 [116]. In the lamination process, the two heating plates were placed above 

and below the bonding area then the pressure of the press was increased up to 300 PSI. 

A vacuum plate with a size of 6 inches by 6 inches was located above the bottom 

heating plate. Another plate, also measuring the same size, is located below the top 

heating plate with a drilled cavity in the middle and air pressure capability. The MEMS 

package was then inserted into the vacuum plates for processing based on the 

recommended lamination temperature and pressure profile which have been shown in 

Figure 2.16. After several hours, an excellent bond at the interface of the package is 

achieved. Although the lamination press method can provide good bonding strength of 

the LCP package, it takes nearly half a day to achieve the final bonding including 

material preparation and pre-heating of the heating plate.   

 

 

Figure 2.19: A developed press for LCP lamination [116]. 

  

An improved study by Aihara et el. [112-113] demonstrated bonding of a molded high 

temperature LCP lid to a RF-MEMS package using a low temperature LCP film.  
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During this process, a metal tube was used to heat and press the edge of the lid to melt 

the LCP bonding film to create a seal between the lid and the substrate, at roughly 

280℃ for 1 hour. The melting temperatures of the high temperature LCP lid, the low 

temperature LCP and the RF-substrate were 355°C, 280°C and 315°C respectively. The 

setup of the LCP lid lamination onto the package is shown in Figure 2.20.  

 

 

Figure 2.20: Cross section of an assembled package mounted on a PC board using a metal tube 

[112,113]. 

 

 

2.3  Laser Welding Methods 

2.3.1  Laser Transmission Welding of Thermoplastics 

The first activities related to laser welding of thermoplastics polymers were carried out 

in the early 1970’s [117]. A 100μm thick polyethylene film in an overlap joint was 

welded using a CO2 laser. However, the perception for laser welding of thermoplastics 

only began to occur in the mid 1990’s when stable diode lasers were developed in the 

wavelength range of 800 to 1100nm and with up to 200 W of output power, more than 

enough for the typical power requirements of 10 W to 50 W. A typical diode laser is 

integrated with a mirror based beam scanning system or a flexible production system 

with the laser beam delivered directly from the output of the laser source or through a 

fiber optic cable. Nowdays, there are a great number of diode laser system providers on 

the market supplying equipment mainly for thermoplastic welding. Also other types of 

lasers such as Nd-YAG lasers, disc-lasers and fiber lasers are being employed in the 

manufacturing industry. One of the main challenges of laser welding of thermoplastic 

polymers is the control of the laser power absorption at the joining interface. Most 

polymers are usually transparent or translucent in the visible and near infrared 

wavelength range as shown in Figure 2.21 [118].  
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Figure 2.21: The wavelengths of various laser types [118].  

 

An important localised welding approach is based on the laser heating effect since laser 

based systems have become primary tools for metal processing and have been growing 

in prevalence in processing thermoplastic materials including marking, cutting and 

drilling [119]. The emitted laser light which has highly precise geometry, control and 

consistency allows for its use in high precision and microfluidics applications. Over the 

past decade, laser bonding has become important as a supplementary joining process for 

thermoplastics and has been widely used in many industrial application fields [119]. 

Because the traditional approaches have reached their limits, laser transmission welding 

offers attractive advantages in microfluidic applications including its cost-effectiveness, 

controllable local transfer of energy and low mechanical pressure applied on the 

materials.   

 

The basic principle of laser transmission welding is that one of the joining polymers 

must be optically transparent at the wavelength of the laser radiation, while another 

joining polymer absorbs the laser radiation. Before bonding, the two polymer plates are 

pressed together with a mechanical pressure to ensure close contact at the interface to 

achieve a strong bond. In the bonding process, the laser beam passes through the 

transparent polymer and is absorbed by the absorbing polymer. The resulting heat 

softens both layers at the interface, then one or both molten polymer surfaces are 

bonded together at the interface. The principle of laser transmission welding of 

thermoplastics is shown in Figure 2.22.  
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Figure 2.22: The principle of laser beam welding thermoplastics. 

 

Since most polymers are transparent to the laser wavelengths used, thus additives are 

usually added to change the property of the material to ensure the material absorbs the 

laser beam. Several colorants are also available that allow the color of the transparent 

material to match the color of the absorbing material. The degree of complexity of laser 

joining coloured plastics is shown in Figure 2.23. 

 

 

Figure 2.23: The degree of complexity of laser welding thermoplastics [120]. 

  

When the laser beam passes through the surface of a transparent part, a small portion of 

the incident light is reflected and the remaining laser beam goes through the material. 

The transmitted laser light is then absorbed by the non-transparent substrate. From the 

Beer’s law, the light absorption within a solid can be described by [121]:  

 

                                   z
OeIzI                               (2.1) 
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where I(z) is the optical intensity as a function of material depth; Io is the optical 

intensity at z =0; α is the absorption coefficient; and z is the material depth from the 

surface.  

 

The near-infrared spectrum of the laser energy is absorbed in a thermoplastic material 

causing vibration of electronic bonds [122]. This vibration leads to localised heating of 

the material. Based on the law of heat transfer, this heat is conducted from the absorbent 

part to transparent material at the interface. If the resultant temperature is above the 

melting point of the material, the surface of the thermoplastic material changes to a 

liquid state allowing a joint to be produced through the welding effect. Assuming there 

is no displacement between the two materials, local heating of the material also 

enhances the interfacial pressure because of thermal expansion.   

 

In the contour welding method the relative motion between the laser beam and the 

thermoplastic materials is in a direction perpendicular to the laser beam [122]. Either the 

thermoplastic part or the laser beam is moved, while the other part is kept stable. For 

example, a step motor based control system can be used to move the thermoplastic 

materials, or a laser scanner can be used to move the laser beam. The contour welding 

technique also has many advantages including simplicity, easy controllability, flexibility 

and cost efficiency. Different laser welding routes can be made by simply changing the 

program of the control system or the scanner. However, the disadvantage of this 

approach is that the welding speed is slow for many large-scale industrial production 

applications.   

 

The main parameters of laser transmission welding that influence the bonding results 

are laser power, bonding time, absorption properties of the material at the interface, scan 

speed and the pressure [123]. Usually laser welding is a high speed process and the joint 

can be generated instantaneously to achieve strong bonding strength at the interface. 

With laser transmission welding, it provides smaller heat affected zone (HAZ) than 

other techniques [124]. The HAZ in polymer welding is the area near to the joint where 

the material is affected by thermal conduction of the laser generated heat. The HAZ is 

an effect in all of the welding methods [124, 125]. A method of localised sealing of 

microfluidic chips was successfully reported based on an infrared laser [126]. In this 

approach, two thermoplastic substrates were assembled together in which the 

IR-transparent thermoplastic layer was placed on the top of the opaque one. A laser 
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beam at the wavelength of 1100nm was incident through the transparent substrate and 

absorbed by the interface of the opaque layer producing a strong bond. A study of PEEK 

to PEEK welding based on a quasi-simultaneous laser transmission welding method has 

been also been presented [127]. In order to absorb the laser beam, one of the two PEEK 

substrates was pigmented with various concentrations of carbon black and it was placed 

as the bottom layer. The moving speed of motion control system was from 0.1 to 10 m/s 

with the corresponding laser intensity ranging from 3 to 13 W/cm
2
. After several trials, 

it was found that the weld strength was improved with the increasing laser intensity at 

slow moving speed. Compared with 3 W/cm
2
 laser intensity and 10 m/s of scanning 

speed with 13 W/cm
2
 of laser intensity and 0.1 m/s of scanning speed, an increase in 

bonding strength by 33% was achieved. A method of laser transmission welding of 

PMMA material was investigated [128]. The influences of the process parameters on the 

weld strength and weld seam width were studied. In this method, carbon black (0.2 wt%) 

in a  PMMA substrate was used as an absorbed layer. From the results, a bonding 

strength of up to 50 MPa was achieved. The bonding strength and welding width 

increased as the laser power was increased, but the bonding strength and welding width 

decreased as the scanning speed decreased. For instance, the bonding strength was 35 

MPa for the laser power of 19 W and scanning speed of 420 mm/min, but at 25 W of 

laser power and 300 mm/min of scanning speed, the strength was increased to 56.35 

MPa. A study of FEP (fluorinated ethylene propylene) polymer bonding to Ti foil based 

on a laser joining technique has been reported [129]. Auger electron spectroscopy and 

scanning electron microscopy coupled with energy dispersive spectroscopy were 

applied to analyse both the heat affected zone and the actual bond area of the laser 

welding method. Because titanium and titanium alloys have several advantages such as 

optimum strength-weight ratio, high corrosion resistance and a good biocompatibility, 

this material is often used for specific applications in the chemical industry, aerospace 

engineering and medical device manufacturing. According to the results from these 

experiments, it was shown that there was presence of Ti to FEP chemical bond 

formation existing only in the actual bond area and no chemical bond formation was 

found in the heat affected zone (Figure 2.24).  
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Figure 2.24: The micrograph of FEP to Ti bonding with parallel joint lines based on laser welding 

techniques [129]. 

 

Laser transmission welding methods have been developed for sealing of microfluidic 

devices due to the advantages of the localised heating effect and therefore minimizing 

the heat affected zone, fast processing time and good bond strength [126]. This method 

is a one step process in which heating and welding of the polymer substrates occur 

concurrently.  In this process usually one polymer substrate has high transmittance at 

the laser wavelength and another one has high absorptance. The latter absorbs the laser 

radiation to produce the necessary temperature increase at the interface to cause one or 

both substrates to melt to produce a resultant bond between the substrates. While this 

configuration is convenient and does not require additional material for laser welding, it 

requires a suitable combination of dissimilar materials. Secondly it is not suitable for 

fabrication of transparent microfuidic devices since an opaque substrate is necessary to 

absorb the laser radiation to realize welding of the substrates. On the other hand, 

transparent microfluidic devices are desirable in many applications that require 

measurement of optical transmission for medical testing and diagnostics. In the previous 

work a thin film of carbon layer was used as an intermediate absorbing layer in laser 

welding of polymer substrates for microfluidic applications [130-132]. The layer of 

carbon black was deposited on a microfluidic substrate by spin-coating [130, 131] or by 

vacuum deposition [132] prior to fabrication of the microchannels on the polymer 

substrate, then a cover substrate was attached to the microfluidic substrate by the laser 

welding method [130-131]. Figure 2.25 shows a laser bonded channel structure, the 

channel width was 100 μm [130].     
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Figure 2.25: Successful COC microfluidic bonding with 100 μm width microchannels based on laser 

bonding method [130]. 

 

2.3.2  Laser Bonding of MEMS Devices 

Laser bonding for packaging in microsystems applications has been studied for over a 

decade [55, 78, 133-149]. There are several advantages of laser bonding for MEMS 

encapsulation as compared to the other bonding methods [135, 138, 144, 145, 147]. 

Firstly, the laser bonding method is precise with controlled placement of the laser beam 

spot.  Secondly, the temperature at the device position could be much lower than at the 

bonding site. Thirdly, the MEMS devices are not exposed to the total heat since the laser 

joining approach is a non-contact process which means the method can have less effect 

on the inner MEMS sensors. Lastly, this technique is suitable for chip to chip and chip 

to wafer MEMS packaging. 

 

In comparison with the traditional bonding methods, the thermal distribution on the 

devices can be smaller than in the conventional techniques. As mentioned before, a wide 

range of wavelength is from infrared (CO2 laser, Nd: YAG) to the ultraviolet (Excimer 

lasers etc) and the best wavelength can be selected to meet the bonding requirements. 

For localised laser bonding, there are usually two main methods which are direct 

bonding and intermediate layer bonding approach.  

 

In the direct bonding process, a number of studies have been made in glass to silicon 

bonding using Nd: YAG lasers (1064 nm) [136-138, 147-149]. The bonding process is 

based on the laser transmission welding methods that needs one substrate with strong 

transmissivity and another substrate to have high absorptivity at the wavelength of the 

laser beam. In this method, a highly transparent glass, Pyrex, with 1 mm of thickness 

was used. The 1064 nm wavelength laser passes through the top glass substrate and is 
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absorbed by the silicon substrate. The mechanism is fusion bonding using the localised 

heating effect. To achieve strong bonds, a suitable pressure was applied on to substrates 

during the bonding process. A schematic diagram of the laser transmission bonding of 

glass to silicon is shown in Figure 2.26.  

 

Figure 2.26: Schematic of the laser welding glass to silicon. 

 

There is also a number of studies of laser eutectic bonding of silicon to glass [55, 140, 

141, 144]. In this approach an eutectic solder was used as the absorber to be heated by 

laser beam rather than the silicon substrate. A nanosecond pulsed Nd: YAG laser with a 

wavelength of 355 nm was used to bond silicon to glass using an intermediate indium 

layer [140]. Once the laser power was applied, the temperature at the interface of 

indium/silicon was up to 2500°C and rapidly dropped to 760°C in 1 μs and 43°C in 1 

ms respectively. In order to carry out selected laser bonding, a mask was used as shown 

in Figure 2.27.  

 

Figure 2.27: The experimental schematic of glass to silicon bonding using an intermediate indium 

layer [140].  
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After bonding strength test, the bond strength was found to be up to 2.6 MPa. After 

forcefully breaking the bonded samples, the interface between the glass substrate and 

silicon substrate can be clearly observed as shown in Figure 2.28. 

 

 

(a)                               (b) 

Figure 2.28: (a) A cross-sectional view of the glass surface after broken test. (b) A cross-sectional 

view of the silicon surface after broken test [140]. 

 

In addition, a 355 nm ns-pulsed Nd: YAG laser was used to bond silicon and glass using 

a gold-tin eutectic alloy [55, 144]. In this method, high quality bonds were achieved 

without defects and the bonding strength was as high as 15 MPa. Another study of laser 

bonding of glass to silicon using aluminum or gold demonstrated bonding strength of 40 

MPa [141]. In this work, the laser source is a Nd:YAG laser at 1064 nm. In order to 

obtain reliable bonding, the bonding parameters such as laser power and the speed in 

contour based bonding, have to be controlled precisely during the joining process.   

 

Although the laser direct and eutectic silicon to glass bonding techniques have been 

studied for a few years, it is still under development for industrial applications. Several 

package bonding technologies based on CO2 lasers have been demonstrated in actual 

manufacturing applications [133, 142, 143, 145, 146]. Off-the-shelf ceramic quad 

flat-packs (CQFP) are usually used in packaging of RF-MEMS and an intermediate 

solder preform (Au-Sn) used to bond the substrate and a Kovar
TM

 lid in the oven based 

process. However, this heating method is not desirable for RF-MEMS [146]. A localised 

laser based packaging method has been applied, instead of using a Kovar
TM

 lid, a 

metallised silicon lid was used. The silicon lid was bonded using a CO2 laser to heat the 

edge of the lid as shown in Figure 2.29 to reflow an Au-Sn based sealing ring. The 

results of mechanical pull test showed tensile strength of 275 MPa. The results of 

hermeticity testing showed that this bonding technique is capable of hermetic packaging 

meeting the MIL-STD-883E standard.  
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Figure 2.29: Schematic of CO2 laser sealing silicon lid to MEMS devices in off-the-shelf ceramic 

quad flat-packs (CQFP) [146]. 

 

Wafer-level bonding of silicon to silicon using lead-tin solder for vacuum packaging has 

also been demonstrated [142, 145]. A CW CO2 laser was used as the heat source for 

localised bonding, the laser beam was incident on the silicon substrate in a vacuum 

environment at a pressure of 10
-3

 Torr. Although the bonding temperature was up to 

183°C during bonding process, the temperature at the center of the device was only 

100°C meaning less thermal impact on the inner parts. After pull tests of 12 bonded 

samples, it was found the bonding strength was in excess of 2-4 MPa. Also from the 

results of hermeticity testing, it was shown that the helium leak detection met the 

requirements of MIL-STD-883E and the gross leak tests achieved more than  

atm cc/s. In order to achieve high bonding strength and prevent oxidation, several thin 

metal layers were deposited on the silicon surface as shown in Figure 2.30.  

 

Figure 2.30: Thin metal layers were deposited on silicon using solder screen printing method [142]. 

 

Laser bonding using an intermediate glass frit layer has also been investigated for 

MEMS applications [78, 135, 150-152]. Laser based glass frit packaging of leadless 

chip carrier (LCC) packages in both air and vacuum have been successfully 

demonstrated [150, 151]. A fibre-delivered high-power CW diode laser from Laserline 

emitting at a wavelength of 940 nm with an optical output power of 200 W was used. A 

schematic sketch of the laser setup is shown in Figure 2.31. During these processes the 
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maximum laser bonding temperature was 375°C, but at the center of the package, the 

temperature was approximately 140°C which is much lower than the bonding 

temperature. Similarly, an inner temperature of 220°C was much lower than the bonding 

temperature of 440°C in vacuum packaging. The shear strength was up to 880 N and 

hermetic bonding was also achieved.  

 

 

Figure 2.31: Schematic of laser bonding setup using glass frit layer [150]. 

 

Polymers have been widely used in laser bonding for MEMS packaging, in particular 

BCB which has been discussed before in the adhesive layer based bonding methods. For 

MEMS applications, BCB is a widely used polymer as the intermediate layer [153-158].  

In laser bonding of microsystems with the BCB polymer, a DILAS-Rofin Sinar diode 

laser at wavelength of 810 nm was used [153]. The surface of the temperature of the 

load glass substrate was monitored using an IR pyrometer. The shear tests showed 

bonding strength of 20 kgf (nearly 200 N). The hermeticity test showed a leak rate of 1 

x 10
-10

 mbar·l·s
-1

.   

 

2.4  Conclusions   

In this chapter, several bonding methods for packaging of thermoplastic material based 

microfluidic devices have been described. Then the comparisons with the traditional 

materials such as silicon, glass, metals and ceramics in microfluidic systems are also 

discussed. The two main techniques for microfluidic bonding are indirect and direct 

bonding. Therefore, the main bonding techniques include adhesive bonding, thermal 

fusion bonding, solvent bonding, and localised bonding. Then some traditional 

approaches of MEMS packaging have been covered which are anodic bonding, eutectic 

bonding, glass frit bonding and adhesive polymer layer bonding. The methods of laser 
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bonding have been described including laser bonding methods and materials. Also the 

bonding methods based on laser technology for microfluidic systems and MEMS have 

been described and discussed.  
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Chapter 3  Laser Microwelding of PMMA Substrates for Assembly of 

Microfluidic Devices 

 

In this chapter, the development of a diode laser based microwelding method for 

assembly and packaging of polymer based microfluidic devices is presented. In the 

bonding process, a diode laser was used to bond two PMMA substrates together at the 

interface using a thin film metal spot based intermediate layer design as a localised 

absorber. A broad laser beam with a top-hat profile was used to carry out all of the laser 

microwelding work in this study. The effects of laser power and processing time on the 

resultant heat affected zone and the melted zone were investigated. For large area 

welding, a 2x2 array of thin film metal spots were used to investigate the effect of 

separation between the spots on the resultant interfacial bond between the two polymer 

substrates. For comparison, a larger area titanium film with a comparable size to that of 

2 x 2 array was also studied. The results of tensile measurements show that a strong 

bond between the substrates can be obtained. Finally, a microchannel was successfully 

produced using the laser microwelding method. A colour liquid based leak test showed 

leak-free operation of the microchannel. 

  

3.1  PMMA Materials 

Normal polymethacrylates are polymers of the esters of methacrylic acids and the most 

widely used material among them is poly (methyl methacrylate) (PMMA). The PMMA 

polymer is generated by free-radical polymerisation of methyl-methacrylate in mass or 

suspension polymerization according to the process shown in Figure 3.1 [159]. It is not 

specially a type of glass, but sometimes it is called acrylic glass.  

 

 

Figure 3.1: PMMA is made from the monomer methyl methacrylate by free radical vinyl 

polymerization [1]. 

 

 

Polymethyl-methacrylate (PMMA) was used as the polymer material for fabrication and 
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laser bonding of microfluidic devices. A wide range of PMMA materials with different 

glass transition temperatures are commercially available allowing material choice 

depending on application requirements and processing constraints. In this study, the 

PMMA material is from RS Components with a thickness of 2 mm for bonding devices 

and the 0.5 mm thick version for mask fabrication, respectively. According to the 

supplier [160], nearly 92% of light can be transmitted through the material and the 

PMMA material also has excellent long term weather resistance with no discoloration. 

Since taking into account moisture effects, the maximum operating temperature is at 

least 30-40C below the Tg of the material. The typical properties of the PMMA 

material are shown in Table 3.1. The roughness of PMMA surface was measured on a 

white light interferometer (Zygo) and is shown in Figure 3.2.   

 

Table 3.1: Types properties of PMMA [160].   

Property Value Units 

Density 1.18 g/cm
3
 

Tensile strength 60 MPa 

Impact strength 18 kJ/m
2
 

Thermal conductivity 0.19-0.21 W/m · K 

Glass transmission temperature 132 C 

Max operating temp long term 80 C 

 

 

Figure 3.2: The roughness of PMMA surface in our study. 

 

The PMMA polymer is an important substrate material which has been studied in the 

area of microfluidic applications. This polymer has significant advantages as the 

structural material for microfluidic devices, including low cost, easy fabrication and 
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good physical and chemical properties. Besides due to the low melting temperature of 

PMMA substrates, the device bonding can be made at low temperature.  

 

3.2  CO2 Laser Micromachining for Substrate Fabrication 

Microfabrication is an increasing application of lasers based on the micromachining 

processes. The laser based cutting method has several advantages over the other 

approaches including flexibility, scope of automation, ease of control in depth of cut, 

cleanliness, non-contact processing, speed, negligible heat affected zone, and narrow 

kerf [161]. A schematic of the laser assisted cutting setup is shown in Figure 3.3 [162]. 

The material is placed on a stage, and the laser beam is applied to irradiate the material 

surface at different power and speed so as to generate controlled removal of material 

from the surface. The main parameters in the laser assisted cutting method are power or 

intensity, interaction time and covering environment [163].  

 

              

Figure 3.3: Schematic of the laser assisted cutting setup [162]. 

 

In this work, a CO2 laser (Epilog Mini 18) at 10.6 μm of wavelength with a 18” x 12” 

engraving area is used. The maximum output of this laser is up to 40 W. The spot size of 

this laser can be varied from 0.003” to 0.005” (or 76.2 μm to 127μm). The substrate 

pattern is created using computer software in either AutoCAD or CorelDraw. The 

quality of the cutting zone is controlled by the laser parameters such as laser power 

density, position of the laser beam with respect to the surface and x-y stage speed. It has 

been shown that the relationship of laser power (P, W), material thickness (d, mm), cut 

width (s, mm) and cut speed (V, mm/s) can be given by: 

 

                       P = 390﹒d
0.21﹒s

0.01
 ﹒V

0.16    
                  (3.1) 
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while ignoring variation of thermal properties of cutting material with temperature [163]. 

A photograph of the Epilog Mini18 CO2 laser system is shown in Figure 3.4.  

 

 

Figure 3.4: A photograph of Epilog Mini18 laser system. 

 

3.3  PMMA Mask and Substrate Design  

In order to study the effect of spot separation in the laser welding experiments, several 

circle spot patterns and square spot patterns were designed using CorelDRAW Graphics 

suite X5 (COREL). Then the 0.5 mm thick PMMA sheet is cut into plates of 55 mm x 

50 mm on the CO2 laser system. Figure 3.5 displays the different patterns used for the 

study. These masks have alignment marks for making precise alignment in the 

subsequent process for thin metal film deposition.   

 

   

(a)                                (b) 

Figure 3.5: Samples of PMMA mask, (a) circle pattern and (b) square pattern. 
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3.3.1  PMMA Substrate Fabrication 

Figure 3.6 shows a schematic illustration of the deposition process for producing thin 

titanium film patterns on PMMA substrates using a shadow mask based approach.   

 

 

(a) 

 

(b) 

 

(c) 

Figure 3.6: Illustration of the steps for titanium film deposition on a PMMA substrate using a 

shadow mask based vacuum deposition method. (a) A PMMA shadow mask on a 

substrate, (b) Titanium film deposition and (c) Titanium film spot pattern on substrate 

after removing the shadow mask. 

 

The titanium deposition work was carried out using an electron beam based vacuum 

evaporation system and a PMMA based shadow mask with 1 mm diameter apertures. 

The mask was fabricated using a CO2 laser based polymer machining system (Epilog 

Mini 18). The thickness of the PMMA plate for mask fabrication is 0.5 mm. Aperture 

arrays with separations of 0.6, 0.8, 1.0 and 1.2 mm were fabricated to determine the 

optimum value for continuous joining between the substrates using discrete titanium 

film patterns. 

 

3.3.2  Preparation of PMMA Mask and PMMA Substrate 

In order to mount the PMMA mask and PMMA substrate for E-Beam deposition of 

titanium film, 3-inch soda lime glass wafers were used as the carriers. All of the 

processes were carried out in the cleanroom.  
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Figure 3.7: The glass container was placed in an ultrasonic bath. 

 

After CO2 laser cutting, the PMMA masks and substrates as well as the glass wafer 

carriers were cleaned. The cleaning process was to ensure all of the materials were free 

of dust particles and contamination. Then the PMMA masks and substrates, and the 

glass wafers were placed on a wafer holder and washed using deionised water. After that, 

the wafer holder with the PMMA substrates and glass wafers was inserted into a glass 

container filled with a biodegradable decontamination liquid (Decon 90) mixed with 

deionized water. The concentration of Decon 90 was between 2% and 5% which was 

found to be sufficient for the work. Subsequently, the glass container was placed in an 

ultrasonic bath as shown in Figure 3.7. 

 

Through this cleaning process, the micro-particles and contaminants are removed from 

the surface of the PMMA substrates and glass wafers. After 50 minutes in the ultrasonic 

bath, the substrates and glass wafers were rinsed using running deionized water and then 

inserted into another glass container with deionized water. The glass container was 

placed in the ultrasonic bath again for rinsing for 50 minutes. The aim of this cleaning 

process is to remove the residues of the Decon 90 from the surface of substrates and 

wafers. This process is also critical since the residues of contamination or grease from 

the Decon 90 solution would influence quality of the thin titanium film spots after the 

film deposition process.   

 

After cleaning and preparation, the PMMA substrates and glass wafers were dried by 

pure nitrogen using an air-gun to remove the water from the surface of the substrates 

and wafers. Then the samples were placed into an oven for drying for approximately 60 
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minutes. Since the PMMA material and glass wafer have different heat distortion 

temperatures, the oven was operated at 70C for the PMMA substrates and masks and 

120C for the glass wafer respectively. A photograph of the oven that was used is shown 

in Figure 3.8.  

 

 

Figure 3.8: A photograph of oven for drying materials. 

 

3.3.3  Deposition of A Titanium Layer on PMMA Substrate 

As discussed in section 3.3.1, the PMMA mask and PMMA substrate are mounted on a 

glass wafer using a high temperature tape. Then the glass carriers with the PMMA 

substrates and the covering masks were plated into the E-Beam deposition chamber. In 

the deposition process, the titanium layer was deposited in the high vacuum chamber by 

electron beam evaporation as shown in Figure 3.9. Six glass wafers each carrying the 

PMMA masks and substrates were placed in the wafer holders of the electron beam 

evaporation chamber. The distance between the wafer holder and titanium source in a 

crucible was roughly 100 mm. A schematic of the electron beam evaporation principal is 

shown in Figure 3.10 [164]. 
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Figure 3.9: A photograph of electron beam evaporation. 

 

 

Figure 3.10: Schematic of electron beam evaporation chamber [164]. 

 

Before deposition, the pressure in the vacuum chamber must be low to prevent the 

titanium target from oxidizing when the titanium is heated to the melting point. 

Furthermore, in order to ensure that the metal vapour reaches the substrates with 

minimal collisions with the particles in the chamber, the pressure must be in the region 

of free molecular flow [164]. In our deposition process, the chamber pressure was 

around 2 x 10
-5

 mbar before the evaporation process was carried out. The pumping 

process is usually between 1.5 and 2 hours. 
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The electron beam was generated by a tungsten filament. The electrons are emitted from 

the tungsten filament and are guided by an arrangement of permanent magnets and 

electromagnets onto the titanium piece to be evaporated [164]. The electron direction 

can also be controlled by an emission control box. By turning the emission control the 

filament will begin to heat up and the electron production process is initiated, and the 

glow from the filament is visible inside the chamber. The deposition conditions are 60 

mA of electron current and 5 minutes to produce approximately a 500 nm thick titanium 

layer and 60 mA with 10 minutes for a 1 μm thick titanium layer on the surface of the 

substrates, respectively.    

 

Moreover it is also important to measure the thickness of the titanium layer after the 

E-Beam deposition. In our work, Zygo optical profiler was used to measure the 

thickness of the titanium films. The method is based on white light interferometry. 

When the two separate waves from the surface of the substrate and the titanium film 

combine, the resulting pattern is determined by the phase difference between the two 

waves. The waves in phase produce constructive interference, but when they are out of 

phase destructive interference occurs. The measurement of the thickness of the titanium 

film can be obtained using a computer and associated software. A picture of the Zygo 

optical profiler is shown in Figure 3.11. 

 

 

Figure 3.11: The photograph of Zygo optical profiler.  
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3.4  Laser Bonding Setup 

3.4.1  Laser Bonding System 

This diode laser operates in the near infrared wavelength region at 970 nm. The laser 

system housed in a 19’’ plug-in compartment is connected with the laser coolant system, 

the electrical mains power supply and the laser control unit. The laser beam is 

transmitted to the work platform by a fibre optic cable. A schematic sketch of the diode 

laser system is shown in Figure 3.12.  

 

 

 

Figure 3.12: Schematic of the fibre coupled diode laser system.  

 

3.4.2  Laser Bonding Setup 

In the bonding process, PMMA substrate to PMMA substrate bonding with the metal 

intermediate film is described. A schematic of the laser bonding setup is shown in 

Figure 3.13. All of the samples are processed on a stainless steel bonding platform. A 

high-power diode laser system with a fiber-coupled output at 970 nm is used as the laser 

source. The laser output from the beam delivery fibre is transformed into a large square 

beam with top-hat intensity distribution. A broad beam allows easy alignment and 

processing of the substrates in the laser microwelding method. The top-hat beam is also 

desirable for microwelding with a small heat affected zone beyond the melted (weld) 

zone. The beam profile is produced using a custom-designed beam forming optical 

element [19]. The beam size is 6 x 6 mm
2
.   
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Figure 3.13: Schematic setup of the laser bonding setup. 

 

Figure 3.14 shows a schematic of the experimental setup. The beam transmission 

module consists of collimation optics followed by a focusing lens with a focal length of 

20 cm. The PMMA substrates were placed on an X-Y translation stage. A ceramic plate 

of thickness of 0.9 mm was placed under the PMMA substrates to improve thermal 

efficiency [20]. The substrate area with a titanium film is aligned to the laser beam. A 

glass plate was placed on the PMMA substrate assembly for supporting a metal ring 

based mechanical load. This is to ensure good contact between the two PMMA 

substrates during laser bonding. 

 

 

Figure 3.14: Photograph of the laser bonding setup. 
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3.5  Laser Microwelding of PMMA Substrates  

3.5.1  PMMA Substrates Welding Method 

In order to confirm the feasibility of laser bonding of PMMA substrate to PMMA 

substrate using the intermediate layer absorber, initial process tests were carried out. 

Figure 3.15 shows the images of laser welded PMMA substrates showing the area of 

titanium film, the heat affected zone and the melted zone. The thickness of the titanium 

film for Figure 3.15 (a) is 1 µm and it is 500 nm for the sample in Figure 3.15 (b). Both 

samples were produced at a laser power of 25 W and a processing time of 15 s. The heat 

affected zone (HAZ) and melted zone (MZ) are defined to be the zones beyond the 

perimeter of the circular titanium thin film as illustrated in Figure 3.15.   

 

 

                                   (a) 

 

(b) 

Figure 3.15: Optical images of laser welded PMMA substrates showing melt zone and heat affected 

zone for different titanium film thicknesses, (a) 1 μm and (b) 500 nm. The laser power 

and processing time were 25 W and 15 s respectively. 
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After testing, several PMMA samples were bonded using the diode laser system. The 

PMMA substrates were coated with titanium spots (1 mm diameter) of thickness of 500 

nm and 1 μm respectively. Figure 3.16 shows the photographs of the bonded PMMA 

substrates using a 500 nm thick titanium layer and Figure 3.17 shows the photographs 

of the bonded PMMA substrate using a 1 μm thick titanium layer.  

 

       

(a)                             (b) 

 

       

(c)                                 (d) 
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(e) 

Figure 3.16: Bonded PMMA substrates using a 500 nm thick titanium layer, (a) 20 W of 15 s, (b) 

20 W of 20 s, (c) 25 W of 15 s, (d) 25 W of 20 s, (e) 30 W of 10 s.  

 

                                   

(a)                              (b) 

 

       

                (c)                               (d) 
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(e) 

Figure 3.17: Bonded PMMA substrates using a 1 μm thick titanium layer, (a) 20 W of 15 s, (b) 20 W 

of 20 s, (c) 25 W of 15 s, (d) 25 W of 20 s, (e) 30 W of 10 s.  

 

From Figure 3.16 and Figure 3.17, it is found bonds are created within all the bonding 

parameters. However, the melted zone and heat affected zone are different for different 

bonding parameters. Based on the same laser power, the melted zone and heat affected 

zone increase when the processing time increases by 5 seconds for both of the 500 nm 

and 1 μm thick titanium layers. Another phenomenon is that the titanium spot is nearly 

disintegrated when the process time is 20 seconds. In addition at the same processing 

time of 15 seconds, more laser power also generated wider melted zone and heat 

affected zone. In fact, it is easy for the titanium layer spread to create wider melted zone 

at higher laser power but the disadvantage is that a large heat affected zone is also 

generated.  

 

Figure 3.18 shows the optical pictures of PMMA substrates bonded at 30 W of laser 

power and processing time 15 seconds. Although good bonding can be made, the 

intermediate titanium layer has significant deformation. This occurred because the 

polymer was over-melted to a liquid state after the excessive laser heating effect.  
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(a)                               (b) 

Figure 3.18: Optical images of laser welded PMMA substrate (laser power is 30 W and processing 

time is 15 s), (a) 500 nm thick titanium layer and (b) 1μm thick titanium layer. 

 

3.5.2  Analysis of Heat Affected Zone and Melted Zone 

In order to determine the effect of laser welding conditions on the melted (weld) zone 

and the heat affected zone as shown in Figure 3.17, a number of samples were produced 

and analyzed using an optical microscope. Figure 3.19 and Figure 3.20 show the results 

of the measurements of the melted zone and heat affected zone. Each value represents 

an average of three independent measurements. As expected both of the melted zone 

and the heat affected zone increase as the laser power increases. The results are similar 

for the processing time since the laser induced temperature increases until the 

steady-state is reached. On the other hand the results indicate that the time to reach 

steady state of the laser induced thermal effect is longer than 25 s since the width of the 

heat affected zone is still increasing until then. The results for processing times beyond 

25 s were not obtained since substrate deformation was observed consistently at all of 

the laser power levels. This is due to the absorption of more laser power resulting in 

melting of a larger volume of the substrate material and hence causing the subsequent 

substrate deformation [165].   

 

Figure 3.19 displays the width of melted zone and heat affected zone for the 500 nm 

thick titanium layer. It is clearly observed that the melted zone is much larger than the 

heat affected zone, however the heat affected zone is increasing gradually with the 

process time and laser power. Although the area of the melted zone still increases after 

the bonding time of 20 s, it is already in the over-heating region not only increasing the 

melted zone and heat affected zone but also causing deformation of the samples.   
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(a) 

 

(b) 

Figure 3.19: Results of measurements of (a) melted zone and (b) heat affected zone for different 

laser processing conditions. The thickness of the titanium film is 500 nm. 

 

Comparing the results in Figure 3.20 (a) and Figure 3.20 (b), the width of the heat 

affected zone is about a factor of 10 smaller than that of the melted zone. This is a 

highly desirable effect for encapsulation of microfluidic devices since the thermal effect 

on the neighboring region of the functional structures such as microchannels is 

minimized. Based on the results of optical inspection after bonding for uniform welding 

contour and minimal substrate deformation, It is found that the optimum conditions for 

laser microwelding are 25 W for laser power and 15 s for processing time or 30 W for 
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laser power and 10 s for processing time. 

 

(a) 

 

(b) 

Figure 3.20: Results of measurements of (a) melted zone and (b) heat affected zone for different 

laser processing conditions. The thickness of the titanium film is 1 µm. 

 

Comparing Figure 3.19 with Figure 3.20, it is found that the melt zone and heat affect 

zone of all samples increase with increasing laser power and processing time. In 

analysing the melted zone, it is observed that the melt zone is 0.1 mm larger for the 1 

μm thick titanium film than that of the 500 nm thick titanium film at 30 W of laser 

power. As for the 20 W of laser power, the effect is the same. Regarding the heat 

affected zone, the measurements show that the width increases rapidly for the 500 nm 

thick titanium layer as shown in Fig. 3.19 (b). Although the heat affected zone also 

increases in the samples with the 1 µm thick titanium layer, the increasing amplitude is 
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smaller than samples with 500 nm thickness titanium layer. This is because the thicker 

intermediate absorbing layer produces more thermal diffusion to generate a larger melt 

zone rather than the heat affect zone.  

 

3.5.3  Studies of Separation Between Two Adjacent Film Spots  

For microfluidic applications it is necessary to produce a closed loop welding line for 

sealing and encapsulation. As analysed in section 3.5.2, the width of the melt zones 

ranges from 0.3 mm to 0.6 mm. So in order to study the design parameters of the 

titanium patterns and in this case it is the separation between two neighbouring titanium 

spots, laser welding was carried out for substrates with spot separations of 0.6, 0.8, 1.0 

and 1.2 mm.  

 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 3.21: Effect of separation between two titanium film spots for continuous welding between 

substrates for the 500 nm thick titanium film. (a) 1.2 mm, (b) 1.0 mm, (c) 0.8 mm and 

(d) 0.6 mm. 

 

Figure 3.21 shows the effect of separation between two titanium film spots for 

continuous welding between PMMA substrates for the 500 nm thick titanium film.  

The separate distance between two titanium film spots was in the range 1.2 mm to 0.6 

mm. As discussed in section 3.5.1, it was found that the best process parameters of 

PMMA substrates for bonding are 25 W and 15 s for laser power and processing time 

respectively. Since there is more thermal diffusion to the middle of the two titanium 

spots when the separation is less, the titanium spots become more irregular as shown in 

Figure 3.21 (d).    

 

In Figure 3.22, the thickness of the titanium film is 1.0 µm. It is found that this film 

thickness produces well defined melted zones. Films thicker than 1 µm are also suitable 

but require a longer deposition time. The laser power and welding time are 25 W and 15 

s respectively. It can be seen that for the largest separation of 1.2 mm there is no contact 

between the two melted zones. But as the separation decreases the two melted zones are 

joined to produce a continuous line. At the separation of 0.6 mm, the two melted zones 

merge into one with a seamless transition. The results show that it is possible to produce 

a well defined continuous welding line using discrete spot based film absorbers. 

Although a circular spot design was used in this work, other spot geometries can also be 

used.  

 

 

(a) 
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(b) 

 

(c) 

 

(d) 

Figure 3.22: Effect of separation between two titanium film spots for continuous welding between 

substrates for the 1 µm thick titanium film. (a) 1.2 mm, (b) 1.0 mm, (c) 0.8 mm and (d) 

0.6 mm. 

 

Comparing Figure 3.21 with Figure 3.22, most of the samples were well defined melted 

zones to bond two PMMA substrates but there are differences between the samples for 

the 500 nm and 1 µm thick titanium layer. In Figure 3.21, the titanium spots becomes 

irregular after laser heating because the thinner titanium film is less rigid or robust. 

Moreover as it can be seen in Figure 3.21, the boundaries of the melted zone are not as 

well defined as in Figure 3.22 since the thicker titanium film has better mechanical 

integrity resulting in less disintegration of the film. Therefore for better quality, a 

titanium film of thickness of about 1µm is preferred. In addition the effect of larger melt 

zone and smaller heat affect zone is another important factor for PMMA bonding. From 

Figure 3.22 and section 3.5.2, it is found that the sample with 1 mm of separation 

between two adjacent titanium film spots has the best melt zone and bonding effect 

although its heat affect zone is not the smallest. Finally, the optimal design is 1 mm for 

separation between two titanium film spots and 1 μm for the film thickness. 

 



 

64 
 

3.5.4  Studies of Large Area Joining 

Large area joining has also been studied, this work was carried out using samples with 

2x2 arrays of titanium film spots. Large area joining between the substrate surfaces can 

produce a high bond strength that may be required in applications where a high pressure 

fluid flow is necessary. The spot separation was 1.0 mm and the titanium film thickness 

was 1.0 µm. The laser power was 25 W and the welding time was 15 s. For comparison 

of a similar area of welding, a single large square titanium film (3x3 mm
2
) was used to 

join two PMMA substrates under identical conditions as for the 2x2 array of circular 

titanium film spots. Figure 3.23 shows the images of the assembled PMMA substrates. 

Although the total joined area is similar in both designs, there was significant distortion 

of the top surface of the PMMA substrate that is not shown in Figure 3.23 (b).  This 

was due to the excessive thermal energy from absorption of the laser radiation by the 

large titanium film. Therefore the results show the advantage of using an array of 

titanium film spots for large area substrate joining.  

 

 

(a) 
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(b) 

Figure 3.23: Optical images of laser welded PMMA substrates using (a) a 2x2 array of 1 mm 

diameter titanium film spots and (b) a square titanium film of 3 x 3 mm2. 

 

3.5.5  Cross-sectional Studies of Weld Interface 

In order to study the laser welded interface in detail, the cross-sections of the assembled 

substrates are obtained and examined under an optical microscope. Figure 3.24 shows 

the images of the cross sections of samples produced at the laser power of 20 W, 25 W 

and 30 W respectively. The titanium film thickness is 1 µm and the processing time was 

15 s. At low laser power, the temperature rise at the interface is just above the melting 

temperature (135C) of the PMMA substrate material. In this case welding occurs but 

does not cause breakup of the titanium film. As the laser power is increased to 25 W, the 

temperature at the center of the film spot region is significantly higher than the melting 

temperature of the PMMA material resulting in melting of a larger volume of the 

PMMA substrate material as shown in Figure 3.24 (b). As the laser power is increased 

further to the value of 30 W, the melted interface region extends further into each 

substrate as can be seen in Figure 3.24 (c). It has been observed that the excessive melt 

region shown in Figure 3.24 (c) causes deformation of the substrate surface of the 

sample. Therefore it is necessary to control the laser processing conditions in order to 

obtain a reliable bond between the substrates and at the same time not causing substrate 

deformation. After comparison, the optimum bonding parameters are 25 W with 

processing time of 15 s which is shown in Figure 3.24 (b).  
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(a) 

 

(b) 

 

 (c) 

Figure 3.24: Optical images of cross-sectional view of the laser weld interface between two PMMA 

substrates produced at the laser powers of (a) 20 W, (b) 25 W and (c) 30 W respectively. 

The thickness of the titanium film is 1 µm and the processing time is 15 s. 

 

3.5.6  Bonding Strength Measurement 

In this study, tensile testing was applied to measure the mechanical stability of the 

bonded PMMA substrates. A cylindrical or a plate shaped specimen is deformed by 

applying a uniaxial force. One end of the sample is fixed in a static grip while the other 

end of the specimen is pulled at a constant velocity until a mechanical break occurs. The 

tensile measurements were carried out to determine the interfacial bond strength of the 

laser weld PMMA substrates. Figure 3.25 shows the schematic configuration of a laser 

welded PMMA substrate assembly for tensile strength testing. An acrylic circular rod 

was attached to each PMMA substrate using an epoxy glue (Everbuild Stick 2 Rapid) 

[166]. The two polymer rods were aligned along a straight line to ensure minimal shear 
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stress during tensile testing. The rods were secured to the grippers of the test rig and a 

tensile load was applied to the sample. In our study, the measurements were made using 

a commercial tensile strength tester (Instron, model 2715-015) which is shown in Figure 

3.26. The tensile strength for each sample was obtained from the measured load 

extension characteristic at a pulling speed of 1 mm/min.  

 

           
Figure 3.25: Schematic of sample mounting [166]. 

 

 

Figure 3.26: The photography of Instron tensile tester. 

 

The results of tensile strength measurements are given in Table 3.3. A 2x2 array of 

titanium spot pattern and a single square titanium film were used in the comparative 

study. The separation and diameter of the film spots in the 2x2 array design are both 1 
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mm. The area of the square titanium film is 3 x 3 mm
2
. The processing time and load of 

15 s and 4 N respectively were the same for all samples. The total weld area for each 

sample was measured from the corresponding optical image of the resultant PMMA 

substrate assembly and used to determine the values of tensile strength shown in Table 

3.2. As can be seen in Table 3.2, sample 2 has the best tensile strength among the 

samples without suffering from substrate deformation. Compared with the previous 

polymer bonding methods, the new method produces higher tensile strength [19, 26, 29, 

41, 42]. For the titanium film of thickness of 1 µm, the tensile strength for the 2x2 array 

design is better than that for the large area square film. At the laser power of 30 W, 

surface deformation was observed for both sample 3 and sample 6. As discussed in 

Section 3.5.1 in this case the higher laser power produced a large volume of melted 

PMMA material from the two substrates causing excessive softening during the welding 

process and therefore the subsequent surface deformation after cooling.  

 

Table 3.2: Tensile strength at different laser welding conditions.  

Sample 

No. 

Titanium 

film pattern 

 

Titanium 

thickness 

(µm) 

Laser 

power 

(W)  

Tensile 

strength 

(MPa) 

Substrate 

deformation      

1 2×2 array 0.5 25   2.88 No 

2 2×2 array 1.0 25 5.08 No 

3 2×2 array 1.0 30 6.14 Yes 

4 Square film 0.5 25 3.18 Yes 

5 Square film 1.0 25 4.31 No 

6 Square film 1.0 30 4.93 Yes 

    

 

The results also show that the tensile strength is higher for the thicker titanium film. 

Therefore the film thickness of 1 µm is better for laser welding of PMMA substrates and 

this is in agreement with the results shown in Figure 3.22 in order to achieve a well 

controlled weld zone. Figure 3.27 (a) shows the picture of one of the two PMMA 

substrates of sample 3 after tensile testing. Figure 3.27 (b) shows a similar picture for 

one of the substrates of sample 6. It was found that a similar amount of titanium film 

residue was left on each substrate of the samples as shown in Figure 3.27. This failure 

modes show that the cracks occurred on both surfaces of PMMA substrates which 

indicating highly strong bonds generated at the interface of PMMA substrates. 
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(a)                                  (b) 

Figure 3.27: Sample mounting configuration and optical pictures of the PMMA substrates after 

destructive tensile testing. (a) optical picture of one PMMA substrate for sample 3, and 

(b) optical picture of one PMMA substrate for sample 6.  
 

3.6  Laser Fabrication and Encapsulation of Microfluidic Channels 

As bonding of blank PMMA substrates bonds has already been investigated, structured 

substrates are used to carry out experiments to study the demonstration of its ability to 

seal microchannels and ports. Based on the results described in the previous sections 

several microfluidic structures are designed and manufactured for testing the laser 

microwelding method.  

 

3.6.1  Laser Fabrication of Microchannels in PMMA Substrates 

For laser machining PMMA material, a CO2 laser system (Epilog Mini 18) was used 

which has been detailed in section 3.2 and section 3.3. Normally residues and bump 

formation and their growth within polymer melts are highly complex problems. The 

ablation of polymers can be presented by the process depth (d) as function of laser 

power (P) and moving speed (v) of the laser beam [167]: 

 

                               
v

P
d                                  （3.2) 

  

The laser power and speed are the main factors in continuous wave laser ablation.   

 

A larger number of process parameters for PMMA micromachining were carried out and 

the results are shown in Table 3.3. 
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Table 3.3 Results of channel depth in CO2 laser ablation. 

Speed (mm/s) Power (W) Approx Depth (μm) 

17.6 6  80 

17.6 8  100 

17.6 10  180 

17.6 12  220 

17.6 14  300 

23.5 8 60 

23.5 10  120 

23.5 12  180 

23.5 14  200 

29.3 6  35 

29.3 8  50 

29.3 10  80 

29.3 12  130 

29.3 14  185 

29.3 16  225 

29.3 18 260 

29.3 20  285 

 

Since the CO2 laser beam has a Gaussian intensity distribution, the geometry of the 

channels can be regarded as a Gaussian function [167]. Figure 3.28 shows an example 

of the cross-section of a microchannel. Although the residues were generated on the 

surface after laser machining, there is no occurrence of any bump formation.   

 

 

Figure 3.28: Cross section of laser ablated microfluidic channel (P= 8 W, v=17.6 mm/s). 
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3.6.2  Design of Microfluidic Devices 

The microfluidic device is a channel structure with reservoirs which is used to test the 

laser welding method for microfluidic applications. The length, width and depth of the 

channel are 28 mm and 150 µm and 200 µm respectively. The thickness of the two 

PMMA substrates is 2 mm. In this study, the quality of the inner channel walls was not 

considered as an important factor. The diameter of the titanium spot is 1 mm and the 

separation between the adjacent spots is also 1 mm based on the investigation described 

in section 3.5.3. The design of the microfluidic channel is shown in Figure 3.29. To 

create the channel two ellipse reservoirs with a diameter of 7 mm were laser 

micromachined into a PMMA substrate. Two microfluidic devices are bonded with 25 

W for 15 s. And other two microfluidic devices are bonded with 30 W for 15 s. For all 

the sealed samples, it is needed at least 15 s for cooling. Pressure is applied to provide a 

bonding pressure of 0.4 kg for all samples.  

 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

Figure 3.29: (a) Design of microfluidic channels, (b) design of titanium layer. 

 

3.6.3  Results  

The titanium spots were deposited on the top PMMA substrate as the lid (Fig. 3.30). 

Holes were also machined on the top substrate to provide inlets to the microfluidic 

channel. A bonding force was applied and the same setup was used as shown in Fig 3.14. 

The bonding force was generated using a mechanical load of 0.4 g. Ten samples were 

bonded. Most of these samples are successful except two which were broken since they 

were not aligned correctly.  
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Figure 3.30: Titanium spots were deposited on PMMA substrate. 

 

In order to test the bond quality of the devices, a coloured liquid was injected into the 

inlet reservoir to flow through the channel by capillary effect. Although the samples 

were carefully placed and processed, two of the samples with bonding parameters of 30 

W and 10 s are not leak free structures. The coloured liquid leaked between the two 

PMMA substrates as shown in Figure 3.31. Overall most of the samples showed leak 

free performance as shown in Figure 3.32. 

 

 

Figure 3.31: Leaking microfluidic device. 
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Figure 3.32: Successful microfluidic device injected with ink. 

 

Moreover after several hours, the samples still showed no leakage and all of the devices 

were flushed by water through the left reservoir to right one using a syringe to remove 

the coloured ink. Then these samples were tested again after a few hours. There was no 

leakage in the samples which had passed the initial test. To further assess the quality of 

the successfully sealed samples, the cross section of the devices was obtained as shown 

in Figure 3.33. It can be seen that bonding is created around the fluidic channel.  

 

 

Figure 3.33: An optical image of a cross-sectional view of the microchannel showing no channel 

distortion after bonding. 

 

3.7  Conclusions 

A novel laser microwelding method has been studied for bonding of PMMA substrates 

using an intermediate metal film spots design for fabrication of microfluidic devices for 
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lab-on-chip applications. In this approach the bonding contour is defined by the pattern 

of the titanium film spots and thus allowing easy alignment with a broad laser beam 

resulting in a greater process tolerance than the previous approaches. The thin film spots 

can also be produced using an inkjet based low cost printing method. The dependence of 

the weld zone and heat affected zone on laser power and processing time has been 

investigated. It has been found that a laser power of 25 W corresponding to a beam 

intensity of about 70 W/cm
2
 is sufficient to produce a good bond with a processing time 

of 15 s. A continuous weld between the adjacent circular titanium film spots can be 

achieved by controlling the separation between the film spots. The results on studies of 

different film patterns show that for large area substrate joining the spot array design is 

better than a large thin film patch in order to minimize the effect of substrate distortion.  

Both cross-sectioning and tensile strength measurements have been carried out to study 

the reliability of the laser weld PMMA substrates. The tensile strength of the laser 

produced weld is about 6 MPa which is comparable to that of the previous work in laser 

welding of bulk polyvinyl chloride (PVC) materials [168]. The laser microwelding 

method has been used successfully in encapsulation of a microchannel device as shown 

by leak-free operation. The results of the work show a potential application of the laser 

microwelding method for packaging of future microfluidic devices. 
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Chapter 4  Laser Assisted Bonding Using an Intermediate LCP Film 

For Microsystem Packaging 

 

This chapter presents a study of an LCP film as an adhesive layer for packaging of 

MEMS devices using a diode laser system. There are several advantages using the LCP 

material for packaging of microsystems such as RF devices. The development of a laser 

processing method using an LCP film with a short bonding time is presented. A 

temperature monitoring method and quality testing of the bonded devices are also 

described. In order to enhance the performance and the integration of systems, the 

MEMS packages have to be made to be small and light. As discussed in Chapter 2 the 

LCP polymer is a highly stable material with good moisture properties for near-hermetic 

package performance. Besides as an attractive thin plastic material, LCP can be used 

successfully for packaging applications with low temperature requirements.  

 

A laser-assisted bonding technique using an LCP film for cavity based packaging 

applications is investigated. Laser based LCP bonding of both planar silicon and glass 

substrates and also a molded LCP package will be described. For glass-glass bonding, a 

thin film titanium absorber in a spot pattern was used to facilitate absorption of laser 

beam in the bonding region for melting the LCP sealing ring to achieve substrate 

bonding. An embedded temperature sensor was used to monitor the temperature change 

at the bonding interface in bonding of a silicon cap to a molded LCP package. Shear and 

leak tests were performed to assess bonding strength and hermeticity of the laser bonded 

samples. 

 

4.1  Properties of LCP polymer 

The study of LCP materials in electronics has been only for a few decades, although the 

first research of the LCP material by scientists was in 1923 when Vorlander synthesised 

LCP by applying benzene rings linked through ester groups [169]. The term “liquid 

crystal” refers to a state of relation that reveals both partly solid and partly liquid 

properties. While the liquid crystal flows like normal liquids, the molecules retain an 

original direction. Normally, LCP materials are in solid phase at room temperature. If 

the liquid crystal materials are heated to change from the solid state to the liquid-crystal 

state, they are called as thermotropic materials. Furthermore, if the liquid crystal 

materials are observed when they are in solution then the materials are called lyotropic 
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[170]. The reason that LCP has been widely applied in electronic integration is because 

of its unique properties. Figure 4.1 shows illustrations of the structures of liquid crystal 

polymers in solid phase and in fluid phase [170].  

 

Figure 4.1: (a) A liquid crystal solid phase and (b) A liquid crystal fluid [170]. 

 

The molecular structure of LCP that is a totally aromatic polyester is shown in Figure 

4.2 [170]. The two groups are linked together by an ester bond (-O-CO-) that provides 

long range rotational adaptability. This movement is referred to as crankshaft rotation in 

the chemistry field. The benzene rings, also refers to aromatic rings, are shown as 

hexagons in the chemical diagrams of the two groups. The left group is 

p-hydroxybenzoic acid (HBA) and the right group is 6-hydroxy-2-napthoic acid (HNA). 

Because of the significant feature of the aromatic rings, LCP materials exhibit a greater 

stability. The aromatic rings also have the abilities to stack on the top of each other to 

generate a strong attachment. This property makes the LCP to possess low diffusivity 

and permeability for high density polymer packing [170].       

 

 

Figure 4.2: Molecular structure of the LCP [170]. 

 

LCP has been used in chemical applications and produced with diverse characteristics.  

The Coefficient of Thermal Expansion (CTE), which is the change in the physical 

dimension as temperature, ranges from 8 to 17 ppm/K (X and Y). LCP materials have 
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the property of less than 0.004% of water absorption [106, 115]. The melting 

temperature is between 280°C to nearly 350°C depending on the material composition. 

LCP has a specific property of heat distortion temperature that is the temperature at 

which the LCP starts to deform within a certain pressure. The heat distortion 

temperature of the LCP is 260°C which is about 20°C lower than minimum melting 

temperature.   

 

There are several types of LCP materials available from different manufacturers, such as 

Kevlar, Vectran, Zenite and Rogers. In this study, the ULTRALAM 3908 bondply from 

Rogers Corporation is used as a bonding film. The standard thicknesses are 25 μm and 

50 μm. Furthermore, it exhibits a number of features and benefits: 

 

 Excellent electrical properties 

 Low modulus 

 Extremely low moisture absorption 

 Flame resistant 

 

The typical properties of the ULTRALAM 3908 bondply are given in Table 4.1 [171]. 

 

Table 4.1: The typical values of ULTRALAM 3908 bondply [171]. 

Property Value Unit 

Tensile Strength 216 MPa 

Coefficient of Thermal Expansion X:17, Y:17, Z:150 ppm/°C 

Melting Temperature 280 °C 

Dielectric Constant (10 GHz, 23°C) 2.9  

Water Absorption (23°C, 24 hrs) 0.04 % 

 

4.2  Micromachining of LCP 

In order to produce a microcavity after bonding two planar surfaces, a laser processing 

approach was studied to machine LCP rings from the thin film material. Unlike 

traditional mechanical drilling, laser processing of LCP does not need deburring and the 

laser technology provides more precision. The mechanical drilling approach is not suit 

able for LCP cutting in this study because it is not easy to produce circular rings.   

 

The same CO2 laser (Epilog Mini 18, 10.6 μm in wavelength) as described in Chapter 3 
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was used which has been detailed in section 3.3. There are many advantages of CO2 

laser for LCP cutting: 

 

  The CO2 laser system is a safe equipment, the laser beam is ready to use when it 

is switched on and can be switched off immediately by an interlock mechanism 

when the protection cover is opened by accident. It also does not need a warm-up 

and a cooling down procedure for operation.  

  Unlike the other laser systems such as the excimer laser, the CO2 laser system is 

more reliable. As for issues such as unstable power supply, critical gas tube 

mixtures maintenance and burn marks on laser optics, the CO2 laser system does 

not suffer from these problems.   

  The CO2 laser is the fastest system for cutting holes, sample edges and random 

patterns such as circular rings out of an LCP film in this work.   

 

Figure 4.3 shows two samples of LCP layers which were machined using the Epilog 

CO2 laser system. 

 

 

Figure 4.3: LCP rings produced by the Epilog CO2 laser system. 

 

However there are also some disadvantages in the CO2 laser cutting method: 

 

 The worst issue is the burn residues of carbon ash still adhered at the edges of 

the cutting area which can smear the samples. The typical solution to clean the 

burn residue is to use oxygen plasma.  

 Although the CO2 laser system could cut good cavities, holes and edges, it does 

not have the precision of some other lasers. 

 The CO2 laser system can only produce feature sizes of larger than a hundred 
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microns since the laser spot size is larger than other lasers. 

 

4.2.1  Mask Fabrication and LCP Film Preparation 

For bonding glass and glass substrates, PMMA masks for depositions on LCP rings 

circular titanium spot patterns are designed using CorelDRAW Graphics suite X5 

(COREL). The diameter of the apertures on the mask is 0.6 mm and the separation 

between two adjacent apertures is 0.7 mm. The 0.5 mm thick PMMA sheet is cut into 55 

mm x 50 mm plates for mask fabrication. The PMMA masks were fabricated using the 

CO2 laser machining method as described in section 3.2. Figure 4.4 shows an explosive 

view of the arrangement for depositing titanium thin film spots on the LCP rings. The 

LCP rings were attached to the glass carrier and the masks were aligned each to the 

corresponding LCP ring using the alignment marks.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.4: The main steps for titanium deposition on an LCP film using a shadow mask based 

vacuum deposition method. (a) Explosive view of the assembly for titanium deposition, 

(b) After titanium film deposition, and (c) Titanium film spots on LCP rings after 

removing the masks and the glass substrate. 

 

Before mounting for titanium film deposition, glass substrates, PMMA masks and the 

LCP rings were cleaned following the steps described in section 3.3.2. The LCP rings 
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were fabricated using the method described in section 4.2. The deposition process for 

thin film spots on the LCP rings were carried out using the method which was detailed 

in section 3.3.3.   

 

4.2.2  LCP Package Preparation 

The LCP packages used in this study are the cavity style package designs as shown in 

Figure 4.5. It was designed for packaging of sensors and electronic chips for industrial 

applications. This package material is a 35% glass reinforced LCP polymer (Vectra 

S135, Ticona) with a deflection temperature of 335C. The outer dimensions of the 

substrate are 8.9 mm x 8.9 mm x 2 mm and the inner dimensions are 7 mm x 7 mm by 

1.5 mm. The peripheral ridge was to produce a smooth surface for LCP bonding. A 

silicon lid with dimensions of 10 mm x 10 mm x 0.6 mm and the ULTRALAM 3908 

LCP film with the same size as the silicon lid were used for laser bonding with the LCP 

package.  

 

 

Figure 4.5: Photograph of an LCP package after polishing. 

 

4.3  Design Configurations 

The substrate and package configurations for laser based LCP bonding are shown in 

Figure 4.6. Glass to glass bonding in Figure 4.6 (a) is based on a square LCP ring with a 

thin film titanium spot pattern. The titanium film pattern absorbs laser radiation to 

produce the required temperature above the melting point of the LCP film in order to 

produce a bond between the substrate surfaces after cooling. The titanium film spots 

were produced by vacuum deposition. The diameter and the thickness of the spots were 

0.6 mm and 500 nm respectively. The separation between the adjacent spots was 0.7 

mm. The inner dimensions of the LCP ring were 4 mm x 4 mm and the width was 1.5 
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mm. For silicon-glass and silicon-silicon bonding as shown in Figure 4.6 (b) and (c), the 

silicon substrate absorbs the laser radiation for bonding. The inner diameter and width 

of the LCP ring were 4 mm and 1 mm. Figure 4.6 (d) shows the configuration of 

bonding a silicon cap to the molded LCP cavity package which is shown in Figure 4.5. 

In all cases the dimensions of the silicon and glass substrates were 10 mm x 10 mm. The 

thickness of the silicon substrate was 0.6 mm and it was 0.5 mm for the glass substrate.  

 

                  

          (a)                      (b)                     (c) 

 

 

(d) 

Figure 4.6: (a) Schematic view of glass to glass bonding with titanium-coated LCP film, (b) 

Schematic view of silicon to glass bonding with LCP ring film, (c) silicon to silicon 

bonding with LCP ring film and (d) Schematic view of silicon to LCP package bonding 

with LCP film. 

 

4.4  Laser Assisted LCP Bonding 

In this work, the same high-power diode laser system with a fiber-coupled output at 970 

nm as described in Chapter 3 was used. A schematic of the experimental setup is shown 

in Figure 4.7. The beam transmission module consists of collimation optics followed by 

a focusing lens with a focal length of 20 cm. The samples were placed on an X-Y 

translation stage. A ceramic plate with thickness of 0.5 mm was placed under the 

samples to reduce thermal diffusion [23]. The glass, silicon substrates and the LCP 

package are aligned with the LCP film as necessary for each of the bonding 

configurations shown in Figure 4.6. A glass plate was placed on the sample assembly for 

supporting a metal ring based mechanical load. This is to ensure good contact between 
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the LCP ring and the surfaces of the bonding partners. 
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Figure 4.7: Schematic of laser bonding setup using an LCP film. 

 

4.4.1  Glass to Glass Bonding  

Basically the glass to glass bonding process with the LCP intermediate layer is a 

transmission bonding process. Both the lid glass and substrate glass have almost total 

transmission at the laser wavelength of 970 nm, and the laser beam is absorbed by the 

metal layer that has been deposited on intermediate LCP film. A cross-sectional view of 

the bonding setup is shown in Figure 4.8. 

 

 

 

 

 

 

 

 

Figure 4.8: A schematic diagram of the setup for glass to glass bonding. 

 

After laser radiation is absorbed by the titanium layer and a laser heating effect is 

created to melt the LCP layer for bonding purpose. A 0.5 mm thick ceramic plate was 

placed below the samples to reduce heat dissipation from the bonding interface.   

 

Several initial bonding tests were carried out to determine the effects of the bonding 

parameters.  The laser induced temperature in the LCP ring needs to be above the 
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melting temperature of the LCP material and in this case it is 285°C. A larger number of 

samples were tried and information obtained using different processing parameters.   

 

As discussed above, several experiment sets were conducted to investigate the laser 

bonding process. In most of the traditional studies of LCP bonding, the processes were 

usually carried out for a few hours at different pressure and temperature conditions. But 

in our method, fast laser bonding can be achieved in 75 s. Two metal blocks (0.2 kg 

each) were placed on the top of samples resulting in successful joining with a bonding 

pressure of 4 N. A series of process parameters were tested, for example, 48 W for 50 s 

to 70 s; 45 W for 60 s to 78 s; and 43 W for 70 s to 90 s. In the case of 45 W and 78 s, 

LCP was over melted but in the case of 43 W and 70 s no bonding can be obtained since 

the temperature is below the melting point of the LCP material. After testing the optimal 

bonding parameters were 45 W of laser power and 75 s in bonding time. Good results 

were also achieved using the parameters listed in Table 4.2.  

 

Table 4.2: Laser bonding parameters for glass to glass bonding. 

Sample Number Laser Power (W) Bonding Time (s) 

1 43 85 

2 43 95 

3 45 65 

4 45 70 

5 45 75 

6 45 78 

7 48 50 

8 48 55 

9 48 60 

10 48 65 

 

The bond quality was inspected by visual inspection. Figure 4.9 (a) shows an optical 

picture of a good sample with less deformation of the LCP ring, while Figure 4.9 (b) 

shows a sample with excessive deformation of the LCP ring. More details of reliability 

studies will be described in sections 4.6-4.8.  
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(a)                              (b)                    

Figure 4.9: Optical images of glass to glass bonding using an LCP ring. (a) Successful bonding with 

less LCP deformation of 48W and 60 s, and (b) excessive LCP deformation of 45 W and 

78 s.  

 

4.4.2  Silicon to Glass/Silicon Bonding  

Similar to glass to glass bonding, the silicon to glass/silicon bonding process with an 

LCP intermediate layer was studied. However in this case the laser beam is absorbed by 

the top silicon substrate. Unlike silicon to glass bonding, silicon to silicon bonding with 

the LCP layer requires higher laser power since the thermal conductivity of silicon is 

two orders of magnitude higher than that of glass as shown in Table 4.3. Therefore, heat 

dissipation is faster resulting in low thermal efficiency of the laser heating effect [156]. 

A schematic of the bonding process is shown in Figure 4.10.  

 

 

Figure 4.10: A schematic of laser bonding of silicon to glass/silicon. 
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Table 4.3: Thermal conductivities of substrate materials [156]. 

Materials Thermal Conductivity (W/(m·K)) 

Silicon 130 

Glass 0.8-1.4 

Ceramic 35 

Stainless steel 237 

 

The 0.5 mm thick ceramic plate was placed below the substrate assembly to improve the 

thermal efficiency of the bonding setup. The silicon and glass substrates with 

dimensions 10 mm x 10 mm were used. The thickness was 0.5 mm for the glass 

substrate or 0.6 mm for the silicon substrate. The thickness of the LCP ring is 50 μm 

and the inner and out diameters are 3.6 mm and 5.6 mm respectively. The load for 

applying the bonding force was 0.4 kg.   

 

Several initial bonding tests were performed using different bonding parameters. A 

number of samples were produced under different processing parameters. A bonding 

force of 4 N was used for all of the samples based on the results of glass to glass 

bonding. For silicon to glass bonding, the processing conditions were 21 W for 55 s to 

65 s, 23 W for 30 s to 45 s and 25 W for 20 s to 35 s. The time for the LCP film to reach 

its melting point is shorter for higher laser power. It was found that the optimal bonding 

parameters were 23 W for laser power and 40 s for bonding time. Good bonding results 

were also obtained using the parameters listed in Table 4.4.  

 

Table 4.4: Laser bonding parameters for silicon to glass bonding.  

Sample Number Laser Power 

 (W) 

Bonding Time 

 (s) 

1 21 55 

2 21 60 

3 21 65 

4 23 30 

5 23 35 

6 23 40 

7 23 45 

8 25 20 

9 25 25 

10 25 30 
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The quality was assessed by visual observation and good bond was indicated 

qualitatively by adequate but not excessive deformation of the LCP film. Figure 4.11 

shows a bonded sample with less deformation of the rings and a sample with excessive 

deformation of the LCP rings. 

 

       

(a)                                   (b) 

Figure 4.11: Laser processing silicon to glass intermediate LCP layer result in (a) low deformation of 

25 W and 25 s, and (b) high deformation of 23 W and 45 s. 

 

For silicon to silicon bonding, a series of processing parameters were tested, for 

example, 32 W for 55 s to 65 s, 35 W for 30 s to 45 s and 38 W for 20 s to 35 s. Since 

both substrates are opaque, destructive inspection was made by breaking the bonded 

silicon substrates and observing the level of deformation of the LCP film. It was found 

the optimal bonding parameters are 35 W of laser power and 40 s of bonding time. 

Good bonding was also obtained based on the other parameters shown in Table 4.5.  
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Table 4.5: Laser bonding parameters for silicon to silicon bonding. 

Sample Number Laser Power 

 (W) 

Bonding Time 

 (s) 

1 32 55 

2 32 60 

3 32 65 

4 35 35 

5 35 40 

6 35 40 

7 35 45 

8 38 20 

9 38 25 

10 38 30 

 

4.4.3  Silicon to LCP Package Bonding  

In this experiment, a silicon substrate was used as the lid for cavity style LCP package 

shown in Figure 4.5.  

 

Figure 4.12: A schematic diagram of bonding of silicon lid to LCP package. 

 

The outer dimensions of the LCP packages are 8.9 mm x 8.9 mm and the cavity 

dimensions are 7.3 mm x 7.3 mm by 1.35 mm deep as shown in Figure 4.12 which is a 
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cross-sectional view of the bonding setup. The bonding Pressure was applied to the 

bonding assembly using the metal-ring based load of 0.4 kg. The silicon substrate 

absorbs the incident laser beam to produce thermal energy to melt the LCP film to bond 

it to the LCP package. 

 

A number of tests were carried out and the bonding conditions are listed in Table 4.6. 

 

Table 4.6: Laser bonding parameters for silicon to LCP-package bonding. 

Sample Number Laser Power 

 (W) 

Bonding Time 

 (s) 

1 15 240 

2 16 180 

3 16 190 

4 18 110 

5 18 115 

6 18 120 

7 18 125 

8 20 90 

9 20 95 

10 20 100 

 

Since the quantities of LCP packages were limited, a package was used again after 

polishing to produce a fresh surface in the sequent bonding trial. On the other hand, if 

serious deformation or damage occurred after the previous bonding experiment, the 

LCP package was not used again.  

 

4.5  Temperature Monitoring 

Temperature monitoring provides important information about the temporal profile of 

the localized laser heating effect [152]. The actual bonding process will only start after 

the laser induced temperature has reached the melting temperature of the bonding 

medium, in this case, an LCP film with a melting temperature of 280C. Figure 4.13 

shows the results of temperature monitoring for the three substrate configurations 

shown in Figure 4.6 (a)-(c). The temperature was measured by placing the thermocouple 

under the bottom substrate and aligned to the center of the LCP bonding ring.  
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The monitored temperature was expected to be lower than the interface temperature for 

bonding due to the temperature gradient across the bottom substrate. Although a more 

accurate method for temperature monitoring using an embedded thin film sensor array 

has been reported [152], the method used in this work is much simpler to implement and 

the monitored temperature for bonding is not much lower than the expected temperature 

at the interface of the substrates. The behaviour of temperature increase in silicon-glass 

and silicon-silicon bonding are similar although a high laser power is necessary in 

silicon-silicon bonding. Heat dissipation when the bottom substrate is silicon is much 

faster than when it is glass since the thermal conductivity of silicon is about 10 times 

higher than silicon [152]. For glass-glass bonding the temperature rise is slower than in 

the other two substrate configurations. The top substrate is glass and the laser beam is 

absorbed selectively by the pattern of the titanium thin film spots. The rate of heat 

transfer is lower resulting in a longer rise time in the temperature profile. Since the 

absorption of the laser beam is less efficient thus requiring a higher laser power to reach 

the bonding temperature.  
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Figure 4.13: The measured temperature profile in laser bonding. 

 

Figure 4.14 (a) shows the schematic illustration of the thermocouples embedded in the 

LCP packaging by drilling small holes on the package. The thermocouples were 

embedded in each hole using a small amount of glue. The results of temperature 

monitoring for bonding of silicon cap to the LCP package are shown in Figure 4.14 (b). 

The laser power was 20 W. The maximum temperature when the laser beam was 

switched off was ~270C. This temperature is lower than the melting temperature 
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(280C) of the LCP film, however the successful bonding indicates that the temperature 

at the bonding interface must have reached 280C. This is because the main body of the 

temperature sensor is below the bonding interface and the laser induced temperature 

decreases below the surface of the LCP package. This is demonstrated in the output 

from the second sensor embedded at the center of the package base where the maximum 

measured temperature was only about 150C. The more significance of the temperature 

monitoring work is that it illustrates one of the key advantages of the laser based 

bonding method, i.e. it is ideally suited to packaging of temperature sensitive devices. In 

this case, a temperature difference of ~ 130C is obtained without using any active 

cooling as it was the case in [156] where a water-cooled copper block was used. The 

reason is that the thermal conductivity of LCP material is much lower than that of the 

ceramic package in [156] thus providing a poor heat pathway from the bonding region 

to the package base. 
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   (b) 

Figure 4.14: (a) A diagram showing positions of embedded thermocouples, (b) The measured 

temperature profiles from the thermocouples. 
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4.6  Cross-sectional Studies 

The cross sections were prepared by dicing the selected sample followed by mechanical 

polishing to produce a high quality specimen for examination under an optical 

microscope or a scanning electron microscope (SEM).  

 

The examples of SEM micrographs for glass to glass bonding are shown in Figure 4.15. 

From the pictures, it can be observed that defect free bonds can be obtained. The 

thicknesses of the LCP layers are 50 m in Figure 4.15 (a) and 20 m in Figure 4.15 (b) 

respectively. The results show that there is negligible change in LCP film thickness 

before and after bonding for the laser power and bonding time of 48 W and 75 s. 

However the LCP film thickness was reduced significantly for the laser power of 50 W 

and bonding time of 75 s. The latter is a result of significant melting of the LCP film 

during the bonding process when a higher laser power was used.  

 

   

G l a s s G l a s s

L C P

      

                   (a)                                (b) 

Figure 4.15: SEM micrographs of samples for glass to glass bonding. (a) successful glass to glass 

bonding  and (b) high deformation of glass to glass bonding. The thicknesses of the 

LCP layers are 50 m in Figure 4.15 (a) and 20 m in Figure 4.15 (b) respectively. 

 

Figure 4.16 shows the cross-sectional views of silicon to glass bonding and silicon to 

silicon bonding samples. Although the bonding interfaces in Figure 4.16 (a) and (b) are 

not as clear as that in Figure 4.15, the reduction in LCP film thickness is not significant. 

The bonding conditions were 23 W and 40 s in Figure 4.16 (a) and were 35 W and 40 s 

in Figure 4.16 (b). 
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(a) (b) 

Figure 4.16: SEM images of bonding interface using an LCP film, (a) Silicon and glass, and (b) 

Silicon and silicon. The thicknesses of the LCP layers are 40 m in Figure 4.16 (a) and 

40 m in Figure 4.16 (b) respectively. 

 

The SEM picture in Figure 4.17 shows that good interfacial bonding of silicon to LCP 

package is obtained using an LCP film. The cracks between the package and epoxy on 

the right of Figure 4.17 is caused during the specimen polishing process. The LCP film 

thickness is approximately 30 m corresponding to the laser power of 20 W and 

bonding time of 120 s. 
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Figure 4.17: SEM images of bonding interface of silicon to LCP package with LCP layer. The  

            thicknesses of the LCP layers is 30 m. 

 

4.7  Shear Force Test 

Shear and tensile testing were applied to the bonded samples to measure the mechanical 

strength of the laser bonded samples. Since the LCP film in this thesis are being used to 



 

93 
 

bonding LCP packages, the shear test was chosen as the testing method because it 

provides the most useful information for LCP film that bonding LCP packages. In shear 

test, one of the substrates of a bonded sample is fixed in order to prevent sample 

movement while testing. A shear tool was applied at the edge of the other substrate to 

break the bond as illustrated in Figure 4.18.   

 

Figure 4.18: Illustration of shear test when the sample is split open [153]. 

 

For glass to glass bonding, nine bonded samples produced with three different bonding 

times (85 s, 75s, and 60 s) for laser powers of 43 W, 45 W and 48 W, were tested based 

on the procedures in MIL-STD-883G. The measurements were carried out on a 

commercial strength test experiment (Instron, model 2715-015). In this test the bottom 

substrate was fixed and the force was applied on the top glass substrate to make the 

sample split open. The results of the shear test are shown in Figure 4.19.  

 

 

Figure 4.19: Results of shear test of glass to glass bonding samples. 
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According to the shear testing results in Figure 4.19, the highest and lowest bonding 

strengths were from the samples bonded at the laser power of 45 W for 75 s and 43 W 

for 85 s, respectively. After shear force tests, it was found that most elements of the LCP 

layer remained on the bottom glass substrate. This is because the titanium layer was 

deposited on the surface of the LCP film which was bonded to the top glass substrate. 

The titanium film spots have poor adhesion with a glass surface. Therefore, the bond 

strength of the LCP film to the bottom substrate is much higher than at the interface 

with the top glass substrate. 

 

For silicon to glass bonding, the test samples were at laser power of 21 W, 23 W, and 25 

W and bonding time of 60 s, 75 s, and 85 s, respectively. According to Figure 4.20, it 

can be found that the average bond strength is 7.7 MPa. After the shear test, most of the 

LCP residues were found on the top silicon substrate. This is probably due to the factor 

that the LCP material has better adhesion to silicon than glass. It could be also due to 

the effect of temperature gradient across the LCP layer in the bonding process.  

 

 

Figure 4.20: Shear test results for silicon to glass bonding. 

 

For silicon to silicon bonding, the test samples were made at the laser power of 32 W, 

35 W, and 38 W and bonding time of 60 s, 75 s, and 85 s, respectively. The laser power 

is much higher than silicon to glass bonding with LCP layer since the thermal 

conductivity of glass is two orders of amplitude lower than that of silicon. According to 

the Figure 4.21, it can be found that the average bond strength is 8.5 MPa. After the 
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shear test, the LCP ring residues were found adhered on both top and bottom silicon 

substrates. The results also indicate that the LCP material has better adhesion to silicon 

than glass when companied with the results in Figure 4.19. This is in agreement with the 

observation that most of the LCP ring remained on the silicon surface after the 

destructive test of the laser bonded silicon to glass samples. 

 

 

Figure 4.21: Shear test results for silicon to silicon bonding. 

 

For silicon to LCP package bonding, the test samples were produced at the laser power 

of 16 W, 18 W, and 20 W and bonding time of 60 s, 75 s, and 85 s, respectively. 

According to Figure 4.22, it can be found that the average bond strength is 11.6 MPa. 

After shear test, the LCP film residues remained on both the silicon substrate and the 

LCP package. Several black residues from the LCP package were also seen on the LCP 

layer. This phenomenon indicates that the intermediate LCP layer and LCP package 

forms a strong good bond after laser bonding.  
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Figure 4.22: Results of shear force testing of silicon to LCP-package bonding. 

 

4.8  Leak Testing 

Two main leak test methods were used which are the gross leak test and the helium 

based fine leak test. In leak test, the gross leak test is carried out first and the helium 

based fine leak test is made for the samples which have passed the gross leak test. 

Another simple method for leak test is the coloured liquid based approach by immersing 

a bonded cavity in the liquid and observing any ingress of the liquid into the cavity. 

Although helium fine leak test is the most usual hermeticity test used, it is needed to be 

combined with a gross leak test to achieve the range of leak rate. There are also some 

other leak test methods in the military standards which are gross and fine leak test 

techniques, gross leak tests use liquids for detection and fine leak tests use a tracer gas 

[173]. After discussing hermeticity test, the methods to achieve the bonding strength has 

also been described. 

 

4.8.1  Color Liquid Leak Testing 

A coloured liquid test was performed to find any significant leak at the bonding 

interfaces. This method has been used before by immersing the MEMS devices into a 

coloured liquid for a few hours for near-hermetic testing [174], [175]. The coloured 

liquid can be clearly observed in the cavity if there is a significant leak through the 

bonded interface. In the thesis work, all of the samples were tested and all of them 

passed the coloured liquid test. Figure 4.23 shows the optical images of two samples for 

glass to glass bonding and one for silicon to glass bonding, after immersing the samples 

in coloured water for 24 hours. As can be seen there is no coloured liquid in the cavity 
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in both cases indicating good water resistance.   
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            (b) 

Figure 4.23: Optical pictures of bonded samples after immersion in a green color liquid for 24 hours 

showing no leak, (a) glass to glass bonding and (b) glass to silicon bonding. 

 

4.8.2  Gross Leak Testing 

The gross leak test was carried out based on the MIL-STD-883E standard for testing 

hermeticity of microelectronic packages. In our work, twenty samples produced under 

different bonding conditions were tested. Two fluorinert liquids were used, FC-84 and 

FC-40 respectively, with corresponding boiling temperatures of 80C and 155C.  The 

samples were emerged into the FC-84 for 24 hours at room temperature, and then 

transferred to a beaker containing the FC-40 liquid which was placed on the hotplate at 

110C. Bubbles would emerge from the cavity if there are any defects in the bonding 

track causing a significant leak. Among the 21 samples we tested, 20 of them passed the 

gross leak test. The one which failed the gross leak test was a sample of silicon bonded 

to the LCP package. Subsequent destructive inspection revealed that the leak was 

caused by package distortion due to the overheating effect resulting from misalignment 
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of the laser beam.  

 

4.8.3  Helium Based Fine Leak Testing 

In the helium fine leak test method for microelectronic packages, a helium bomb 

chamber and a helium leak detector are used. Before the helium fine leak test, the 

device has to be pressurised in a helium atmosphere for 2 to 10 hours in the bomb 

chamber. This process is called bombing and the gas will come into the cavity if the 

packaged device has a leak. The amount of gas coming into the device depends on the 

size of the leak, the bombing pressure and the bombing time. After the helium bombing 

step, the device is taken from the bombing chamber and placed onto a helium leak 

detector chamber for a certain time [172]. The leak rate depends on the volume of 

helium in the device, the size of the leak and the volume of the cavity.  

 

The reject decision for a device could be achieved in one of two ways: by using a look 

up table or by calculation using an equation to calculate. The test parameters and reject 

limits from MIL-STD-883H T.M.1014. 13 are shown in Table 4.7 [172]. 

 

Table 4.7: Helium fine leak test parameters and reject limits from MIL-STD-883H T.M.1014.13 

[172].  

Volume of 

package in cm
3
 

Bombing conditions Reject limit  

atm. cm
3
.s

-1
 He. Pressure (psi) +/- 

2 

Min. exposure 

time (Hours) 

Max. dwell time 

(hours) 

<0.05 75 2 1 5 x 10
-8

 

>0.05 - <0.05 75 4 1 5 x 10
-8

 

>0.5 - <1.0 45 2 1 1 x 10
-7

 

>1.0 - <10 45 5 1 5 x 10
-8

 

>10 - <20 45 10 1 5 x 10
-8

 

 

The through hole leak test method developed for MEMS devices is based on the 

technique shown in Figure 4.24. This method is based on helium fine leak test and 

usually for small cavities. In this method, no helium bombing is required. The test is 

performed using a through hole on the base of a package. The package is mounted on 

the helium defector using an O-ring with vacuum grease to make a sealed contact. Then 

helium is sprayed around the bonding ring. Leaks will be shown by the detected helium 

rate above the background level and this test method has sensitivity around 10
-9

 atm﹒

cm
3﹒s

-1
. A schematic sketch of the through hole test setup is shown in Figure 4.24.  
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Figure 4.24: A schematic of the through-hole helium fine leak test setup. 

 

A portable ULTRATEST UL 200 helium leak detector was used which is shown in 

Figure 4.25 (a). A custom designed holder shown in Figure 4.25 (b) was made and used 

to mount the samples for testing on the helium detector.  
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(b) 

Figure 4.25: (a) A photograph of UL 200 helium leak detector and (b) a picture of sample holder. 

 

The detection limit of the helium leak tester is about 5.5 x 10
-11

 mbar·l·s
-1

. All of the 

samples used for the helium test already passed the gross leak test. For the through-hole 

leak test, the results of the average leak rates are shown in Table 4.8-4.11. The values of 

the leak rates indicate that most of the samples showed near-hermetic performance. For 

glass to glass bonding with laser power of 43 W and bonding time of 85, the leak rates 

of 8.6 x 10
-6 mbar·l·s

-1
 was achieved and demonstrated that the samples failed the leak 

test because the heat of titanium is insufficient to melt the LCP to form strong bonds.   

 

Table 4.8: Leak rate of laser bonded glass to glass cavities. 

Laser Power (W) Bonding Time (s) Leak Rate (mbar·l·s
-1

) 

43 85 8.6 x 10
-6

 

45 75 1.8 x 10
-10

 

48 60 2.1 x 10
-10

 

    

 

Table 4.9: Leak rate of laser bonded silicon to glass cavities. 

Laser Power (W) Bonding Time (s) Leak Rate (mbar·l·s
-1

) 

21 85 6.4 x 10
-9

 

23 75 2.0 x 10
-10

 

25 60 2.5 x 10
-10
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Table 4.10: Leak rate of laser bonded silicon to silicon cavities. 

Laser Power (W) Bonding Time (s) Leak Rate (mbar·l·s
-1

) 

32 85 2.3 x 10
-10

 

35 75 1.3 x 10
-10

 

38 60 1.9 x 10
-10

 

 

 

Table 4.11: Leak rate of laser bonded silicon to LCP packages.  

Laser Power (W) Bonding Time (s) Leak Rate (mbar·l·s
-1

) 

16 190 2.6 x 10
-10

 

18 120 1.7 x 10
-10

 

20 95 1.2 x 10
-10

 

 

4.9  Conclusions 

Laser bonding of the combinations of glass and silicon substrates using an LCP film has 

been studied. A novel laser bonding method has been studied for creating glass – glass 

based microcavities using an intermediate LCP film with thin film metal spots. It has 

been shown that the laser bonding process can be between 40 s and 120 s. Temperature 

monitoring methods have been used to characterize the laser induced temperature in the 

bonding process. In laser bonding of a silicon lid to a molded LCP package. The 

bonding strength of these samples was found to be high from 7.7 MPa to 11.6 MPa, 

which are quite high in the field of MEMS packaging. Moreover hermeticity tests were 

conducted and demonstrated that most of the samples passed both the gross leak and 

fine leak tests. A coloured liquid based leak test method was also used for the samples 

of glass to glass bonding. No traces of coloured water were found inside the cavity after 

immersion in the water for 24 hours. Cross-sectional studies were conducted to inspect 

the integrity of the bonding interface. The SEM micrographs show no delamination or 

trapped air bubbles at the interface between the substrates. 
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Chapter 5  Modelling and Simulation 

 

5.1  Introduction 

In Chapter 3 and 4 the experimental studies of a laser assisted polymer based bonding 

method were described. In this chapter, the main approach of this study is to estimate 

the temperature of the melting area using the laser generated heat to melt substrates. In 

order to achieve the optimized bonding parameters such as laser power and bonding 

time, it is essential to study the numerical simulation of the bonding process. For laser 

bonding, temperature is an important factor during the substrates fabrication processing 

since at the optimal temperature, the best hermeticity of devices is achieved but also the 

heated samples can be protected. In the process of microfluidic fabrication, the titanium 

layer absorbs the laser beam generate heat to melt the surrounding areas of the two 

PMMA substrates. But for MEMS packaging, the LCP film is melted and the cap and 

the substrate are bonded together after the LCP material is solidified again. The optimal 

bonding parameter of laser processing needs the knowledge of the estimate temperature 

T. In order to study this key factor, a two-dimensional time dependent model of heat 

transfer is described. The two-dimensional model results and a three-dimensional time 

of heat transfer model in COMSOL to determine the temperature distribution is 

presented.  

 

5.2  Transfer  

5.2.1  Fundamental Theory of Heat Transfer 

The aim of this section is to introduce the basic concepts, equations and the parameters 

which affect the heat conduction required for thermal modelling of the laser bonding 

process. Thermal conduction is one of the most important parts in the heat transfer 

process. By conduction, heat transfer happens because of the molecular motion within a 

medium from high temperature to low temperature. From Fourier’s law, the heat flux 

within a target is relative to the temperature gradient in the direction of the heat transfer 

and this law can be described as [176], 

 

x

T
kq xx 


                          (5.1) 

 

where qx is heat flux at the x direction, kx is thermal conductivity at the x direction and T 
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is temperature distribution. 

 

In the three-dimensional Cartesian space, a normal heat conduction equation can be 

written as: 
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          (5.2) 

 

where ρ is the density of the material, Cp is the specific heat capacity, Q is the generated 

heat, kx, ky and kz are the thermal conductivities in the x, y, z-directions, respectively. 

 

In this work, the laser beam was absorbed by a medium (metal film or silicon) to 

generate heat and achieve the required temperature for bonding. The heat generation 

starts in terms of the laser power absorbed through the material. The top surface of the 

bonding setup is exposed to the air and the heat transfer is by convection. From 

Newton’s law of cooling, the convective heat flux is described by [177],  

 

                           TTAhq Sconv                          (5.3) 

 

where A is the area of the surface, h is convection heat transfer coefficient, Ts is the 

surface temperature and  is the fluid temperature. Convection can be classified as a 

forced or free convection depending on the flow property. For example, if the flow is 

caused by an external influence, a forced convection occurs. If the flow is caused by a 

buoyancy force due to the temperature difference in the fluid, a free convection happens. 

The coefficient of convective heat transfer depends on the geometry and fluid motion.  

 

Radiation is another heat transfer mechanism generating electromagnetic waves. The 

difference between heat conduction and radiation is that heat conduction requires a 

medium but thermal radiation can pass through vacuum. The mid-range of the 

electromagnetic spectrum is from 0.1 μm to 100 μm including the infrared range (0.7 

μm-100 μm) to generate thermal radiation [178]. A black body is defined as an object 

that absorbs all radiation that falls on the surface. Electromagnetic radiation is based on 

Planck’s function which describes the spectral distribution of a black body and can be 

written as [178], 
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where h (6.625 x 10
-34

 J·s) and k (1.3805 x 10
-23

 J/K) are the Planck and Boltzmann 

constants respectively. co (2.998 x 10
8
 m/s) is the speed of light in vacuum, T is the 

absolute temperature of the body, and E b( ,T) is the spectral emissive power 

(W/m
2
·μm). 

 

The total power emitted by thermal radiation from a black body depends on the 

temperature (T) and surface area (A). Real surfaces usually emit less than the black body 

power, typically between 10% and 90%. The Kelvin temperature scale is used in the 

Stefan-Boltzmann formula because thermal radiation depends on the temperature above 

absolute zero. The Stefan Boltzmann law can be described as [179], 

 

      44
 TTq Srad                           (5.5) 

   

where σ (5.67 x 10
-8

 W/m
2
·K

4
) is Stefan Boltzmann constant, ε is the emissivity and  

is the absolute temperature of the surroundings. In a black body, 100% of the surface 

energy is emitted (ε = 1.0). For a real surface, the emitted energy is a fraction of the 

ideal surface (ε < 1.0). The ratio of these two energy levels is the emissivity that defines 

the property of radiative surface and varies between zero and one. 

 

The mathematical model in laser heating effect is based on a spatially and temporally 

diverse laser energy source. Since the laser beam radiates the devices from cap to the 

intermediate metal layer, a fraction of the incident light is reflected by the cap material 

and the residual laser energy going through the metal layer to heat. As most of the laser 

light heats the intermediate layer, with the probability of scattering, a part of the laser 

energy is absorbed which can be described by Beer’s law [120]  

 

           z
OeIzI                              (5.6) 

 

where I(z) is the optical intensity of a function of material depth; I0 is the optical 

intensity at z=0; α is the absorption coefficient; and z is the material thickness.  
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5.2.2  Laser Beam Profile and Governing Equations  

In this study, a top-hat shape laser beam is used as the heat source. This top-hat shape 

applies a uniform intensity well-defined spot to the material and enables sharp and 

accurate transitions in the material under process. Use of a top-hat laser beam can be 

prevented cracking of the thin film in substrates. In fact, a top-hat beam profile in the 

working plane with a steep slope is from a Gaussian-shaped beam. In most materials, 

the aim is to determine the effect of laser radiation on some material properties and the 

kind of geometry can represent an unnecessary complication. Therefore, the material is 

heated statically for a certain time and the intensity is always assumed to be constant 

over this time. These simplifications are usually necessary in order to make the issues 

mathematically easy or in order to reduce the computation time for numerical models. 

Many processes representatively involve a work-piece against a stationary beam (Figure 

5.1 (a)). And the intensity of the beam may vary laterally or not (Figure 5.1(b)) [180]. In 

this model, the laser beam distribution is represented on Figure5.2. 

 

        

(a)                        (b)   

Figure 5.1: A stationary laser beam has a non-uniform intensity profile (a) Gaussian profile and    

(b) a top-hap profile [180]. 

 

 

Figure 5.2: Top-hat profile of laser intensity distribution in this model. 
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As has been discussed above, the heat transfer law and the Beer’s law is in section 5.2.1. 

If the intensity of laser beam is I0 in W/m
2
, then an intensity Iin is transmitted into the 

surface, where  

 

    RII oin  1                           (5.7) 

 

R is the reflectivity. 

 

Then the optical intensity decays exponentially inside the material is below: 

 

   zII inZ  exp                          (5.8) 

 

where α is the optical absorption coefficient. Therefore, the general source in W/cm
3
 is  

 

                        zRIIQ OZ   exp1                 (5.9) 

 

5.3  Properties of Materials 

The main materials described in this chapter are PMMA, substrates and titanium thin 

films. Their thermo-physical properties at room temperature are listed in Table 5.1 

[181,182].  

 

Table 5.1: Physical properties of the material at room temperature [6, 7]. 

 Thermal 

conductivity 

(W/m·K) 

Density 

(g/cm
3
) 

Specific 

heat 

(J/kg·K) 

Melting 

temperature 

(°C) 

PMMA 0.19 1.18 1466 160 

Titanium 21.9 4.50 530 1668 

 

When the temperature is close to the melting temperature of crystalline materials and 

the glass transition temperature of amorphous materials, the specific heat of the plastic 

is increased. PMMA produced by radical polymerization is atactic and totally 

amorphous [181]. Amorphous polymers have a lower thermal conductivity than 

semi-crystalline polymers and the thermal conductivity rises gradually up to glass 

transition temperature followed by a slow decrease [183, 184]. The 

temperature-dependent behaviours of the thermal conductivity of PMMA polymers are 



 

107 
 

shown in Figure 5.3 [185]. Since the PMMA material used in the thesis work is an 

amorphous material, the thermal conductivity does not change significantly over the 

temperature range between 150°C and 200°C. 

 

 

Figure 5.3: Thermal conductivity vs. temperature for amorphous [185]. 

 

Because the PMMA substrate has excellent transmission as shown in Figure 5.4 [186]  

at the laser wavelength, the titanium film is necessary to absorb the laser energy. This 

model is based on the stationary laser power to heat thin titanium film and analyze the 

accompanying temperature change in the material.   

 

 

Figure 5.4: Transmission of acrylic substrate [186]. 

 

In the section of laser heating MEMS modelling, silicon as an important material is 
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highlighted and discussed including its optical properties and thermal conductivity 

which is temperature-dependent. The high reflectivity at wavelength of 970 nm on 

monocrystalline silicon is 31% and the reflectivity of silicon is shown in Figure 5.5 

[187].  

 

 

Figure 5.5: The reflectivity of silicon of different wavelength [187]. 

 

The absorption coefficient of silicon is extremely important for applications in 

semiconductor processing and MEMS packaging. It defines the penetration depth at 

which light of a certain wavelength penetrates into the semiconductor. If a material has 

a low absorption coefficient, light is barely absorbed. But if the material is thin enough, 

it would be transparent to the wavelength. So the absorption coefficient depends on the 

material and also on the wavelength of light. Because of light that has low energy below 

the band gap does not have enough energy to active an electron into the conduction 

band from the valence band, the semiconductor materials have a sharp edge in the 

absorption coefficient. The absorption coefficient for silicon is shown in Fig. 5.6. 
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Figure 5.6: Absorption coefficient of silicon [187]. 

 

The absorption depth, δ ≈ 1 μm, depends on optical properties of silicon, refractive 

index n1 and extinction coefficient n2. The refractive index and the relationship between 

the assumption coefficient and assumption length are given by, 

  

21 innn                            (5.10) 

 

and the absorption coefficient α can be expressed by: 

 






142 22 
n

c

n
                       (5.11) 

 

where ω is the angular frequency, c is the speed of light and   is the wavelength. n1 and 

n2 are the real and imaginary parts of the refractive index. n2 is also referred to as 

distraction coefficient . The penetration depth in silicon is shown in Figure 5.7. 
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Figure 5.7: The absorption depth of silicon [187]. 

 

5.4  Software Tool For Modeling and Simulation 

A commercial software, COMSOL Multiphysics, is used to carry out the simulation 

work. There are nearly 26 different modules to provide software solutions for 

multiphysics problems available as software packages. These modules can be easily 

applied to solve many engineering and physics problems. In addition to conventional 

physics-based user-interfaces, COMSOL also provides for entering coupled systems of 

partial differential equation (PDE). The COMSOL software has a powerful integrated 

desktop interface with a built-in model builder that one can use to enter all of the design 

dimensions and achieve an overview of the model. With the flexible graphical user 

interface (GUI) of COMSOL, one can work on several physical interfaces and carry out 

stationary and time dependent, linear and non-linear studies, eigen frequency and modal 

and frequency response based studies. COMSOL can also be used in conjunction with 

Matlab to perform data analysis and visualization, numerical computation, algorithm 

development, and application development. In the COMSOL Multiphysics tool, it 

solves the equations with the finite element method. In the physics interface builder, the 

materials and their physical properties and defining parameters are listed [188].  

 

In this work the heat transfer module is used, and in this module all of the heat transfer 

effects including conduction, convection and radiation are included. The module for 

heat Transfer in solids was used in the work. Figure 5.8 shows sub-modules available in 

the heat transfer module. All of the modules can be applied in 1D, 1D axisymmetric, 2D, 

2D axisymmetric and 3D for both stationary and time dependent studies. The 



 

111 
 

three-dimensional time dependent model for heat transfer in solids is used in this thesis. 

This deals with heat transfer by conduction based on the associated equation in the 

module.  

 

Figure 5.8: The interface of Heat Transfer Module. 

 

5.5  Modelling of Laser Transmission Microfluidic of PMMA Substrates 

5.5.1  Model Implementation  

Figure 5.9 shows a schematic cross-sectional view of the substrate assembly in 

microfluidic of two PMMA plates described in section 3.4.2. The diameter of titanium 

spots is 1 mm. Two corresponding layouts are implemented in the user interface of the 

COMSOL tool as shown in Figure 5.10. All of the layers in Figure 5.9 and their 

dimensions are included in the model for simulation.   

 

Figure 5.9: Schematic of laser bonding PMMA substrates. 
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Figure 5.10: The 3D thermal model geometry of PMMA bonding configuration. 

 

In the first step of this study, it is assumed that most of the laser power is transmitted 

through the top glass cover and the PMMA substrate to reach the intermediate titanium 

film and is absorbed totally by the titanium film. The sample used in the experiments is 

modelled in Figure 5.10. The dimensions of the glass cover and ceramic plate are 30 x 

20 x 0.5 mm
3
. And the dimensions of both PMMA substrates are 20 x 10 x 2 mm

3
. The 

titanium film absorbs by laser energy to heat both PMMA substrates while the ceramic 

plate acts as an insulator.  

 

In this model, the heat loss at the top surface of the glass cover and the edge surfaces of 

the assembly substrate is by convection to the environment because they are exposed to 

the surrounding air medium. An average heat transfer coefficient of h = 2 W/m
2
·K is 

used for free convection correlations and the initial external temperature is 293.15 K. 

The rest of the surfaces are assumed to be adiabatic. As discussed before, the ceramic 

plate placed under the PMMA substrates can effectively reduce heat dissipation into the 

bottom metal platform. Figure 5.11 shows the mesh configuration in the simulation 

work, two intermediate titanium film parts are finely meshed to ensure the simulation 

accuracy and efficiency. The thickness of the titanium film layer is very small and it is 

between two PMMA substrates, consequently the mesh number of the titanium layer is 

significant. The material properties which are used in this modeling and simulation 

work are summarized in Table 5.2. 
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Figure 5.11: The mesh configuration of PMMA bonding. 

 

Table 5.2: Thermo-physical properties of the materials [13]. 

 K(W/m·K) Cp(J/kg·K) ρ(kg/m
3
) 

PMMA 0.19 1420 1180 

Titanium 21.9 522 4506 

Glass 1.1 480 2200 

Al2O3 30 730 3965 

Steel 228 475 7850 

 

5.5.2  Results and Discussion  

The numerical simulations are intended to understand the influence of the bonding setup 

and conditions on the laser microwelding process. Figure 5.12 shows the results of 

evolution of the temperature distributions surrounding the laser heated titanium films.  

The maximum temperature of the titanium film is 500 K (200 °C). The temperature of 

each titanium film and the heat affected zone both increase as time from the onset of the 

laser radiation.  
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(a)                                  (b) 

           

(c)                                  (d) 

         

(e)                                  (f)                                    

Figure 5.12: Temperature contours of time-dependent thermal modelling (input power is 25 W), (a) 1 

s, (b) 3 s, (c) 5 s, (d) 10 s, (e) 15 s, and (f) 20 s. 

 

Figure 5.13 shows the temperature at point ‘A’ (Figure 5.9) as a function of time. The 

temperature increases rapidly to about 430 K in 2 s and then gradually rises to 480 K in 

18 s. From the results it is found that although the temperature at the edge of titanium 

layer is increased to 480 K, the temperature at the center of titanium film is nearly 500 

K which is 20 K higher than temperature at the edge. It is because after the laser beam 

heating process, the titanium film absorbs the laser energy and the generated heat 

diffuses into the surrounding PMMA material. But the heat is mostly concentrated at the 

center of two metal films.  
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Figure 5.13: Temperature distribution of the edge (point ‘A’) of titanium film. 

 

Figure 5.14 shows the temperature distribution across the centers of the two titanium 

film spots at several time intervals. The temperature in the center of the titanium film 

increases from 293 K to 430 K (137 °C), 460 K (167 °C) and 475 K (182 °C) after 4 s, 

12 s and 20s respectively. From Figure 5.14, it can be observed that the two peaks with 

the highest temperature correspond to the two circular titanium layers. Following the 

laser radiation, the two circular titanium layers generate heat which melts the 

surrounding area of the PMMA substrates to form a strong bond after the laser radiation 

is removed. 

 

Figure 5.14: Temperature distribution of the interface between PMMA and PMMA substrates. 

 

In order to study the effect of the ceramic plate, the simulation work is repeated at the 
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ceramic plate is removed from the setup as shown in Figure 5.9. In this case the PMMA 

substrate assembly is placed on the steel platform. Figure 5.15 shows the temperature 

distributions. Although the highest temperature can rise to 450 K (157°C), it is lower 

than the corresponding temperature of 500 K in Figure 5.14. This is because that 

thermal dissipation is faster when the bottom PMMA substrate is in direct contact with 

the steel plate since the thermal conductivity of the steel plate is two orders of 

magnitude higher than that of the ceramic plate. The results are in agreement with the 

experimental work described in section 3.5.3 which showed that a higher power by 

~10% is necessary for laser microwelding of PMMA substrates when the ceramic plate 

was not used. Figure 5.16 shows the temperature distribution for the bonding setup 

shown in Figure 5.9.      

 

Figure 5.15: Temperature distribution of PMMA substrates bonding with a steel plate placed on the 

bottom. 

 

 

Figure 5.16: Temperature distribution of PMMA substrates bonding with glass cap and ceramic at 

bottom. 
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In order to understand more details of PMMA to PMMA substrate bonding, it is 

necessary to analyze the temperature distribution in the Z direction across the substrate 

assembly. Figure 5.17 shows the temperature distribution across the PMMA substrates, 

it is assumed that the PMMA substrate assembly is free standing without the rest of the 

experimental setup shown in Figure 5.9. The highest temperature at the interface 

between the two PMMA substrates is approximate 475 K (182°C) after 20 s. The 

temperature in the top and bottom PMMA substrates decreases away from their 

interface. The temperature distribution is symmetric with respect to the interface as 

expected since the substrate arrangement is a symmetric configuration.  

 

 

Figure 5.17: Temperature distribution from the top PMMA substrate to bottom PMMA substrate in Z 

direction. 

 

Figure 5.18 shows the results for the bonding setup shown in Figure 5.9 but without the 

ceramic plate. From Figure 5.18, it can be seen that the temperature distribution in the 

top PMMA and bottom PMMA substrate is different since the steel plate with high 

thermal conductivity removes the heat faster from the bottom PMMA substrate. 

Therefore, when the steel plate is placed under the PMMA substrates, the temperature in 

the bottom PMMA substrate decreases faster towards the steel plate. Another 

phenomenon is that the temperature distribution in the bottom steel plate is close to the 

initial temperature (293 K) since much faster conduction of heat away from the 

interface. In this case, it is useful for assembly of microfluidic devices if the bottom 

substrate with channel structures which are more sensitive to temperature. But in this 

case a higher laser power would be necessary in order to produce the required 
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temperature since the bonding interface to achieve joining of the substrates.  

 

 

Figure 5.18: Temperature distribution from top glass cap to bottom steel plate in Z direction. 

 

Figure 5.19 shows the temperature distribution in the vertical (Z) direction for the 

bonding setup in Figure 5.9. As expected the temperature profile is in between those 

shown in Figure 5.17 and Figure 5.18. The peak temperature at the interface is lower 

than that of the free standing PMMA-PMMA assembly, but higher than the case without 

the ceramic plate. The transition of the temperature across the interface with the ceramic 

plate is not as sharp as shown in Figure 5.18 across the interface between the bottom 

PMMA substrate and the steel plate. Based on the results of simulation and the 

experimental results, the setup shown in Figure 5.9 is the best configuration for laser 

microwelding of the PMMA substrate. 
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Figure 5.19: Temperature distribution from top glass cap to bottom ceramic in Z direction. 

 

5.6  Modelling of Laser Bonding for MEMS Packaging 

Optical and sensor packages are often made from several materials. Since the diverse 

properties of these materials, the thermal conductivities are important in modelling and 

simulation work. The COMSOL finite element model is an efficient approach for 

calculation of the effective thermal conductivity of the package assembly. Therefore, a 

three-dimensional finite element model of the MEMS packaging process is developed in 

this section. In the model for MEMS applications, the thickness of the package 

assembly ranges from 2.65 mm to 3.65 mm, including glass to glass substrate bonding, 

silicon to silicon bonding, silicon cap to glass substrate bonding and silicon cap to LCP 

package bonding, all based on an intermediate LCP layer. Similar to the model for laser 

transmission welding of the PMMA substrates, the heat source is a diode laser system at 

the wavelength of 970 nm. In this simulation, it is assumed that 30% of the laser 

intensity is reflected. In the three-dimension model for the top silicon substrate, it is also 

necessary to sweep the mesh in different layers in the Z direction so that the mesh size is 

compatible with the mesh definitions in X and Y directions. 

 

The material properties which are used in the modelling and simulation work are shown 

in Table 5.3 [187]. 
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Table 5.3: Property of materials used in the model [187]. 

 K (W/m·K) Cp (J/kg·K) ρ (kg/m
3
) 

Glass 1.1 480 2200 

Titanium 21.9 522 4506 

Silicon 130 700 2329 

LCP 0.2 1600 1760 

Al2O3 30 730 3965 

 

5.6.1  Laser Assisted Glass to Glass Bonding 

The laser assisted glass to glass bonding is similar to the PMMA to PMMA welding 

configuration in which a titanium layer was used as the absorber. But in this case an 

intermediate LCP layer is used as the bonding material. It is assumed that the titanium 

film absorbs all of the transmitted laser radiation through the top glass substrate [189]. 

An independent measurement using a 633 nm He-Ne laser showed negligible reflection 

from the titanium film deposited on the LCP layer. The cross-sectional view of the 

model is shown in Figure 5.20. 

 

 

Figure 5.20: Schematic of laser bonding glass to glass substrates. 

 

In this model, an average heat transfer coefficient of h = 2 W/m
2
·K is used which has 

been discussed before and the ambient temperature is 293.15 K. The ceramic plate is 

included as it was the case in the experiment work. Figure 5.21 shows the mesh 

configuration of the model, it can be seen that the intermediate titanium film is finely 

meshed to ensure the simulation accuracy. Since the thickness of the titanium film layer 

is very small between the two glass substrates, therefore, the mesh number generated in 

the thin layer is much higher.  
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Figure 5.21: The mesh configuration of glass to glass bonding. 

 

Figure 5.22 shows the results of temperature distribution at the interface between two 

glass substrates. After 80 s, the temperature in titanium layer reaches to 580 K (287°C) 

which is just above the melting temperature (285°C) of LCP film. It is found that the 

values of temperature at the inner and outer edges of the LCP film are different. The 

temperature at the inner edge is 10°C higher than at the external edge due to the small 

area within the LCP ring. The heat dissipation is less efficient in the inner area. In the 

external area, the heat dissipation is faster since the heat can spread into a much larger 

surrounding area.    

 

 

Figure 5.22: Temperature distribution across the glass substrates in X direction. 
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Figure 5.23 shows the temperature distribution in the Z direction across LCP layer in 

glass to glass bonding. The laser power is 48 W. It is can be seen that the temperature of 

the top glass substrate is 20°C higher than the temperature of the bottom glass substrate.  

 

Figure 5.23: Temperature distribution across the top glass to bottom glass substrate. 

 

5.6.2  Laser Assisted Silicon to Glass/Silicon Bonding 

In silicon to glass/silicon bonding, there is no additional intermediate absorber layer 

since the upper silicon cap acts as the absorbing substrate at the wavelength of the laser 

beam. As has been shown in previous discussion, all of the laser radiation apart from 

reflection (~30%) can be absorbed by the 0.5 mm thick silicon substrate. The 

cross-sectional design configuration for modelling of silicon to glass/silicon bonding is 

shown in Figure 5.24. 

 

Figure 5.24: A schematic of laser bonding of silicon to glass/silicon. 
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Figure 5.25 (a) and (b) show the mesh configurations of the silicon to glass/silicon 

bonding model, the silicon substrate is finely meshed to achieve precision and efficiency 

in simulation work. The thickness of the LCP film layer is very small and it is between 

the silicon and glass substrates, therefore, the generated mesh is finer in the thin layer. 

The mesh is also linearly graded from fine to coarse elements, based on the expected 

reduction in temperature gradient moving away from the heat source.  

 

    

(a) 

    

(b) 

Figure 5.25: The mesh configuration of (a) silicon to glass bonding, and (b) silicon to silicon 

bonding. 

 

According to the studies by Glassbrenner el [190], the thermal conductivity of silicon is 

a function of temperature which is shown in Figure 5.26. Since the maximum laser 

heating temperature is around 300°C, it is assumed that the thermal conductivity of 

silicon is constant and it is the value of 1.1 W/m·K at 300 K. The rest of the parameters 

including heat capacity and density is also concluded in Table 5.3.  
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Figure 5.26: Thermal conductivity of silicon as a function of temperature [190]. 

 

Figure 5.27 shows the temperature distribution of silicon to glass substrate bonding 

using an intermediate LCP layer. The laser power is 23 W. Since the melting 

temperature of the LCP material used in this thesis is roughly 285°C (578 K), it takes 

about 30 s for the LCP material to reach the melting point and to begin to change from 

the solid state to the liquid state. After the laser beam is terminated, the liquid state LCP 

immediately returns to the solid state and produces a strong bond between the silicon 

and glass substrate. According to the simulation, the LCP layer bonding could be 

completed within 40 s. If the bonding time is over 40 s, the LCP film will be deformed. 

In the study the LCP material is a circular ring, therefore the temperature in the middle 

of the LCP ring is higher than at the external edge because the thermal diffusion process 

is slow towards the center as discussed in section 3.6.3.  

 

Figure 5.27: Temperature distribution of silicon to glass bonding. 
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Figure 5.28 shows the temperature distribution of silicon to silicon substrate bonding. 

The laser power is 35 W. Similar to the effect in silicon to glass bonding, the LCP film 

melts at 285°C (578 K). However, there are several differences between silicon to glass 

bonding and silicon to silicon bonding. Because the silicon substrate has higher thermal 

conductivity than glass, the input laser power for silicon to silicon bonding is also 

higher than silicon to glass processing. In this model, the input laser power for silicon to 

silicon bonding is nearly 60% higher than that for silicon to glass bonding. Comparing 

the results in Figure 5.28 with Figure 5.27, it can be observed that the temperatures both 

inside and outside the LCP ring are higher in silicon to silicon bonding and in silicon to 

glass bonding. Besides the temperature difference the inner and outer edges of the LCP 

ring in silicon to silicon bonding is 20°C higher than that of silicon to glass bonding.   

 

 

Figure 5.28: Temperature distribution of silicon to silicon bonding. 

 

Figure 5.29 and Figure 5.30 show the temperature distribution in the Z direction across 

the layers in silicon to glass and silicon to silicon bonding respectively. Although silicon 

to silicon bonding method achieves higher temperature in the top substrate, it requires 

much more laser power than that of silicon to glass bonding. In both figures, the 

temperature decreases from the LCP layer to the bottom substrate because the thermal 

conductivity of the LCP is low. Therefore, there is a sharp drop in temperature across 

the LCP layer. The temperature gradient across the LCP layer is higher in bonding 

silicon to glass bonding because thermal conductivity of the bottom substrate is larger 

when it is silicon than it is for glass. 
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Figure 5.29: Temperature distribution along the top silicon to bottom glass substrate. 

 

Figure 5.30: Temperature distribution along the top silicon to bottom silicon substrate. 

 

5.6.3  Laser Assisted Silicon to LCP Package Bonding 

In silicon to LCP package bonding, the silicon substrate acts as an effective absorber of 

the laser radiation. As discussed in the previous section, most of the laser radiation is 

absorbed by the 0.5 mm thick silicon substrate. The cross-sectional design configuration 

of laser bonding of silicon to the LCP package is shown in Figure 5.31. 
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Figure 5.31: The schematic of laser bonding silicon to LCP package. 

 

Figure 5.32 shows the mesh configuration of the model for bonding of silicon to LCP 

package. The laser power is 30 W. The silicon substrate is finely meshed. According to 

the expected reduction in temperature gradient moving away from the heat source, the 

mesh is linearly graded from fine to coarse by definition. 

 

 

Figure 5.32: Mesh configuration of silicon to LCP package bonding. 

 

The numerical simulations are determined in continuous time and the results are shown 

in Figure 5.33. It illustrates the evolution of temperature distribution in 2D profile. It is 

found that the temperature at the interface of the silicon cap and the LCP package 

increases to 580 K (287°C) in 120 s, however the temperature at middle bottom frame 

of package is 520 K (227°C). Moreover after laser heating the temperature distribution 
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at point “B” in the bottom surface of the package is only 480 K (187°C) which is useful 

for real MEMS bonding applications since the inner area has a lower temperature 

(140°C lower than bonding temperature).  

 

     

(a)                                  (b) 

      

(a)                                  (d) 

     

(e)                                  (f) 

Figure 5.33: The evolution temperature distribution in 2D profile. 

 

In order to understand the heat transfer from the silicon substrate to the LCP package, 

the temperature distribution of the package in Z direction is simulated and shown in 

Figure 5.34. The silicon substrate is assumed to be the heat source absorbing the laser 

power and transfers the heat to the LCP film and the LCP package. It is expected the 

heat transfer in the LCP package is slow due to the low thermal conductivity of the LCP 
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material. 

 

Figure 5.34: Temperature distribution of laser processing silicon to LCP package in Z direction. 

 

In addition, the profiles of temperature dependence on time at the two points “A” and 

“B” (shown in Figure 5.31) are shown in Figure 5.35 along with the measured results 

from Fig. 4.14. A reasonable agreement is obtained between the simulation and 

measured results. Disagreement is possible due to the changeability of thermal 

conductivity and heat flow.  

 

Figure 5.35: The comparison of measured temperature and simulated temperature. 1): the measured 

temperature in point ‘A’, 2): the measured temperature in point ‘B’, 3): the simulated 

temperature in point ‘A’, 4): the simulated temperature in point ‘B’.  
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5.7  Conclusions  

The main aim of this chapter was to determine the temperature distribution based on the 

finite element modeling of the laser based PMMA to PMMA bonding and LCP bonding. 

The principle of heat transfer was discussed including the heat transfer mechanisms. 

The COMSOL Multiphysics software tool was used to carry out the modelling and 

simulation work. A model of laser transmission welding of PMMA substrates was 

developed including the layout design and material properties. The results were shown 

in 2D temperature distribution for a given constant laser power as a function of time at 

the interface of the PMMA substrates. Three different set-ups for PMMA bonding were 

simulated including the cases of no platform below the PMMA substrates, on the 

stainless steel platform and on the ceramic plate as used in bonding experiments 

described in chapter 4. Numerical models for laser based LCP bonding for MEMS 

packaging were also developed and studied, including glass to glass bonding, silicon to 

glass/silicon bonding and silicon to LCP package bonding. For glass to glass bonding 

and silicon to glass bonding, the temperature distributions along the interface and z 

direction were simulated. The results show that the numerical models are suitable for 

prediction of temperature distribution in laser bonding of the substrates. For silicon to 

LCP package bonding, a 2D profile of the cross-sectional bonding setup was created. 

The simulation results are in broad agreement with the measurements of the temperature 

profiles from the temperature monitoring experiments described in Chapter 4. 

Compared the simulation results with measured results, a reasonable agreement is 

obtained.  
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Chapter 6  Conclusions and Future Work 

 

6.1  Conclusions 

A novel laser microwelding method for assembly and packaging of PMMA based 

microfluidic devices has been studied. A titanium thin film spot pattern was used as the 

intermediate absorber for sealing microfluidic devices in the laser microwelding method. 

A laser assisted bonding method using an LCP film has also been investigated for 

MEMS packaging. Modelling and simulations of the laser assembly methods was 

carried out using the COMSOL Multiphysics software tool.  

 

For sealing microfluidic device, a novel method of bonding PMMA substrates using an 

intermediate titanium thin film bonding has been studied. The dependence of the melted 

zone and the heat affected zone on laser power and exposure time has been investigated. 

It has been found that a laser power of 25 W with processing time of 15 s can produce a 

good bond between the two PMMA substrates. A continuous weld between the adjacent 

titanium film spots can be obtained by controlling the separation between the titanium 

film spots. These results show that for large area substrate joining the spot array design 

is better than a large thin film patch. In order to view the bonded interface, 

cross-sectional studies were carried out using optical microscopy. From the results of 

tensile strength measurements, the tensile strength is as high as 6 MPa. The laser 

microwelding method has been successfully applied in encapsulation of a microchannel 

device exhibiting leak free performance.   

 

For MEMS packaging, a laser assisted bonding method using an LCP film for cavity 

based packaging applications has been studied. Laser based LCP bonding of both planar 

silicon and glass substrates and also a molded LCP package has been successfully 

developed and also near-hermetic bonding has been achieved. A laser machining 

method was developed to use a CO2 laser system to cut bonding rings from an LCP 

sheet. For glass to glass bonding, it has been shown that a thin film titanium material 

can be used as an effective optical absorber in the laser based LCP bonding technique. 

Successful bonding processes have been developed for reliable bonding in all of the 

cavity combinations based on glass and silicon substrates. Laser bonding of a silicon 

cap to a molded LCP package has been demonstrated successfully. A temperature 

monitoring method has been developed using embedded miniature thermocouple 

elements. The results show that the temperature at the base of the LCP package (~130°C) 
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is substantially lower than the bonding temperature (~280°C). This demonstrates the 

unique advantage of the laser based approach in encapsulation of molded LCP cavity 

packages for packaging of temperature sensitive devices. A strong bond strength has 

been obtained ranging from 7.7 MPa to 11.6 MPa in shear test experiments. Hermetic 

tests have been conducted and most of the samples passed the gross leak test and fine 

leak test. The colour liquid based leak testing has been carried out to show the long-term 

stability of the bond. SEM micrographs of the cross sections of the bonded samples 

have been obtained and the pictures show that good bonds were achieved at the 

interface without any voids.   

 

In the modelling study, simulation was carried out to predict the temperature in the 

welding area from the laser generated heat at the interface. A commercial software tool 

(COMSOL Multiphysics) was used to perform the simulation work. Models for both of 

the laser bonding processes, PMMA-PMMA bonding and LCP bonding, have been 

developed. It is shown that a good agreement is obtained between the simulation results 

and the measurements from the temperature monitoring experiments. 

  

In summary, the main conclusions can be described as follows: 

 

  A new laser assembly method for fabrication of polymer based microfluidic   

    devices using a localised absorber.  

  Using an intermediate layer absorber design consisting of thin film metal spots for 

laser assembly. The use of discrete metal film spots allows continuous 

homogenous bonding between two polymer substrates. The bond strength is 

enhanced compared to that of a large area metal film based absorber. 

  Successful demonstration of the method in leak-free encapsulation of a 

microfluidic channel.   

  Successful temperature monitoring in laser bonding of silicon cap to an LCP 

package. 

  Laser bonding of near-hermetic microcavities between glass and glass, silicon to 

glass/silicon, and silicon to LCP package.  

  Development of mechanical and leak measurement method for assessment of bond 

strength and hermeticity. 

  Modelling and simulation using the COMSOL Multiphysics software tool for laser 

microwelding of PMMA substrates and laser bonding of glass and silicon 
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substrates, and silicon to LCP packages.   

 

6.2  Future Work 

In this thesis, new laser assembly methods have been studied for applications in 

manufacturing of microfluidic devices and MEMS packaging. Modelling and simulation 

of temperature distribution in the laser packaging process have also been studied.   

 

In the future work more detailed modelling work can be carried out. In this thesis work 

the material properties have been assumed to be independent of temperature. However 

this is not the case, for example the thermal properties of the PMMA material will 

change as the material changes from its solid state to become a viscous form.  

 

In laser assembly of microfluidic devices, alternative thermo plastic polymers such as 

cyclic olefin copolymer (COC) can be studied. The COC material can be processed at 

lower temperature than PMMA and it also has low water absorption (0.01%) property 

for microfluidic applications. Although a simple microfluidic channel has been 

successfully sealed, multilayer microchannels can be designed for advanced 

applications. In the thesis work, attachment of the two PMMA cover to the 

microchannel substrate was carried out by a section based bonding method, 5 mm at 

each step. In future a contour based approach can be developed using a suitable motion 

control system. More advanced alignment methods are necessary in order to improve 

alignment accuracy to replace the manual approach. 

 

In development of the laser based method for MEMS packaging using an LCP film, 

application of surface modifications before bonding may improve the bond strength 

between the two substrates. For example plasma based methods can be used to activate 

the chemical bonds at the surfaces of the LCP film to enhance the interface adhesion 

between the LCP film and the laser bonding partners. It is necessary to further 

investigate the bonding method using actual MEMS devices or other sensors to validate 

its potential application in manufacturing of commercial devices.  
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