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Summary 

Microstructures with very high aspect ratio (VHAR) have diverse applications because 

the increased surface area leads to increased volume handling and sensitivity desired for 

many MicroElectroMechanical Systems (MEMS). Polymer replication, rather than 

direct patterning, is desired for economically viable MEMS. One key factor to 

successful VHAR polymer replication is the fabrication of a suitable mold. In this 

project, micromold with VHAR (>10) and dense microchannels was fabricated by SU-8 

photolithography followed by electroforming. The fabricated SU-8 mold was then used 

for electroforming and Ultra-Violet (UV) embossing. 

A new theoretical model incorporating effects of diffraction, refraction and reflection on 

the profile characteristics of VHAR microchannels in thick resist has been developed to 

predict the profiles of micro channels in thick SU-8. Previous model for the profile of 

microstructures only included effects of diffraction. When applied to our VHAR dense 

microchannels, the model cannot predict the unsuccessful processing of such channels 

since the effects of light reflection at the wafer and diffraction at the mask dark field 

and high sensitivity of SU-8 lead to crosslinking under the shadowed area. Detailed 

studies were carried out to investigate the effect of UV exposure on the profile of 

VHAR microchannels. Our predicted values (i.e. channel widths and taper angle) 

compared well with experimental values.  A process combining soft cushion technology 

and dose reduction was developed to fabricate whole-wafer-covered dense SU-8 

gratings with both VHAR microchannels and VHAR SU-8 walls. 

Kinetics during the curing of SU-8 resist in the presence of gamma-butyrolactone (GBL) 

was investigated. GBL was a reactive solvent during the photolithography process. 
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Network properties and degradation kinetics of cured SU-8 were also studied. In 

generals, a high epoxy conversion leads to dense cross-linked network. The presence of 

GBL also leads to long chains between cross-links and low cross-link density. Kinetic 

studies showed that the network properties of cured SU-8 strongly affected the 

degradability. The thermal degradation activation energy of SU-8 decreased 

exponentially with the increase of molecular weight between cross-links. Also, the 

presence of GBL gave better degradability of cured SU-8 because GBL resulted in long 

chains between cross-links and low cross-link density as well as GBL offered additional 

ester structural units with C-O bond. Chemical degradation of cured SU-8 was studied, 

using concentrated sulfuric acid. The network was broken into water soluble fragments 

by sulfuric acid dissolution and the fragments contained carbonyl, aromatic, alkyl and 

other groups. 

SU-8 is intrinsically hydrophobic. However, dense micropatterns further made the SU-8 

surface super-hydrophobic. When attempting to electroform on SU-8 surfaces patterned 

with dense VHAR microchannels, the electrolyte cannot contact the seed layer and the 

circuit was mostly open even with agitation - the process cannot proceed. Argon plasma 

was therefore used to overcome the hydrophobicity. Detailed studies to monitor changes 

in SU-8 roughness, surface energy and chemical composition were conducted to 

determine the optimum process window. A large area VHAR and dense copper grating 

with alternate microwalls and microchannels of aspect ratios of 15.3 and 9.2 

respectively over the entire 100mm-diameter area were fabricated by copper 

electroforming from a plasma treated SU-8 master. This copper mold was used as a 

mold for UV embossing, demonstrating the feasibility of this technique for the creation 

of durable molds for mass replication. 
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Chapter 1   Introduction 

1.1 Background and motivation 
Microstructures with very high aspect ratio (VHAR, defined as height/width>10, Figure 

1.1) offer a high active area per unit substrate surface area, the possibility of high 

packing density and high throughput in continuous flow systems due to high cross-

sectional area per unit substrate area. High surface area microstructures are particularly 

important for chemical or biochemical applications like microreactors, micromixers, 

chromatographic columns or DNA concentrators as they allow high volumetric 

throughput for high-sensitivity performance and multitasking within a small area. 

Higher packing densities and planar multifunctionality are needed in many multi-

functional Micro Electromechanical Systems (MEMS) for diverse applications such as 

DNA separations, protein microarrays, biosensors or nano well-plates.

Figure 1.1 Sketch of the microstructures with VHAR over large area 

Polymeric replication is a pattern transfer technique using a microstructured metallic or 

rigid plastic mold to imprint into liquid polymer which is subsequently hardened. It 
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offers a convenient method of micropatterning. Polymeric replication is a low-cost 

alternative to silicon-based MEMS technologies for a range of present and future 

commercially viable products. Ultra-violet (UV) embossing, also known as UV-based 

imprint technique, involves using a microstructured mold to imprint into liquid polymer 

which is subsequently UV polymerized. UV embossing is a low temperature and low-

pressure process. It enables high accuracy replication across large areas. Molds can be 

polymeric or metallic. Typically, the mold used for UV embossing is a child mold 

replicated from a master mold which is in turn replicated from a microstructured master 

(Figure 1.2). The process of making the VHAR master mold is typically tedious and 

expensive. One key factor to successful high aspect ratio UV embossing is the 

fabrication of a suitable master, which is the focus of this project. One or more methods 

such as thick resist photolithography, deep reactive ion etching (DRIE), diamond fly 

cutting or LIGA (LIthografie Galvanik Abformung) can be used. In this research, thick 

resist photolithography using epoxy-based SU-8 is used for the master mold. 

In this study, we are interested in making UV embossing molds with long (length>1000 

m), straight, dense (spacing<100 m) and VHAR microchannels covering the entire 

100mm-diameter wafer. An UV embossed micro-array from the mold will have a large 

opening volume to lateral surface area ratio. Such micro-arrays are being investigated 

for cell guidance in tissue engineering and Lab-On-Chip protein separation studies in 

our laboratory. For cell culture and tissue engineering, a large area scaffold (generally 

in cent meters) is needed and covered with cells. A large area dense pattern with 

significant depth is required for in vivo-like three-dimensional (3-D) cell culture. 

Whole-wafer-covered SU-8 microstructures will be used as master for 

poly(dimethylsiloxane) (PDMS) molding and copper electroforming. The PDMS 

structure and metal mold will then be used as molds in UV embossing to fabricate 

scaffolds for tissue engineering. 
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Figure 1.2 Sketch of the replication process by UV embossing 

1.2 Problem statement 
For use as mold, the profile SU-8 characteristics such as the taper angle of the side wall 

and surface roughness of the microstructures are very important. A slight taper angle 

(<5˚) facilitates demolding. Fabrication of VHAR SU-8 microstructures has been 

studied in the past, but much less effort has focused on the profile characteristics, 

especially the side wall taper angle and side wall roughness. The profile characteristics 

of dense gratings separated by microchannels with VHAR are affected by the widths of 

the light field lines and dark field lines on the mask, UV exposure and edge bead. Other 

challenges in processing long straight dense microstructures are insufficient strength of 

the pattern, adhesion of adjacent SU-8 bars to each other after solvent development and 

insufficient adhesion strength of the pattern to the substrate.  

Typical high aspect ratio microstructures fabricated by others have a relatively large 

distance between them, i.e. the microchannels are wide compared to the resist bars. 

With sparse gratings, the effect of diffraction behind the mask and reflection at the 
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silicon wafer can be ignored. With dense gratings as in the present research, diffraction 

and reflection have significant effects on the profile characteristics and processability of 

the pattern. Fresnel diffraction behind the mask limits the attainable uniformity of the 

UV dose across the photoresist thickness. In fact, research has shown that diffraction 

strongly affects the size of patterns and sidewall profiles in UV lithography printing. 

Further, although the optical reflection from a highly reflective substrate such as silicon 

has a strong influence on the attainable resolution and profile of gratings, very little 

research has been conducted to understand the effect of reflection on the profiles of 

deep channels in thick resist. With dense grating, the reflection of light from the silicon 

wafer can cause stray light to the unexposed area under the dark field, resulting in 

unresolved grating. 

Further, the removal of cured and microstructured epoxy-based SU-8 resist after 

electroforming is a great challenge. In this regard, we used concentrated sulfuric acid 

for SU-8 removal. It is also important to understand crosslinking reactions, network 

properties and degradation kinetics in order to ensure the successful removal of thick 

resist after electroforming. Although crosslinking reaction of SU-8 has been reported, 

curing reactions and network vary significantly, depending on the processing conditions. 

Simple and basic reactions described in the literature are not able to explain the actual 

complex SU-8 resist curing process.  Network properties and degradation kinetics of 

cured SU-8 have not been reported.  

1.3 Objectives
Following from the above, the objectives of this research are to  

1) Theoretically simulate and verify the UV intensity distribution across SU-8 resist 
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during photolithography and to predict the profile characteristics of VHAR 

microchannel. The effects of reflection, refraction as well as diffraction on the profiles 

of microchannels in thick resist are also studied.  

2) Develop processes to fabricate SU-8 gratings with both VHAR (AR>10) bars and 

VHAR (AR>10) microchannels over a large area (100 mm- diameter wafer). 

3) Study the chemical reactions in SU-8 curing and acid degradation and investigate the 

effects of  processing parameters on the network properties and degradability of SU-8. 

4) Fabricate metallic mold from SU-8 gratings by electroforming and effective removal 

of SU-8 after electroforming. 

5) Demonstrate the suitability of electroformed micro mold for UV embossing. 

1.4 Outline
Chapter 2 of this dissertation surveys the literature on high aspect ratio fabrication, 

especially the properties and processing of SU-8 resist. Chapter 3 discussed the 

diffraction, refraction and reflection effects during UV lithography, using thick SU-8 

resist. A new diffraction-refraction-reflection model has been developed to predict the 

SU-8 pattern size and profiles of microchannels in SU-8 resist. The theoretically 

predicted results are compared with experimentally observed results to confirm the 

applicability of the new model. Chapter 4 develops process techniques to fabricate 

whole-wafer-covered high aspect ratio dense SU-8 gratings. Soft cushion technique and 

exposure dose reduction are employed in the process. Chapter 5 presents detailed 

studies on the curing and degradation of SU-8 resist. Chemical reactions during the 

curing of SU-8 and network of cured SU-8 are proposed. Kinetics of thermal 
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degradation of SU-8 are also investigated. Chapter 6 discusses the electroforming of 

copper mold from SU-8 master. Surface modification procedures for improved 

hydrophilicity are developed. The UV embossing of VHAR polymeric micro pattern is 

demonstrated in this chapter. Finally, the conclusions of this dissertation are drawn and 

future areas of research are suggested in chapter 7. 
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Chapter 2  Literature review 

2.1 MEMS and Lithography   
Micro Electro Mechanical Systems (MEMS) devices and microstructures have been 

fabricated mostly with technologies derived from the microelectronics industry, in 

which photolithography is widely used. Conceptually, photolithography is simple. A 

pre-cleaned substrate is first spin-coated with a uniform layer of resist pre-dissolved in 

organic liquid solvent. A soft-bake of the resist is usually necessary to remove the resist 

solvent and promote adhesion. Selected areas of the resist are then exposed to a 

radiation source, often through a mask[2], thereby transferring the pattern from the 

mask to the wafer. Upon sufficient exposure dose, differential solubility of the exposed 

and unexposed areas of resist in solvent is created. For positive resists, exposure results 

in the breakdown of molecules, leading to improved resist solubility in subsequent 

solvent development. For negative resists, exposure causes the molecules to react with 

each other, resulting in reduced solvent solubility. As the lithography process 

transforms a 2-dimensional pattern on the mask into a 3-dimensional structure in the 

resist and eventually the patterned film, the depth profiles are important. By choosing 

the right developer, temperature and developing time, one can obtain straight, round-off 

or undercut depth profiles in the resist[3]. Lithography resolution limit is determined by 

the radiation wavelength [4]. State-of-the-art lithography typically employs optical 

projection printing operating at the conventional Raleigh diffraction limit. With contact 

printing, the smallest dimension that can be reliably printed is equal to the wavelength 

of the light being used [5].  
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2.2 Very high aspect ratio microstructures (VHARMs) in 
patterned polymer films 

VHARMs offer a number of advantages. For example, in sensor applications, VHARMs 

offer higher sensitivity by virtue of a large mass and surface area.  

For many applications, particularly in the biochemistry and biomedical fields, 

polymeric materials are a better choice of fabrication material because of 

biocompatibility[6-8]. Patterned polymer films are important for diverse applications 

such as organic electronic devices, biomedical engineering, sensors and 

microfluidics[9-18]. Molding polymeric microstructure is relatively less expensive, but 

such a process requires a master mold. Patterned polymer films are used as matrix or 

scaffolding to guide tissue development [19] by controlling the shape, size, and the 

spatial position of cells anchored to a surface. VHARMs in patterned polymer films 

combine the merits of VHARMs and polymer materials which include economical costs, 

mechanical flexibility, transparency biodegradability, and ease of surface modification. 

2.3 Replication for patterning polymer films 
Plastic molding or replication techniques offer significant cost saving over metal-

forming technologies. Replication, rather than direct patterning, is rapidly becoming the 

industry standard for microstructure fabrication because of low cost, ease of fabrication 

and desirable properties of polymers[7, 8, 14, 20-26]. Replication  processes can 

fabricate large numbers of highly precise and complex microstructures  from a single 

similarly precise master[6] and are well suited to transfer patterns from several 

micrometers down to the nanometer scale.  

Polymer replication techniques include micro injection molding [27, 28], imprint 

lithography [29-31] and soft lithography[31-34]. Imprinting is a key process for diverse 
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and cost-efficient replication of micro- and nano- structures. In the process, a 

prepatterned mold is brought into soft contact with a thin polymer film located on top of 

a substrate. By applying pressure and increasing the temperature or exposing to 

radiation, the mold pattern is transferred into the polymer. Imprint lithography is 

capable of high throughput due to parallel processing and can be envisaged to be a 

commercially viable alternative to expensive or capital-intensive photolithography or 

silicon etching or deposition techniques[35-38]. The varieties of imprint lithography 

include thermal[39-41] and UV[42-45] embossing. With a single master or stamp, 

identical structures can be produced over large surfaces. The technique can be used for 

multi-layer structures and also diverse materials which include polymers and 

organically modified ceramics (ORMOCERs) [44].This technique is well established 

for low aspect ratio microstructure fabrication, for example, in compact disc molding 

and in the manufacture of holographic security features [41]. In comparison with optical 

lithography, it is not limited by light diffraction when a transparent mold is used and 

thin resist films can be patterned down to 10 nm[46, 47]. 

2.4 Master for replication 
The difficult and expensive step for VHAR replication is the fabrication of the master or 

mold tool with proper taper angle, surface roughness and surface chemistry. Once this is 

made, it can be replicated into the desired polymer substrate by a number of techniques 

within a short turnaround time[8]. For use as a master for subsequent child mold 

generation, the profile characteristics of the microstructures, such as taper angle of the 

sidewall, are very important[48]. If the side-walls of the mold are perfectly vertical, i.e. 

with a taper angle of 90 , then the removal of the replicated microstructure from the 

master will involve the initial detachment and frictional sliding of the wall of the 

replicated microstructures from the trench of the master. If the taper angle is less than 
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90  (Figure 2.1), the inclination of the sidewalls reduces post-detachment contact and 

frictional resistance between the replicated microstructure and master. However, taper 

angles substantially smaller than 90  are geometrically incompatible with VHARMs. 

Consequently, precise control of the sidewall taper angle of master to a small but finite 

deviation from verticality is imperative for the use of microstructure as a mold for 

VHAR replication. 

Figure 2.1 Sketch of profiles of VHAR master 

2.5 Thick resist for VHARMs microfabrication 
Interest in thick-photoresist applications is steadily growing [49-59]. Thick resist can be 

used for fabrication of the master mold[53, 60-62]. Many challenges exist in the processing 

of very tall and narrow microstructures (i.e. VHARMs) in these ultra-thick photoresist 

films. These include uniform photoresist coating, a gentle and uniform baking process, 

developing efficiency of deep photoresist trenches and tremendous residual stress 

formed after the curing[63]. Photoresist used for high-resolution integrated circuit (IC) 

manufacturing are typically coated thinly on the substrate. Issues and challenges related 

to VHAR photoresist processing do not pose a problem in IC manufacturing.  

Furthermore, lithographic modeling and characterization tools are not available for 

photoresist films in the tens and hundreds of microns thickness range of interest to 

VHAR fabrication [59].  

Thick and ultra-thick positive (e.g. Novolak based AZ 9260, AZ4562 and ma-P 100 [53, 

60, 61, 64-70]) and negative (e.g. JSR THB-430N and SU-8[54, 69, 71, 72]) resist have 
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been used for applications in MEMS. Novolak-type positive photoresists (e.g. AZ 4620 

and AZ 9260 (Clariant)) have been presented for use in the UV-LIGA process[53, 60-

62]; an aspect ratio of up to 15 for a 100 m deep mold has been obtained, using 

ZA9260 and a standard UV mask aligner [60]. However, line shapes using Novolak and 

ma-P 100 positive photoresists are not completely perpendicular but have a 

"mushroom" or “T” shape[53, 60, 61] which is unsuitable for replicating mold. Light 

diffraction results in unexpected exposure under the dark field of mask pattern, leading 

to "mushroom" or "T" shaped structures in positive resists and sloped side wall or "V" 

shaped channel in negative resists.  The thicknesses of Novolak based AZ-series 

photoresists are typically limited to about 100 m [60, 73] because the transmitted 

energy decreases towards zero at about 90  m thickness[60]. The ma-P 100 is less 

sensitive to UV light between 350 nm to 450 nm and the sensitivity needs to be 

improved for better resolution [53]..  

Figure 2.2 Typical line shape of UV patterned positive photoresist (a) AZ 4562 [53] and 
(b) mp-100 [74]. 

Negative resist JSR THB-430 N was reported[54] to be suitable for ultrathick 

photoresist fabrication. The thickness of JSR THB-430N can be as high as 110 m

formed by single-spin coating, using a conventional spin coater. Thick photoresist layer 

with thickness of up to 1.4 mm has been realized by multi-spin coating[54]. An open 

microstructure with an aspect ratio of 8 has been fabricated, using ultrasonic agitation 
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during development. However, this photoresist has the shortcomings of poor line-width 

resolution, easy undercut[73, 75] and high surface roughness [76, 77] .  

One particularly good negative epoxy-based resist is SU-8, which is able to provide 

features with VHAR (>10) using UV-lithography. 

2.6 SU-8 for dense gratings with VHARMs
2.6.1 SU-8 and its properties 

NanoTM SU-8 was first developed by IBM [78]. The reported  absorption coefficient of 

this resist at 365nm wavelength is less than 30/cm[79] and has very high optical 

transparency (more than 80% for 100 um thick SU-8 film[80]) above 360nm, making it 

ideally suited for imaging near vertical side walls in very thick films and has been 

widely used in MEMS on different substrates [52, 58, 72, 77, 80-108]. SU-8 is now a 

standard resist for HAR micromachining [109] and its ability to produce VHARMs in 

photolithography has been demonstrated [110-113]. SU-8 also has been shown to have 

attractive mechanical properties [114-118]. The reported Young’s module (E) of SU-8 

was 4.3-5.3 GPa[115] and the thermal expansion coefficient was 52 5.1 10-6 / C[114]. 

Microfabricated SU-8 was widely used as the mold for electroplating and 

electroforming[88, 94, 95, 119].  

SU-8 has 8 epoxy groups per SU-8 molecule (Figure 2.3). The SU-8 photoresist is 

prepared by dissolving the resin SU-8 in gamma-butyrolactone (GBL). The quantity of 

GBL solvent determines the viscosity and hence the range of possible resist 

thickness[120-122]. The resist contains 10 weight percent of triaryl sulfonium 

hexafluoroantimonate salt acting as a cationic photoinitiator. SU-8 can be dissolved in a 
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Figure 2.4 Processing procedures

variety of organic solvents such as propylene glycol methyl ether acetate (PGMEA), 

GBL, or methyl iso-butyl ketone (MIBK) to provide solutions containing up to 85% 

solids by weight. The low molecular weight of the resin provides excellent solubility 

and planarizing capability, and the high epoxy functionality provides sensitivity. [123] 
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SU-8 is most commonly processed with the near UV 

(350-400nm) radiation or i-line (365nm), although it 

may be imaged with e-beam, ion beam or x-ray[58, 

98, 99, 104, 112, 124-130]. The general processing 

steps of SU-8 include coating, soft bake, exposure, 

post exposure bake (PEB) and development (Figure 

2.4). The coating process is normally done by spin 

coating. The desired SU-8 films thickness can be 

achieved by selecting appropriate SU-8 resist 

formulation and spinning conditions. After SU-8 has 

been applied to the substrate, it must be soft baked to evaporate the solvent and densify 

the film. Upon exposure to near UV radiation, a photochemical transformation takes 

place; upon absorption of a photon (i.e. light), a strong acid (HSbF6) is generated[131] 

from the photoinitiator. The acid is only formed where the SU-8 has been exposed to 
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light. After exposure, SU-8 is heated in PEB above the glass transition temperature (Tg)

of SU-8 (50oC) [110] above which molecular motion is less constrained. The PEB 

selectively cross-links the exposed portions of the film.  
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Figure 2.5 Chemical reaction of SU-8 cross-linking 

The photo-initiated cationic polymerization of epoxy has been thoroughly investigated 

[132-134]. Reported chemical reaction of SU-8 cross-linking is shown in Figure 2.5 

[123, 135, 136]. Lewis acid is generated from the decomposition of triarylsulfonium 

hexafluoroantimonate salt upon UV exposure (Figure 2.5 a). The cross-linking reaction 

occurs when SU-8 is heated over its Tg (50 C[137, 138]). The acid acts as the catalyst to 

initiate the polymerization by opening the epoxy ring in the SU-8 molecule (Figure 2.5 

b). Then the chain propagation cross-links the SU-8 resist to tight network (Figure 2.5 

c). It is noteworthy that light is required in the above processes only in amounts 

sufficient to generate trace quantities of a catalytic substance. The polymerization itself 

proceeds by a dark or nonphotochemical process [139]. In the cross-linking reaction, 

(a) Lewis acid generated from 
the decomposition of 
triarylsulfonium 
hexafluoroantimonate salt upon 
UV exposure 

(b) Initiation of the 
polymerization by ring 
opening of the epoxy during 
PEB 

(c) Chain propagation of the 
cross-linking reaction during 
PEB 
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each epoxy group can react with others in the same and other molecules. The number of 

epoxy groups on the SU-8 leads to extensive cross-linking and dense network, which is 

insoluble in the developer. The unexposed material is then removed with the developers.  

As previously stated, the octa-functionality of SU-8 provides sensitivity. The optimal 

exposure dose also depends on film thickness (thicker films require higher dosage) and 

process parameters. The sensitivity of SU-8 depends on the thickness, which is 30 

mJ/cm2 for layer thickness of 20 m and 90 mJ/cm2 for layer thickness of 200 m [140]. 

Optimum cross-link density is obtained through careful adjustments of exposure and 

PEB process conditions.   

2.6.2 Challenges in fabrication dense VHARMs in ultra thick SU-8 
films

Although SU-8 has been widely employed in MEMS, recommended operational 

parameters differ in previous works[141-145]. The process data depend not only on the 

fabrication facilities, but also on the mask pattern and structure geometry. For a 

successful fabrication of dense SU-8 gratings (Figure 1.1, Chapter 1) with VHARMs 

which are used as the master for replication and electroforming, there are challenges 

need to be overcome.  

2.6.2.1 Diffraction, refraction and reflection in ultra thick SU-8 photolithography 

Previous work on processing parameters on profile characteristics of VHAR 

microchannels in SU-8 has been limited. Hagouel et al. [146] showed experimentally, 

using a 400 nm pitch periodic grating mask, that when the exposure energy dose 

increased, the exposed line width of the negative resist increased whilst the 

microchannel width between exposed lines decreased and the microchannel profile 
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slopes became more concave. Since the lithographic process relies on shadow printing, 

Fresnel diffraction behind the mask limits the attainable uniformity of the energy dose 

across the photoresist. Experimental research has also shown that diffraction strongly 

affects the size of patterns and sidewall profile in the UV lithography printing [147]. 

Typically, when the exposure energy dose increases the line width increases; the 

distance between lines decreases; and profile slopes become more concave[49]. 

Furthermore, light is reflected from the surface of silicon wafer substrate, affecting the 

resist profile. 

Further, Cheng et al[74] predicted the profile characteristics of microchannels in SU-8, 

using a simplified model accounting for only Fresnel diffraction behind the mask. 

However, the model accounting for diffraction only is inadequate to accurately predict 

the profile characteristics of VHAR microchannels in SU-8. Light is reflected from the 

surface of silicon wafer substrate, affecting the resist profile. Although the reflection 

effect is very significant in UV lithography, there is no reported research that has 

quantified the effect of reflection under the shadow area in thick-resist UV lithography. 

Detailed studies of the effect of UV exposure dose on the taper angle and mask 

replication fidelity of VHAR microchannels in thick SU-8 have not been previously 

reported. It is, therefore, necessary to find a simple way of estimating the effect of 

diffraction and reflection on profiles, especially for dense gratings with VHARMs. 

2.6.2.2 Edge bead of ultra-thick SU-8 layer 

"Edge bead effect" occurs for thick films. It is resist buildup on the outer edge of the 

mounted substrate[61] introduced by the surface tension. The edge bead can only be 

removed by dissolving with some certain solvent [143]. During the baking process, the 

gravity force can affect the flatness of the SU-8 film and decrease the height of edge 
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bead, the re-flow of the photoresist also changes the thickness of the coated films during 

the soft-baking process. The presence of the edge bead will decrease the flatness of the 

coated surface; thus, photomask will not be completely in contact with the photoresist 

during exposure. Consequently, this will cause a poor lithography image due to the air 

gap between the photomask and the photoresist. For VHARMs application, close 

contact during exposure is critical to obtaining successful structures. A common method 

to remove the edge bead is chemical edge bead removal. A known drawback to this 

approach is the swelling of the resist along the wafer perimeter. Alternatively, one can 

fill the air gap with organic solvents [148]. However, the organic solvent will form a 

slippery layer, which may diffuse into SU-8 layer, forming a fragile structure[59]. 

2.6.2.3 Dense gratings with VHAR in thick SU-8 films   

Although the process required to produce SU-8 structures remains challenging, it is the 

only resist used to expose 20 to 1500 um deep with aspect-ratios greater than 10:1 using 

either optical [149] or deep X-ray [127, 128] lithography. Recent publications reported 

1 mm tall isolated SU-8 structures using optical lithography with aspect ratios 

exceeding 10:1 [53, 150] and 1.5 mm structures with 15:1 aspect ratios in the 

pattern[63]. Typical SU-8 microstructures fabricated by others were sparse structures 

[84, 151], i.e. the microchannels are wide compared to the SU-8 structures. No work 

has been found on dense VHARMs, such as dense gratings, in thick SU-8 films. The 

following factors limit the aspect ratio available for dense gratings in thick SU-8 films: 

 Firstly, with sparse structures, the effect of diffraction behind the mask and reflection at 

the wafer can be ignored. With dense VHARMs, diffraction and reflection have 

significant effects on profile characteristics and processability of the SU-8 pattern. The 

stray light under the dark field lines arising from diffraction and reflection will cause 
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problems in making highly dense VHARMs on a reflective surface. For the dense 

gratings with VHARMs, it is important that the microstructures accurately replicate the 

mask dimensions for such narrow and deep microchannels. 

Secondly, the edge bead leads to thickness variation and non-uniform air gap between 

resist and the mask, which then results in very poor pattern uniformity for dense 

VHARMs over a large area. 

Thirdly, SU-8 structure rigidity also plays a critical role in dense VHARMs fabrication.  

The target aspect ratio of this project is AR>10 over a large area. The target value is 

smaller than reported values of 66[151] and 26[152], which were obtained using 

isolated and zig-zag-shaped microstructure, but the structure rigidity is more critical for 

the long straight dense gratings than for those short or isolated structures. 

Finally  the difficulty of refreshing the developer in narrow and deep trenches is also a 

limitation to get a higher aspect ratio for VHAR dense narrow channels of dense 

gratings; and the adhesion caused by the surface tension force of solvents is also likely 

to collapse the structures during the drying.  

2.6.2.4 Residual stress in SU-8 photoresist 

Residual stress due to thick photoresist coatings is a key challenge for many 

applications. The residual stress can cause debonding at the resist–substrate 

interface[153] because if there is a larger stress between two bonded layers, it will be 

much easier to separate them[154]. For an ultra-thick SU-8 photoresist layer, the main 

stress comes from two sources. The first one arises from the difference between the 

thermal expansion coefficients (TECs) of the substrate and SU-8 photoresist. The TEC 
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of silicon is 2.6 10-6/ C while the TEC of SU-8 is as high as 52 10-6/ C [114]. The 

TEC difference between substrate and photoresist will introduce stress during heat 

treatment such as soft baking and PEB. In ultra-thick photoresist coating, this stress can 

be high; consequently, the wafer can be bowed after thermal processing [149]. The 

main stress is generated as the cross-linked photoresist cooling down[149]. Less stress 

is introduced during soft baking since polymer chain rearrangements can take place in 

the un-cross-linked photoresist and the residual solvent in the resist acts as a plasticiser 

to release stress. The second main source of stress in thick SU-8 layer is the 

crosslinking shrinkage during exposure and post exposure bake. The shrinkage of SU-8 

is 7.5% [155] and constrained shrinkage induce high stress [53]. If they are excessively 

cross-linked, the patterns are likely to be deformed [152], causing adhesion failure 

between the SU-8 and substrate; the adhesion problem is more serious with some metals 

such as gold, copper, titanium and chromium than with silicon wafer.  

There are three feasible ways to control stress. One method is to control the amount of 

exposure. The second is to adjust the heat treatment such as soft baking and post 

exposure baking. Gradual ramp heating up and cooling down, especially in the cooling 

down steps will decrease the residual stress. The third method is to relax the resist after 

processing.  

2.6.3 Curing and degradation of SU-8 in presence of GBL  

As the removal of this resist remains a great challenge, understanding the crosslinking 

reaction and network structure of cured SU-8 is very important for both the process 

optimization for VHARMs fabrication and removal of this resist after electroforming. 

The curing and chemical reactions are vital for process optimization and removal of this 

resist. Reported curing and chemical reaction of SU-8 was the cross-linking of epoxy 
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resin[123, 135, 136] (section 2.6.1), without consideration of the presence of GBL. GBL 

is the solvent added into SU-8 to achieve varied viscosity and hence the range of 

possible resist thickness for photolithography processing. It is typically assumed to only 

act as the solvent and would be removed in soft bake process before it was exposed to 

UV light. In a practical process, SU-8 is mainly used for thick resist application, with  

SU-8 thickness of hundreds micrometers to millimeters[156]. With the high coating 

thickness value, it is not easy to totally remove GBL. Thus, there is always GBL in SU-

8 resist. No work on the role of GBL in the cross-linking reaction of SU-8 resist has 

been reported. 

Known as un-homopolymerizable, GBL has a ring structure and double bond. There 

may be ring opening of the GBL as well as the ring opening polymerization of epoxy 

groups in SU-8 with the catalyst of Lewis acid generated by UV exposure. Reports on 

copolymerization of GBL are found in the literature[157-162]. GBL were copolymerized 

with epoxy resin[163-167] and kinetic study of the curing of a mixture of DGEBA and 

GBL was also reported[161, 164, 168]. GBL reacts with activated epoxide to form 

spiroorthoesters and copolymers[163, 168-170]. Four parallel reactions are expected in 

cationic copolymerization of epoxy and GBL solvent: (1) homopolymerization of epoxy 

groups (Figure 2.5), (2)formation of spiroorthoester (SOE) by reaction of epoxy with 

GBL (Figure 2.6I), (3) homopolymerization of SOE (Figure 2.6II) and (4) 

copolymerization of SOE and epoxy groups (Figure 2.6III)[161, 164-166, 168, 171].  SU-

8 is chemically a multifunctional epoxy derivative of a bis-phenol-A novolac[123]. The 

cross-linking reaction of SU-8 photoresist in the presence of GBL and Lewis acid as the 

catalyst may not be as simple as polymerization of epoxy groups. The presence of GBL 

solvent in the resist during curing results in additional reactions and makes the curing of 

SU-8 complex. Reactions involved in SU-8 resist crosslinking include reactions 
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between GBL and SU-8 as well as the reaction of epoxy groups of SU-8. Further, bulk 

properties of cured SU-8 are highly dependent on the network structure which in turn 

determines its thermal degradability. By far, little research has been done to investigate 

the network and degradation of the crosslinked SU-8.  
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Figure 2.6 Chemical reactions of epoxy and GBL. (I) formation of SOE, (II) 
homopolymerization of SOE and (III) copolymerization of epoxy and SOE 

SU-8 is epoxy-based resist. Various techniques have been used to follow the kinetics of 

curing of epoxy resins[172]. Fourier transform infrared spectroscopy (FTIR) is one of 

the techniques used, because it is possible to detect the variation of functional groups 

during curing. The peak at 910-916 cm-1 due to the epoxide ring absorbance[173-176], 

and the absorption band at 1600cm-1 due to the aromatic rings[177-181]  chosen as 

internal standard [178, 181] are commonly used to monitor the curing of epoxy resin. 

The network of crosslinked polymer can be described by its crosslink density and 

molecular weight between crosslinks (Mc). DMA was widely used to study the network 

properties of crosslinked polymers[182]. 
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Nuclear magnetic resonance spectroscopy (NMR) has been widely used to characterize 

polymers as a source of information on the molecular of the polymer blends[183-188].

Gas Chromatography-Mass Spectrometry (GC/MS) is a method that combines the 

features of gas-liquid chromatography and mass spectrometry to identify different 

substances within a test sample. NMR has relatively low sensitivity[189, 190], and the 

minimum detectable concentration is in the order of mMol/l[191]. GC/MS has been 

widely used in study of thermal degradation of polymers[177, 192] and polymer 

structural identification[193]. It offers high sensitivity with detection limits of 0.01-0.1 

ug/L[194].

2.6.4 Removal of cross-linked SU-8 

SU-8 can cross-link to a tight network[195]. The highly crosslinked network can be 

difficult to remove after utilization as an electroplating mold. In particular, reliable 

removal without damage to the plated metal has been a particularly difficult challenge 

[196] due to the very high cross-linking density [197]. Various methods of SU-8 

removal have been investigated by others[78, 196-201]. For instance, Paul M. Dentinger 

et al [196] tried a number of solvents, such as N-methyl pyrollidinone (NMP) and MS-

111 (a mixture of methylene chloride, phenol, and organic acids from Miller-

Stephenson, Danbury, CT) and conditions and found that simple dissolution of the 

cross-linked polymer is not feasible. The solvent removal of SU-8 with electroplated 

metal is considerably more difficult than the removal of SU-8 from Si wafers, because 

the removal of SU-8 from Si is by stripping, cracking, delaminating, rather than 

dissolution. Isotropic etcher such as plasma and reactive ion etching (RIE) was also 

used for removal of cross-linked SU-8 [195, 196, 202]. RIE is an excellent alternative for 

thin films, but has not proved useful to scaling towards several hundred micron thick 
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films. Downstream chemical etching (DCE) was also tried to remove the SU-8[196, 199].

A necessity of CF concentration in DCE indicated the importance of fluoride chemistry 

on SU-8 removal. One possibility for the removal of SU-8 is to chemically disrupt the 

network by cleaving the aryl ether bonds. Lithium iodide (LiI), collidine and sodium 

sulfide (NaS) were used [198] to craze the SU-8 into small pieces. However, when the 

treatment was attempted with Ni interplated, the NaS dissolved the Ni leaving the SU-8 

chunks still available. M. K. Ghantasala et al [78] showed that the laser micromachining 

technique has the potential to thoroughly remove SU-8 after electroplating a 

microstructure with copper.  

It may be possible to include a sacrificial layer as reported by McGall [200]. On the 

other extreme, exceedingly oxidative methods have been used to remove and clean a 

variety of organic materials. Peroxydisulfate radical can be generated electrochemically 

in good yield and oxidizes effectively all organic matter [201]. Additionally, other 

highly oxidizing materials have been studied. Unfortunately, these highly oxidizing 

materials tend to be rather non-specific and oxidize most metals as well [196]. 

There is no reported fundamental investigation on the mechanism of chemical removal 

of SU-8 resist.   

2.6.5 Dense SU-8 gratings for electroforming 

Electroforming is a process for creating 3-dimensional metal parts by using a carefully 

controlled long-duration electroplating process. To fabricate microstructures by 

electroforming, a conductive plating base or seed layer and a means to induce the 

electrodeposit are needed. Portions of the seed layer are covered with an insulating 

masking, which is illustrated in Figure 2.7. Because of the ionic action of the process, 
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an exact replica of the mandrel surface is produced. This replica may itself then be used 

as a mandrel to replicate the original form. Therefore, a large number of identical forms 

can be produced from a single master [203]. 

lin es  o f cu rre n t 

p h o to res is t m o ld

seed  lay e r
su b stra te

d ep o sited  m e ta l

Figure 2.7 Sketch of electroforming setup 

Electroforming has been widely used in MEMS[88, 94, 95, 119]. It is suitable for 

depositing microstructured conductors and electrically conductive magnetic 

structures[69]. Much has been reported on improving the electroforming quality by 

adjusting the bath composition[204-208], waveform[209-213] and operation 

conditions[72, 214-217]. Many researchers have used SU-8 structures as templating 

molds for Cu[87, 88, 145, 218] and Ni[219] electroforming but most of these reports have 

focused on HAR (AR~5) and spatially sparse microstructures, and no published work 

has been found on dense VHARMs electroforming using SU-8 as the mold. In the 

electroforming of VHAR narrow metallic structures over a large area, a difficulty arises 

in delivering the electrolyte to the seed layer and in refreshing the electrolyte in the 

deep narrow cavities of the master mold. The problem becomes more serious when SU-

8 is used as the master mold because of the hydrophobic nature and consequent low 

wettability of plastic surfaces. 

SU-8 has intrinsic hydrophobic properties; the water contact angle on a flat SU-8 

surface is 80 [220-223]. Further, dense micropatterns make a surface super-hydrophobic 

[219], the water contact angle can be as high as 145º. When electroforming on SU-8 
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surfaces patterned with VHAR and dense microchannels, the electrolyte cannot contact 

the seed layer and the electroforming circuit is mostly open, even with agitation - the 

process cannot proceed. Further, there is poor refreshing of the electrolyte and hydrogen 

bubbles produced at the cathode fill up the microchannels; the resulting incomplete 

metal microstructure is filled with pores[224]. 

In order to overcome the hydrophobicity and consequent low wettability of polymeric 

surfaces, surface treatment is essential. Nordström et al[225-227] activated SU-8 surface 

by wet chemical treatment using ethanolamine dissolved in sodium phosphate buffer at 

pH 7.6. But the wet methods are unsuitable for dense SU-8 gratings with VHAR. 

Uniform coating is not easy for the hydrophobic SU-8, especially for the deep narrow 

channels. Further, liquids trapped in the VHAR and dense channels may deform the 

structures, the surface tension of the solvent may spoil the VHAR dense gratings during 

the treatment and drying process.  

Plasma treatment has been widely used for surface cleaning and modification of 

polymers to improve the surface energy, adhesion and wettability[228] because wetting 

properties can be remarkably enhanced without affecting bulk properties[229]. Plasma 

treatment utilizes excited gas-plasma to chemically crack and dislodge contaminants 

from the surface and to activate the surface. The plasma is created by application of a 

radio frequency or microwave frequency radiation to a gas in a hermetically sealed, 

low-pressure reaction chamber. Plasmas contain several activated species such as 

electrons, ions, free radicals and some neutral species[230]. It is now well established 

that the glow discharge treatment creates physical and chemical changes such as cross-

linking, degradation, and formation of free radicals[231] which modify the surface 

characteristics. The plasma under low pressure gives uniform contact of the reactive 
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atoms to SU-8 surface. Tseng et al [74, 141, 143, 232] used O2 plasma to activate SU-8 

surface in the fabrication of a surface tension driven fluidic system. However, O2

plasma will result in undesirable extensive oxidation of our metallic seed layer leading 

to poor electrical contact with the electrolyte. We used argon plasma for increasing the 

hydrophilicity of SU-8. 

2.7 Summary  
SU-8 is suitable for the fabrication of VHARMs using UV lithography, but it is 

challenging to fabricate dense grating of VHARMs using this photoresist. As the dense 

grating will be used as a micro-mold for electroforming and polymer replication, the 

profile characteristics are very important and need to be studied in detail. Fabrication of 

VHAR SU-8 micro-structures using UV lithography has been widely investigated[71, 

109, 143, 233], but little study has focused on the profiles of the HAR structures such as 

the side wall angle, which is very important for use as a mold. The profiles of the 

channels can be manipulated by varying the processing parameters. Both theoretical and 

experimental studies are needed to investigate the effect of processing conditions on the 

profiles made using SU-8 photoresist. Further, edge bead and SU-8 removal after 

electroforming from the SU-8 master are also potential difficulties for making flat and 

smooth metallic mold with uniform structures. Processing parameters affect the 

mechanical properties of the fabricated microstructures as well as the pattern 

dimensions of the VHARMs in SU-8. Research has been done on the optimized 

processing of SU-8[152]. With sparse L-shaped structures, SU-8 structure with aspect 

ratio as high as 26 has been reported [149]. But for the deep and narrow channel (i.e. 

HAR microchannels) in SU-8 layer, the reported highest aspect ratio was 17. Dense SU-

8 gratings with HAR microchannels in SU-8 cannot be processed by conventional or 
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manufacturer’s recommended processing parameters. Optimization should be done to 

obtain well controlled dimensions and good mechanical properties.  

For dense SU-8 gratings to be used as a master for electroforming, surface modification 

is essential to increase the electrolyte wettability. Detailed studies to monitor changes in 

SU-8 roughness, surface energy and chemical composition are essential to determine 

the optimum process window for desired hydrophilicity. 

The removal of the crosslinked SU-8 after electroforming remains a problem for the 

electroformed structures to be used as mold for polymer replication. Commercial SU-8 

removers are available. But the removing mechanism and principle are not clear. 

Understanding the crosslinking reaction and network properties of cured SU-8 is very 

important for both the process optimization for VHAR structure fabrication and the 

removal of this resist after electroforming. So far, there is no research work has been 

done to investigate the curing reactions and degradation of SU-8. Studies should be 

done to investigate the curing, network properties and degradation of cured SU-8. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3                                             Diffraction, refraction and reflection during exposure in lithography 

______________________________________________________________________
28

Chapter 3 Diffraction, refraction and reflection 
during exposure in lithography 

3.1 Introduction
We are interested in using the dense SU-8 gratings with VHAR channels as a master for 

polymer replication. For use as a master mold for subsequent child mold generation, the 

profile characteristics of the microstructures (sketched in Figure 2.1), such as the taper 

angle of the sidewall, are very important[48]. Precise control of the sidewall taper angle 

of the master to a small but finite deviation from verticality is imperative for the use of 

the microstructure as a mold for VHAR replication. 

The objective of this chapter is to theoretically simulate and predict the profile 

characteristics of VHAR microchannels in ultra thick SU-8 films (>50 m). In order to 

develop a new model for simulation of the profiles, detailed experimental studies were 

also carried out to investigate the profile characteristics. We developed a new improved 

model incorporating effects of diffraction, refraction and reflection from the substrate 

surface on the profile characteristics of VHAR microchannels in SU-8 films. Huygens

principle and superposition of spherical waves were employed in the theoretical 

deduction. Two grating masks (Figure3.1, denoted as Mask A1 and Mask A2) were 

used for sample calculation and experimental confirmation. For Mask A1, the length of 

the mask light field is 20 mm, the width of the mask light field is 40 m and the width 

of mask dark field is 23 m, and the pattern covered a rectangular area of 45 mm by 45 

mm at the mask center. Dimensions of Mask A2 are the same as those of Mask A1 

except that the width of the light field is 80 m and the width of dark field is 10 m. 
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Figure 3.1  Sketch of  (a) mask pattern A1 and (b) mask pattern A2 

The calculated mask replication fidelity and taper angle using the new diffraction-

refraction-reflection (DRR) model was compared with the experimental results. The 

effects of light reflection, UV exposure time and air gap between SU-8 and mask were 

studied. Optimized processing parameters were then used to process the VHAR 

microchannels in SU-8.  

3.2 Experimental details 
All sample processing and characterization described in this section, unless otherwise 

stated, were carried out at the Micromachines Centre, School of Mechanical and 

Aerospace Engineering, Nanyang Techanological University, Singapore. 

100-mm <1 0 0> p-type silicon wafers were used as substrates. The photoresist and 

developer used were NANO  Epon  SU-8 100 and SU-8 developer supplied by 

Microchem Corporation (Newton, Massachusetts). Wafers were cleaned by immersion 

in Piranha solution (15:1 (v/v) 96%wt H2SO4: H2O2) at 120 C for 20 min followed by 

six de-ionized water rinses each lasting 3 min. To dehydrate the wafer, the acid cleaned 

wafer was then baked at 200 C for 30 min in a convection oven. SU-8-100 was spin 

coated onto silicon wafer at spin speed of 3000 rpm (SU-8 thickness of 100 m) or 
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5500rpm (SU-8 thickness of 66 m) for 30 s. The coated photoresist was then soft baked 

at 65 C and 95 C for 10 min and 30 min, respectively. It was then exposed to UV 

through Mask A1 or A2 (Figure 3.1) with a wavelength of 365 nm. (An I-line filter with 

a center wavelength of 365 nm and bandwidth of 10nm was used.) 

The exposure was done using a J500-IR/VIS mask aligner (Optical Associate Inc.,

Milpitas, California, USA). The measured UV intensity was 10 mW/cm2. The 

photoresist was exposed for different times (texp) of 35 s to 90 s to study the effect of 

exposure dose on the profile of the microchannels. Then the SU-8 was post-exposure 

baked (PEB) at 65 C and 95 C for 3 min and 10 min, respectively. For both the soft 

baking and PEB, the hotplate was pre-set at 65 C before samples were placed on it; 

after the 65 C-bake, the temperature was ramped up to 95 C in 1 min. Both the soft 

baking and PEB were completed by ramp cooling the sample from 95 C to room 

temperature in 60 min. After each step, i.e. spin coating, soft baking and UV exposure, 

SU-8 was “relaxed” by placing the wafer on a horizontal surface for 15 min at room 

temperature. The exposed resist was developed with Microchem SU-8 Developer at 

room temperature. 

The cross-sectional profile of the dense gratings was examined using scanning electron 

microscopy (SEM) and optical profilometry (OP). SEM was done using a JEOL JSM-

5600LV scanning electron microscope (JEOL USA, Inc. Peabody, MA, USA) or a 

HITACH S3500N (Kanda-Surugadai 4-chome, Chiyoda-ku, Tokyo 101-8010, Japan).

OP was done using a WYKO optical profilometer (WYKO Corporation, Tucson, 

Arizona, USA), using the Vertical Scan Imaging (VSI) mode. The thickness of 

processed SU-8 films was measured using OP after the SU-8 films were patterned. The 
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experimental average aspect ratio (AR) of microchannels was defined as the ratio of 

thickness to the average width as in Equation (3-1). The side wall taper angle  (Figure 

2.1) is the average angle defined as in Equation (3-2). 
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where AR is aspect ratio,  

H is the thickness of photoresist,  

Wt and Wb are top width and bottom width of the microchannels.  

The gelation energy of 100- m thick SU-8 was determined by varying the exposure 

time in small increments and evaluating the solubility of the exposed resist in the 

developer. During UV exposure, small octa-functional SU-8 molecules react to become 

a large cross-linked network molecule. At the gelation point, the network is one large 

molecule and becomes insoluble in the developer. We determined the minimum UV 

energy required by 100μm-thick SU-8 for gelation, i.e. the threshold gelation energy, by 

varying the exposure time in small increments. 100-μm thick SU-8 photoresist was spin 

coated onto a silicon wafer and then soft baked at 65 C for 10 min and 95 C for 30 min. 

The SU-8 was then UV exposed through a mask with a 5 mm by 5 mm square light 

field opening; the mask was moved from place to place on the coated wafer to produce 

an array of exposures. The exposure time varied from 0.5 s to 40 s in increments of 0.5 

s, i.e. the exposure dose was varied from 5 to 400 mJ/cm2 in increments of 5 mJ/cm2.

The PEB was done at 65 C for 3 min and 95 C for 10 min. The exposed samples were 

developed with the SU-8 developer for 20 minutes. The minimum UV dose required for 

non-solvation of the SU-8 in the developer, which was evident from visual inspection of 

the developed exposure array, was adopted as the “threshold gelation energy”. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3                                             Diffraction, refraction and reflection during exposure in lithography 

______________________________________________________________________
32

The absorption coefficient of exposed and unexposed SU-8 was obtained by measuring 

the transparency of SU-8 films. Films with thickness of 50 m, 100 m and 150 m

were prepared by spin coating SU-8 onto 1mm-thick glass slices at 6200 rpm, 3000 rpm 

and 1800 rpm respectively and soft baking at 65 C for 6 min, 10 min, 20 min and 95 C

for 20 min, 30 min and 50 min respectively. The exposure times were 40 s, 50 s and 60 

s respectively. The transparency was measured using a Shimadzu UV-3101PC UV-VIS-

NIR Scanning Spectrophotometer.  

Dynamic mechanical analysis (DMA) was used to determine the elastic storage 

modulus of SU-8. The storage modulus is defined as the ratio [234]of the amplitude of 

the stress in phase with the strain to the amplitude of the strain in the forced oscillation 

of a material. SU-8 samples were prepared as in the above paragraph. The samples were 

scanned from 25 C to 250 C in nitrogen, using the 3-point bending mode. The 

frequency used was 1 Hz and the heating rate was 3 C/min. The epoxy conversion in 

SU-8 was determined by measuring the residual epoxy group content in the SU-8 using 

a Nicolet Magna-IR 560 Fourier Transform Infrared (FTIR) spectrometer. The residual 

epoxy content was calculated using the peak area at 910 cm-1 which was normalized 

using the reference peak at 1600 cm-1.

3.3 The Kirchhoff-Fresnel integral 
According to Huygens’ principle[235], every point on a wave can be considered as the 

source of a circular or spherical wavelet which expands outward from that point. The 

net displacement of the wave at any time in the future is the superposed sum of the 

wavelets from all points on the wave. The incident light from the point light source 

arrives at the aperture and then comes to the measured point (Figure 3.2). A spherical 

wave emitted from the point source can be represented by[235] 
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where u is the amplitud 

A0 is the amplitude at R=0 

R  is the distance measured from the source located at R=0.

 is the angular frequency,  = 2 f, f is the frequency of the wave 

t is traveling time of the wave 

k is the wave number which is defined as ,  is the wavelength 

i is imaginary number defined by the property that i squared equals -1. 

A wave arriving at an aperture generates secondary spherical waves. These newly 

generated waves, which have a fixed phase relation with the incident wave, propagate 

only in the forward direction. The origins of these secondary spherical waves are 

created in the plane of the aperture according to Huygens’ principle. The amplitude of 

secondary generated waves arriving at the measured point is (Figure 3.2)
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where R is the distance from the secondary point sources to the measured point.

Figure 3.2  Geometry for Kirchhoff-Fresnel integral 

Considering the phase difference of  between the primary wave and the secondary 

waves, the amplitude of the wave diffracted by the aperture can be represented in the 

form of Kirchhoff-Fresnel integral[235]: (Figure 3.2) 
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where  and  are defined in Figure 3.2,  is the differential aperture area. 

In photolithography processing, the primary light course is far away from the aperture 

plane, which is typically the mask plane and the incident light can be treated as plane 

wave. We can assume the factor i
i

e
R

eA
'

kR'

0 in equation 3-5 to be a constant and can be 

taken outside the integral, and the angle  is a constant equal to 0.  Then Equation 3-5 

can be rewritten as 

aperture

i de
R

iAu )cos1(1 kR                                           (3-6) 

If the aperture is described using a function f(x,y) defined on the aperture plan of 

aperture and the incident wave is a plane wave whose value at R=0 is u(R)=A,  the 

Kirchhoff-Fresnel integral can be written as: 

dxdye
R

yxfiAu i )cos1(1),( kR                                   (3-7) 

where A contains all constants, its value equals to the wave amplitude at the aperture 

(R=0). 

According to Huygens’ principle, newly generated waves are continuous over the 

aperture. Because the incident light wave is assumed to be a plane wave, the intensity 

reaching the aperture is uniformly distributed across the slit. As the energy of the wave 

is proportional to the square of the amplitude, so 

|u| =A                                                                           (3-8) 

where A2 is the incident intensity at the aperture. 
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We shall consider light passing through the aperture into the resist and point M as a 

point in the photoresist under the mask (Figure 3.3). The light wave arriving at point M

comes from two sources, one part coming directly from the newly generated point 

sources and another part comeing from the reflection of silicon wafer. The wave at 

point M can be expressed by superposing these two fractions. 

Figure 3.3 General optical diagram for the light arriving at a point under the mask 

The mask dimensions (Figure 3.1) make it valid to treat the mask as a long narrow slit. 

Thus we can limit our study of light intensity to one dimension and equation (3-7) is 

rewritten as:

2

1 2
)cos1(1 kRy

y

i dye
R

iAu                                       (3-9) 

where y is the horizontal coordinate along the width of the slit aperture in Figure 3.3. 

It should be noted that the Fresnel integral is a one-dimensional integral across the 

width of the aperture. This is an approximate formula in which the full two-dimensional 

integral of the Kirchoff diffraction integral is simplified in such a way that it is possible 

to perform the integral along the length of the slit in closed form, so that all that remains 

is the integral in the second dimension. There are two potential problems in applying 

this approximation to our absorption and reflection problem. First, the absorption along 

each ray depends on the path length for each spherical wave in the full 2-D Kirchhoff 

calculation. In making the Fresnel approximation, the increased absorption that occurs 
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for rays not in the plane of the diagram is ignored. Second, the reflection coefficient 

depends on the full three-dimensional angle at which each “wavelet” strikes the 

substrate. This angle is clearly different for those wavelets that are integrated over in 

arriving at the Fresnel approximation. 

However, the 1-D Fresnel approximation is close enough for the present case because: 

1) The rays that are integrated over in the first integral along the length of the slit are 

not a major consideration because the largest contribution to the net wave amplitude 

arises from “wavelets” that are close to the plane of the diagram, and for these, the 

absorption differs slightly from that in the plane. Another way of thinking about this is 

to consider the effective length of the slit implied by the finite absorption of the resist. 

In a conventional Fresnel calculation, the slit length is taken to be infinite. In this study, 

the length cannot be strictly considered to be infinite due to the finite absorption of the 

resist. The measured absorption coefficient of SU-8 is 52/cm or 0.0052/ m, so that the 

intensity falls by e-1 over a resist path length of about 200 m. The effective slit length 

is consequently of order twice this distance, which is several times larger than the 

characteristic dimensions of our problem (slit width, resist depth) and much larger than 

the wavelength of the radiation, 0.365 m. In view of this, it seems highly reasonable to 

neglect the second dimension of the full 2-D Kirchhoff integral and to adapt the 

conventional 1-D Kirchhoff-Fresnel integral to our problem. 

2) Since the largest contribution to the total integral (along the length of the slit) arises 

from those “wavelets” that are close to the plane of the diagram and for those the angles 

are very similar to the angles in the diagram, the deviation of the true 3-D reflection 

geometry from the simplified “in the plane” geometry should not be a large 

consideration. 
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3.4 Diffraction and reflection in the photoresist 
3.4.1 Air gap introduces UV refraction 

The edge bead introduces an air gap between the mask and photoresist. Hence, at the 

air/SU-8 interface, there is refraction since the refractive indexes of the two media are 

different. Refraction leads to increased path length and changes the propagation 

direction. This direction change bends the UV light laterally away from the dark field 

(Fig. 3.4). The total direct path length from the secondary point source to the measured 

point M is Rd and can be defined by Equation (3-10). Similarly, the total path length 

from the secondary point source to the measured point I on the silicon substrate surface 

is Ri (Equation (3-11)). 

"'
d dd RRR                                                                (3-10) 

"'
iii RRR                                                                  (3-11) 

where R d, R i are the path lengths in air and R d , R i the path lengths in SU-8 and these 

values can be determined as follows:   

22' )( dd yygR                                                  (3-12) 

22" )()( xygzR dd                                         (3-13) 

22' )( ii yygR                                                    (3-14) 

gzT
gTxygzTR ii 2

)()2( 22"               (3-15) 

gzT
zTxygzTR ir 2

)()2( 22               (3-16) 

where g is the air gap;   

x, y are  the horizontal distances from dark field  edge to the measured point M

and the secondary point source O ;

yi and yd  are the horizontal distances from dark field edge to the intersection 

points of the light and the air/SU-8 interface; 

z and T are the vertical distances from dark field edge on the mask to the 
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measured point M and silicon wafer surface respectively. 

Figure 3.4 Sketch of the geometry of resist exposed through a single slit 

The path lengths are determined by Snell's Law 

ia nn sinsin 10                                                         (3-17) 

'1'0 sinsin ia nn                                                        (3-18) 

where 0n  and 1n  are the refractive indices of air and SU-8;   

a and 'a  are the incident angles at the air/SU-8 interface,

i is the incident angle at point M,

i'  is the incident angle at point I (Figure 3.5). 

'sin
d

d
a R

yy                                                             (3-19) 

"sin
d

d
i R

xy                                                              (3-20) 

''sin
i

i
a R

yy                                                             (3-21) 

ri

i
i RR

xy
"'sin                                                              (3-22) 

3.4.2 Diffraction  
Light due to diffraction comes directly from the secondary point sources along the 

aperture. So the diffraction wave arriving at point M can be represented in the form of 

Kirchhoff-Fresnel integral: 
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where Rd (defined in equation 3-10)is the path length from secondary point source to the 

measured point M, a is the width of aperture opening . 

3.4.3 Reflection from the wafer 

The light coming from source O reaches point I on the silicon wafer and is reflected by 

the silicon wafer. It is then reflected towards point M.  The wave iu arriving at point I is

dye
R

iAu
a ii

i
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0

'kR

2
cos11                                                     (3-24) 

Reflected wave at point I can be expressed as   

ui,r=  cref ui                                                                     (3-25) 

where cref is the coefficient of amplitude reflection and can be calculated using Fresnel’s 

formula as[235, 236]: 
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In equation (3-27), i' refers to the angle of incident at point I (Figure 3.5) and n1 and 

n2 refer to the refractive index of photoresist and silicon respectively. n1is 1 and n2 is 

6.55[237, 238] 

After traveling a distance of Rr(Figure 3.5),  the reflected wave arriving at point M is 

dye
R

e
R

iAcu ri i

r

iia

i
ref

kR'kR

0r
1

2
cos11                     (3-28) 

Considering the attenuation due to the absorption of light, the intensity at a distance r

from the light source can be represented as[239, 240]

reII 0                                                                  (3-29) 
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where  is the absorption coefficient of the photoresist and r is the travel distance.  Note 

that the intensity of light is assumed to be proportional to the square of the amplitude of 

the wave so that the equations (3-23, 3-14 and 3-28) can be rewritten as  
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3.4.4 Superposition of spherical waves  

The sum of a number of harmonic waves of the same frequency leads to a resultant 

wave that is also a sinusoidal wave with the same frequency[235].  With n waves given 

by the forms of 

1
11

ireAu , …, iir
ii eAu , …, nir

nn eAu                                   (3-33) 

the sum of  these n waves is written as: 

n

i
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                         (3-34) 

The light arriving at point M includes diffraction and reflected parts. Each of these two 

fractions is the sum of harmonic waves. The sums are also harmonic waves. UV light at 

point M can be obtained by superposition of the two fractions. Substituting Equations 

(3-30) and (3-32) into Equation (3-34), the light arriving at point M can be written as: 
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The expression ixe  can be expressed by xix sincos . The intensity of light is 

proportional to the square of the amplitude of the obtained wave.

3.5 The modeling details 
The UV light wave amplitude across the thickness of SU-8 was calculated using 

equation (3-35). The UV intensity is the square of the calculated amplitude. Fresnel 

approximation [235] was used to do the integration. FORTRAN language was used to 

compile the calculation program. The calculated results were then processed using 

software of Matlab to obtain the intensity distribution images and contour lines. In the 

calculation, the absorption coefficient of the photoresist was 52/cm (measured using a 

UV-3101PC scanning spectrophotometer from SHIMADZU Company, Japan), the 

wavelength of UV light in air was 365 nm.  

For the model, an air gap of 40 m and a SU-8 thickness of 110 m which are close to 

experimental values and dark field and light field widths of 23 m and 40 m

respectively (same as those of mask A1) were used.  In order to study the effect of 

diffraction, refraction (air gap) and reflection, 3 modeling were carried out: one 

modeling  is the calculation of only the diffraction for 110 m thick SU-8 without air 

gap (counting diffraction only, denoted as D modeling); the second one is the 

calculation of the diffraction and refraction for 110 m thick SU-8 with 40 m air gap 

(counting diffraction and refraction, denoted as D-Rr modeling); the third one is the 

calculation of the diffraction, refraction and reflection for 110 m thick SU-8 with 40 

m air gap (counting diffraction, refraction and reflectin, denoted as D-Rr-Rl modeling). 

Another sample with SU-8 thickness of 66 m, 40 m air gap and dimensions of Mask 

A2 was used for conformation. Only D-Rr-Rl modeling was done for this sample. 
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3.6 Results and discussion  
3.6.1 Calculated results 

The calculated contour lines of constant relative intensity (I/Io, Io is the incident 

intensity) under dark field using Mask A1 are shown in Figure 3.5.  The SU-8 gels 

wherever the exposure energy equals or exceeds the gelation energy. The exposure 

energy across SU-8 was determined by multiplying UV intensity by exposure time.  

(a)

(b)

(c) 
Figure 3.5 Contour lines of constant UV light intensity under the dark field of the mask 

(a) D modeling, (b) D-Rr modeling and (c) D-Rr-Rl modeling 

Since the measured gelation energy of SU-8 is 30mJ/cm2, specially studied, the contour 

lines of exposure energy=30mJ/cm2 were hereafter denoted as iso-gelation-energy 
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contour lines. The predicted SU-8 post-exposure/post-development profile thus can be 

defined as the iso-gelation-energy line. Due to interference between the incident light 

from above and the reflected light from below, the iso-energy surfaces oscillate back 

and forth with a wavelength of one-half the UV wavelength, essentially “standing 

waves” in the UV light field. The profile surface was taken to be the outer envelope of 

the theoretical iso-gelation energy surface, as illustrated in Figure 3.6. The presence of a 

dense “comb” of gelled resist within the gelation-energy “band” will probably stabilize 

the dense “comb” of less than fully gelled resist that is interleaved with it since the 

“comb” spacing is very small (only about 180 nm) while the achievable resolution of 

UV negative resist is typically 1 m. Surface tension effects can be expected to make it 

difficult to wash out less than fully gelled resist from within the “comb” of gelled resist 

during development and rinse. The less than fully gelled resist interleaved in the 

“comb” of gelled resist will then harden during PEB. Diffusion in SU-8 will also 

smooth the “comb teeth” structure during PEB. 

Figure 3.6 Schematic drawing of iso-gelation energy line and definition of SU-8 profile 

Figure 3.7 shows the predicted channel profiles in SU-8 resist exposed for different 

times. In the case of 70 s exposure (i.e. UV exposure dose of 700 mJ/cm2), the gelation 
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energy line predicted using D-Dr-Dl modeling (Figure 3.7(a)) goes 2.9 m and 4.5 m

into the shadowed region at the top and bottom of the SU-8 respectively. This means 

that the microchannel width will be 9.0 m narrower at its base than the width of the 

dark field on the mask. For a 10 m-wide dark field, the channel width would decrease 

to 4.2 m at the top and form a V-shaped profile rather than well developed channels. 

The channel profile exposed for 35 s is nearly vertical while the profile of the channel 

exposed for 70 s is sloped and the profile of channel exposed for 90 s is even more 

sloped. The 70 s exposure leads to a channel that is 1.3 m and 3.7 m narrower at the 

top and bottom respectively than the 50 s exposure, with a correspondingly less steep 

sidewall. These results indicate that increased exposure dose will reduce sidewall 

verticality and decrease channel bottom width and also that a certain minimum exposure 

dose is required to avoid an “undercut” sidewall (i.e. the “mushroom” profile). 

(a)                                                                   (b) 
Figure 3.7 Calculated SU-8 profile of microchannel in 110 m SU-8 exposed for varied time.  

(a)  D-Rr-Rl modeling and (b)D modeling 

The incorporation of reflection at the substrate into the model manifestly makes a 

significant difference to the channel profiles. At longer exposures, the iso-gelation-

energy contour penetrates deeper into the shadowed area and the width of the gelation 

energy “band” produced by interference between refracted-diffracted and refracted-

reflected rays is greater. 
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3.6.2 Experimental results 

The spin-coated SU-8 layer is quite uniform except the edge area. For the SU-8 coated 

using spin speed of 3000 rpm, the measured SU-8 thickness is 107.2 1.9 m at wafer 

center. The thickness increases to 110.4 1.8 m, 114.8 2.1 m, 117.5 2.6 m and 

128.7 2.8 m when the radius increases to 1.0 cm, 2.0 cm, 3.0 cm and 4.0 cm 

respectively. It then increases rapidly and reaches a maximum value of 151.8 2.6 m at 

a radius of 4.3 cm because of the edge bead effect, and decreases to 112.7 3.5 m at the 

radius of 4.8 cm. For the SU-8 coated using spin speed of 5500 rpm, the measured SU-8 

thickness is 51.2 1.1 m at wafer center. The measured maximum value of 97.3 2.7 

m is at a radius of 4.3 cm because of the edge bead effect. All dimensions reported in 

this chapter were measured in the area with a radius of 30 mm at wafer center and each 

data averaged from 10 readings. 

Experimental microchannel profiles were significantly affected by the exposure dose. 

Figures 3.8 compare the SEM micrographs of microchannels fabricated using different 

exposure times (35 s, 50 s, 70 s and 90 s). They clearly show the effect of exposure on 

the channel width and channel profile. In particular, longer exposure time gives 

narrower microchannels and more sloped sidewall. For the channels fabricated by 35 s 

exposure, the top and bottom width of the channel is 21.7 0.4 m and 21.7 0.4 m

respectively (Figure 8(a)). Since OP measures the profiles by light reflection, it is not 

able to give profile data of the undercut structure. The SEM micrograph shows the 

nearly vertical sidewall and slight undercut for the deep channels (Figure 3.8(a2)). As 

the exposure time increases, the channels become narrower and the side wall becomes 

sloped (cross sections in Figure 3.8).  
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 a1  a2 

  b1  b2 

   c1  c2 

  d1  d2 
Figure 3.8 (1) Top view and (2) cross section of microchannels in SU-8 exposed 

(a) 35 s, (b) 50s, (c) 70 s and (d) 90 (thickness of 110 m, exposed through Mask A1) 

The measured gelation energy for 100 um thick SU-8 coating was 30 mJ/cm2. This 

value was used to theoretically predict the SU-8 profiles with our DRR model. 

3.6.3 Comparison of model and experimental results

The comparison of predicted and experimentally observed trends for channel top- and 
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bottom-width and channel side wall taper angle in 110 m thick SU-8 is shown in 

Figures 3.9, 3.10 and 3.11. Higher exposure dose causes narrower and less vertical 

microchannels. When the expose time (texp) was increased from 50 s to 90 s, the 

experimental microchannel top width (Wt) shows a decrease from 19.2 0.4 m to 

15.5 0.5 m. The calculations using the DRR model predict that Wt processed by 50 s 

and 90 s exposure will be about 18.6 m and 16.1 m respectively. The experimental 

bottom width (Wb) shows a decrease from 16.8 0.3 m to 11.0 0.4 m for exposure 

times of 50 s and 90 s respectively. Similarly, the calculations using the DRR model 

predict Wb to decrease from 17.5 m to 12.0 m (Figure 3.10). With increase of UV 

time, the width of SU-8 bar became larger. Figure 3.11 shows the corresponding trend 

in sidewall angle with UV time; the experimental sidewall angle ( ) shows a decrease 

from 89.7 0.1  to 88.7 0.1  when the exposure time increased from 35 s to 90 s. The 

predicted angle using the DRR model closely follows the measured trend. 
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Figure 3.9 Effect of exposure time on the top channel width (Wt) (110 m thick SU-8, 
Mask A1, 40 m air gap was employed in predicting calculation) 

The air gap between the mask and SU-8 top surface leads to UV light refraction which 

leads to increased path length and changes the propagation direction. The calculated 

results indicate that the predicted channel calculated with refraction is wider than the 

(Wt)

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3                                             Diffraction, refraction and reflection during exposure in lithography 

______________________________________________________________________
48

channel calculated without refraction. For 110 m thick SU-8, 50 s exposure and 40 m

air gap, the top channel width and bottom channel width calculated with refraction is 

0.1 m and 0.3 m wider than the corresponding values calculated with diffraction-only 

model respectively. This is because 1) additional path length leads to more UV 

attenuation and 2) the change of propagation direction bends the UV light away from 

the dark field. The effect of the refraction is to approximately shift the UV light laterally 

away from the dark field. The difference between lines 1 and 2 in Figure 3.9 is less than 

that in Figure 3.10, which means the effect of refraction is more significant at the 

bottom than at the top. But the effect of refraction is generally not significant. 
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Figure 3.10 Effect of exposure time on the bottom channel width (Wb) (110 m thick 
SU-8, Mask A1, 40 m air gap was employed in predicting calculation) 
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Figure 3.11 Effect of exposure time on the side wall angle of the channel (110 m thick 
SU-8, Mask A1, 40 m air gap was employed in predicting calculation) 
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Although theoretical studies of the profiles in lithography have been done[74, 241], only 

diffraction was considered in such studies; additionally, such work which includes 

reflection from the substrate and refraction at the air/resist interface has not previously 

been done. The diffraction plus refraction plus reflection calculation better predicts the 

observed widths than the diffraction-only calculation at longer exposures and better 

predicts the observed sidewall taper at all exposures. Neither calculation does a good 

job of predicting the channel widths at short exposures (< 50s). As expected from 

simple interference considerations, the inclusion of reflection leads to narrower and less 

steeply sloped developed channel widths. 

Our results show that diffraction-only calculations are not adequate to accurately predict 

photolithographic profiles of HAR microchannels in thick SU-8 resist; reflection must 

also be taken into account. The difference between the diffraction-only and the DRR 

calculation is significant and can mean the difference between a profile which is 

impossible to demold and one for which demolding is possible. For example, the 

diffraction-only profile is undercut at exposure times up to 60 s (Figure 3.7b), whereas 

the DRR profile ceases to be undercut at slightly more than 35 s exposure (Figure 3.7a). 

The DRR calculations are in good qualitative and quantitative agreement with measured 

profiles, especially at the longer exposure times.  

The observed dependence of microchannel profile on exposure is due to the diffraction 

of incident UV light at the edge of the dark field lines of the mask, refraction of light at 

the air/SU-8 interface and the reflection from the silicon wafer surface. This diffraction, 

refraction and reflection effectively decollimates or angularly broadens the incident 

radiation pattern with respect to a perfect geometrical shadow of the mask. Since stray 

UV light goes further laterally into the shadowed area when the traversed distance (i.e. 
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SU-8 resist thickness) is increased, the stray light effect is more significant in the 

patterning of thick photoresist coatings and high aspect ratio structures.  

There is a systematic deviation between experimental results and the DRR model 

predictions for the absolute channel widths and the wall slopes in the lower exposure 

range (Figures 3.9, 3.10 and 3.11). The predicted channel widths are less than the 

experimentally observed data. The larger experimental channel width, i.e. smaller SU-8 

bar width, compared to the theoretical values, are due to low cross-link density leading 

to “washing away” of SU-8 during the development. The cross-link density is inversely 

proportional to the molecular weight between cross-links (Mc). Mc can be calculated 

using equation (3-36) [242]. 

E
RTM c

3                                                             (3-36) 

where E is the storage elastic modulus of polymer in the rubbery state;  

 is the density of SU-8, R is the universal gas constant (8.314J/mole K);  

T is the temperature (K).   

Figure 3.12 shows the effect of exposure time on the molecular weight between cross-

links. There are two inflexion points for the Mc versus UV exposure time curve at 50 s 

exposure and 90 s exposure. The cross-link density remains at a low level when the 

exposure time is less than 50 s and increases rapidly after the exposure time exceeds 

this first critical point. Mat jka and coworkers [164] studied the cationic polymerization 

of diglycidyl ether of Bisphenol A in the presence of -butyrolactone and found that the 

cross-link density also remains at a low level until a fairly high conversion (about 75%) 

whereafter the rise is rapid. The calculated Mc is 2860 g/mol when the exposure time is 

20 s. This value is higher than the molecular weight of uncross-linked SU-8 which is 

1396 g/mol.  The residual solvent (i.e. GBL) in SU-8 may cause high value of measured
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Mc. Also, when the exposure time is short, although SU-8 is gelled, chain extension 

rather than crosslinking can predominate. Long chains and loosely cross-linked domains 

largely account for the low deformation modulus [243]. In the lower exposure range, 

although the SU-8 has gelled, the epoxy conversion is low (<40%) (Figure 3.13), 

leading to low cross-link density. The first critical point occurs at a lower conversion 

than that predicted by Mat jka et al.; this is reasonable since SU-8 is octa-functional 

compared to the bi-functional epoxy used by them. When the exposure time is increased 

to 50 s or more, rapid decrease in Mc occurs until 90 s where vitrification takes place.  
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Figure 3.13 Effect of exposure time on epoxy conversion during SU-8 cross-linking 

The glass transition temperature (Tg) (Figure 3.14) of SU-8 confirms the vitrification. Tg

increases from 60 C to 95 C, which is also the PEB temperature, when the exposure 

time increases from 20 s to 90 s. With 90 s exposure, Tg is more or less the processing 
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(PEB) temperature (95 C). Tg only slightly increases from 95 C to 100 C when the 

exposure time increases from 90 s to 200 s. After vitrification, Tg does not change 

significantly. 
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Figure 3.14 Tg of SU-8 cross-linked SU-8 exposed for varied time 

The DMA result explains the deviation between the experimental and the predicted 

profile for low UV exposure time. High value of Mc in the low exposure range (<50s) 

indicates that SU-8 has very low cross-link density. The very low cross-link density at 

these short exposures can lead to extraction of SU-8 during development and rinse, 

leading to smaller SU-8 width and wider channel than predicted (Figures 3.9 and 3.10).  

The wash-away-of-SU-8 at low exposure dose agrees with reported investigation. 

Kurdryashov et al. [104] investigated the contrast of SU-8 using 700 nm thick SU-8 

films and UV radiation. They found that the developed SU-8 film thickness processed 

by low exposure dose was different from the original thickness. The dependence of the 

remaining resist thickness after development upon UV exposure showed that 50% 

thickness was washed away in the development process when the UV exposure dose 

was 70 mJ/cm2 for their given experimental conditions. 

Diffraction and reflection have significant effects on profile characteristics and 

processability of high aspect ratio channels. Narrow microchannels in thick SU-8 

cannot be formed successfully using high exposure dose. With high UV exposure dose, 
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diffracted and reflected UV light in the shadowed region cause SU-8 exposure and 

produce underresolved or unresolved resist structure. SU-8 resist is sufficiently 

predictable and reproducible in its response to photoinitiation that it is possible to finely 

adjust the exposure dose, as we have done in this report, to avoid overexposure under 

the mask dark fields while simultaneously avoiding underexposure and consequent 

deformation, during development and rinse, of the desired solid structures. By so doing, 

we have been able to successfully fabricate SU-8 gratings separated by dense and high 

aspect ratio microchannels. Lowering the exposure dose decreases the stray UV light 

diffracted and reflected into the shadowed photoresist. The lower cross-link density, and 

hence mechanical strength and hardness, of the exposed resist can be compensated by 

longer or higher-temperature post exposure baking.  

In order to confirm the validity of the new D-Rr-Rl model, another sample was 

experimentally and theoretically investigated. The sample was patterned using Mask A2 

and the measured SU-8 thickness was 66.4 3.4 m at wafer center (within 30mm 

diameter). The measured difference between maximum and minimum thickness within 

the whole wafer was 41 m. Figure 3.15 shows the effect of exposure time on channel 

profiles. Slight under cut was seen in the 25sec-exposed channel. The width decreased 

with the increase of exposure time and the 90sec-exposed sample was unresolvable.  

The comparison of experimental results to the predicted results was shown in Figure 

3.16. The theoretical prediction was done using thickness of 66 m, 40 m air gap and 

the dimensions of Mask A2 (Figure 3.1 b). For those successfully fabricated channel, 

the experimentally abserved results agree with the predicted results except that the 

experimental bottom width of 70sec-exposed channel is smaller than the predicted value.  
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Further, although the predicted bottom width is 1.4 m for the 90sec-exposed channel, 

but the actual channel was unresolved. These can be attributed to the difficulty of 

dissolving the SU-8 at the bottom of the deep channel. 

(a)

(b)

(c)

Figure 3.15 Top view and cross section of micro-channle in 66 m SU-8 exposed for (a) 
25s, (b) 50s and (c) 90s 
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Figure 3.16 comparision of predicted and experimental profiles of micro-channel in 66 
m thick SU-8 
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3.7 Summary 
The effects of light reflection at the wafer surface, UV exposure time and air gap 

between the resist and mask on pattern size and microchannel profiles were 

theoretically and experimentally studied. The model accounting for diffraction only was 

inadequate to accurately predict the profile characteristics of VHAR microchannels in 

thick resist. A new model incorporating the effects of diffraction at the edge of the dark 

field mask lines, refraction at the air/resist interface and reflection from the silicon 

wafer surface was developed to predict the profiles of micro channels in thick SU-8 

resist. Reflection and diffraction lead to UV exposure of the photoresist underneath the 

dark field areas of the mask causing gelation and crosslinking, which then increases the 

wall width and slopes the SU8 sidewall and even produces underresolved or unresolved 

resist structure. The calculated mask replication fidelity and taper angle using the new 

diffraction-refraction-reflection (DRR) model was compared with experimental results. 

The new DRR model produced much superior predictions of the observed trends and 

actual microchannel width and sidewall angle as a function of exposure dose compared 

with the classic diffraction-only model. The calculated microchannel width and sidewall 

angle at high exposure dose agreed well with the experimentally observed values, 

indicating that reflection at the silicon substrate was significant. The predicted channel 

widths are less than the experimentally observed data in the lower exposure range. The 

DMA result explains the deviation between the experimental and the predicted profile 

for low UV exposure time. The larger than calculated actual microchannel width for 

low exposure dose was shown to be due to leaching of unreacted resist in the developer. 
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Chapter 4 Whole-wafer-covered dense SU-8 gratings 
with very high aspect ratio microchannels 

4.1 Introduction
We are interested in the fabrication of dense SU-8 gratings having VHAR channels 

(Figure 4.1) over the entire 100-mm diameter wafer for use as a mold for UV 

embossing. The fabrication of dense SU-8 gratings with VHAR microchannels over a 

large area is non-trivial due to the contrary imperatives of mold hardness and faithful 

replication of the photomask pattern. Narrow microchannels can be “close-up” when the 

SU-8 is over-exposed, especially when the edge bead effect is significant. To date, most 

of the VHAR SU-8 structures processed by others are sparse[84, 151], i.e. not densely 

packed on the substrate. There is no reported work on the processing of dense SU-8 

gratings with VHAR microchannels (i.e. dense SU-8 gratings separated by narrow and 

deep channels) over a large area.  

Figure 4.1 Sketch of the dense grating with VHAR microchannels 

Edge bead is a difficulty commonly encountered in contact UV lithography using ultra-

thick photoresist [63, 143].  The air gap between the mask and SU-8 coating produced 

by this variation in resist thickness exacerbates diffraction and refraction effect leading 

to poor dimensional replication, or even unresolved SU-8 processed patterns for very 

small (a few m) dark field dimensions. Prior research [74, 147] has found that 

diffraction at the edge of the dark field of the mask strongly affects the pattern size and 
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sidewall profile in SU-8 contact UV lithography. Because of the high sensitivity of SU-

8[123], even a little “stray” diffracted UV energy dose beneath the dark fields can cause 

gelation and cross-linking leading to enlarged SU-8 dimensions compared to the mask. 

Further, the thickness variation over the wafer makes it challenging to fabricate uniform 

whole-wafer-covered SU-8 patterns since the optimum UV dose depends on the resist 

thickness [244]. Our previous investigation also shows that the air gap introduces UV 

light refraction at the air/SU-8 interface, which also leads to poor mask replication 

fidelity. One possible solution for this problem is to remove the edge bead by standard 

edge bead removal techniques using GBL[63]. However, this technique requires 

specialized equipment. It is not very practical for the fabrication of whole-wafer-

covered SU-8 microstructures since the SU-8 edge bead can cover a significant area of 

the wafer. Alternatively, one can fill the air gap with an organic solvent which has a 

similar refractive index as SU-8 [83]. However, the organic solvent contaminates the 

SU-8 surface and will diffuse into the SU-8 layer[63] resulting in accelerated diffusion 

of the photoacid catalyst and, consequently, poorer resolution. 

In VHAR dense grating fabrication, SU-8 structure rigidity plays a critical role.  

Reported HAR SU-8 structures were sparse or had zigzag structures[151, 152]. For 

sparse or separated structures, the surface tension caused by the solvent can be 

neglected. Structures with zig-zag-like shape had relatively high structural rigidity. For 

dense VHAR gratings with narrow channels, the adhesion caused by the surface tension 

force of solvents is also likely to collapse the structures during the drying. For the long 

straight dense channels, structural rigidity is more critical than those short or isolated 

structures.  Increased UV exposure time for dense VHAR microchannels, which 

improves resist hardness and rigidity, is found to result in overexposure of the 

shadowed resist causing unresolved pattern structures. The supplier’s recommended UV 
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dose, typically suitable for fabricating sparse HAR SU-8 microstructures, results in 

unresolved dense VHAR channels due to “stray” light from diffraction.  

We developed soft cushion and dose reduction technology to successfully fabricate SU-

8 microstructures with VHAR microchannels over the entire 100 mm diameter wafer. 

Details are presented in this chapter. In soft cushion technology, a stack of clean room 

tissue paper was placed beneath the substrate to produce convex bending of the wafer. 

Thus the air gap was decreased so that the contact between the mask and SU-8 surface 

was improved, resulting in reduced UV diffraction at the air/SU-8 interface (Figure 4.2). 

This procedure improves the pattern replication and uniformity resolution over virtually 

the entire surface of the 4-inch wafer. Dose reduction technology to reduced the energy 

deposited at all points in the resist, and in particular the energy deposited under the dark 

field caused by diffraction at the mask and reflection at the silicon wafer so as to 

decrease the negative effect of stray UV light on the fabrication of VHAR 

microchannels. 

m ask

S U -8

S i

so ft th in  cu sh io n

s tag e

U V U Va ir g a p

a d d itio n a l fo rce

Figure 4.2 Effect of the soft cushion during exposure 

4.2 Materials and equipment 
The photoresist and developer used were NANOTM SU-8-100 and SU-8 developer 

provided by Microchem Corp (Newton, Massachusetts). Isopropyl alcohol (IPA) with 

purity of 99% from Ashland Chemical Company (3849 Fisher RD, Columbus, OH, 

50mm 

0.4mm 

100mm wafer 
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USA) was used for rinsing the developed SU-8 patterns. A release coating, specifically 

Loctite Frekote® 700-NC supplied by Henkel Loctite Corp (Rocky Hill, Connecticut), 

was wiped on the wafer-side of the mask using tissue paper prior to closing the mask on 

the resist. 4-inch diameter <1 0 0> P type silicon wafers were used as substrates. Silicon 

wafers were cleaned, rinsed and dried using the procedure described in section 3.2. 

Pressurex pressure-indicating film provided by Sensor Products Inc. (East Hanover 

NJ, USA) was used to measure the pressure applied to bend the Si wafer substrate. 

The experiments were carried out in the Class 10K clean room of Micro-Machine 

Center (MMC) at the School of MAE, NTU. The SU-8 processing was done in Class 

100 clean room. The temperature and humidity in this clean room were kept at 21 1 C

and 40~60% respectively.  A large area Spin Coater (Karl Suss CT62) was used to 

apply SU-8 to Silicon wafers. STURT SCIENTIFIC SH10 hotplate was used for the 

baking processing. The temperature of this hotplate was controllable and the controlling 

accuracy was 1 C. J500-IR/VIS Mask Aligner from Optical Associates Inc. (Milpitas, 

California) was used for the UV exposure. The measured UV intensity was 10 mW/cm2

at 365 nm. SEM was done using either a JEOL JSM-5600LV or a HITACH S3500N 

SEM. The SU-8 was platinum coated prior to SEM examination. Optical profilometry 

(OP) was done using the WYKO optical profilometer in VSI mode at Precision 

Engineering and Nanotechnolgy Centre (School of MAE, NTU). Hardness test was 

carried out at Materials Lab A (School of MAE, NTU) using a DMHp-2 Micro hardness 

tester (Matsuzawa Seiki Co. LTD. Tokyo, Japan). 

4.3 Fabrication details  
4.3.1 Soft cushion technology  
Two masks were used. Mask B has wide dark field line width and narrow light field line 
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width (Figure 4.3a). It contains 80 μm-wide by 1000 m-wide dark fields separated by 

10μm-wide light field lines over a 4-inch diameter circular area. It produces VHAR SU-

8 microstructures and was used to demonstrate the improvement in mask replication and 

uniformity of the SU-8 pattern over the whole wafer when a soft cushion was used. Two 

wafers were processed using Mask B with almost similar processing conditions (Table 

4.1); one sample was processed without soft cushion (Sample A1) and the other with 

soft cushion (Sample A2). We are interested in fabricating dense SU-8 gratings with 

VHAR (>10) microchannels. Mask C (Figure 4.3b) contains 10 m-wide by 1000 m-

long dark field lines separated by 80 m-wide light field lines in the long direction and 

10 m-wide light field lines in the perpendicular direction over a 4-inch diameter 

circular area. It was used to fabricate grating with VHAR microchannels (Sample B in 

Table 4.1). 

A typical SU-8 process is described here. SU-8 100 was spin coated onto the cleaned 

wafers for 30s using the speeds shown in Table 4.1. The coated wafers were placed on a 

leveled surface for 15 min to allow the SU-8 to level out. Soft baking was done at 65 C

and 95 C on a well-leveled hotplate for the duration listed in Table 4.1. The wafers 

were slowly cooled to room temperature after the soft baking. 
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Figure 4.3 Sketch of (a) Mask B, (b) Mask C and (c) Mask D 
 (all dimensions are in microns) 

(a)

(b)

(c)

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4                                        Whole-wafer-covered dense SU-8 gratings with very high aspect ratio

______________________________________________________________________
62

Ta
bl

e 
4.

1 
D

et
ai

le
d 

SU
-8

 p
ro

ce
ss

in
g 

co
nd

iti
on

s 

Sa
m

pl
e 

M
as

k 
So

ft 
cu

sh
io

n?
 

rp
m

*  
  T

hi
ck

ne
ss

 (
m

)  
 

So
ft 

ba
ke

 ti
m

e 
(m

in
) 

U
V

 ti
m

e 
(s

) 
PE

B
 ti

m
e(

m
in

) 
   

H
B

 ti
m

e 
(m

in
) 

 
 

 
 

   
   

   
   

A
ve

 
C

en
te

r  
   

   
   

  @
 6

5
C

   
 @

95
C

 
 

 
   

   
  @

65
C

   
@

95
C

   
@

95
C

A
1 

   
B

 
   

 N
o 

   
   

   
31

00
 

12
2.

6 
  9

9 
   

   
   

   
 1

0 
   

  3
0 

   
   

   
70

 
 

   
3 

10
 

   
   

 - 

A
2 

   
B

 
   

Y
es

 
   

   
   

32
00

 
11

4.
9 

  9
1 

   
   

   
   

 1
0 

   
  3

0 
   

   
   

70
 

 
   

3 
10

 
   

   
 - 

B
1 

   
   

  C
   

   
   

  N
o 

   
   

   
27

50
 

14
5 

 1
21

 
   

   
   

   
 1

5 
   

  5
0 

 
35

 
 

   
5 

25
 

   
 2

0 

B
2 

   
C

 
   

Y
es

 
   

   
   

27
50

 
14

5 
 1

21
 

   
   

   
   

 1
5 

   
  5

0 
 

35
 

 
   

5 
25

 
   

 2
0 

   
 

C
1 

   
   

  C
 

   
Y

es
 

   
   

   
27

50
 

14
5 

 1
21

 
   

   
   

   
 1

5 
   

  5
0 

V
ar

ie
d 

fr
om

 2
0 

to
 

   
5 

25
 

sa
m

pl
es

 e
xp

os
ed

 
 

 
 

 
 

 
 

 
 

25
, 3

0,
35

, 4
0,

 4
5,

  
 

   
   

   
  L

es
s t

ha
n 

50
s w

er
e 

C
2 

   
D

 
   

Y
es

 
   

   
   

32
00

 
11

0 
  9

2 
   

   
   

   
 1

0 
   

  3
0 

   
   

 5
0,

 5
5,

 6
0,

 7
0,

 8
0,

 
   

3 
10

   
   

 h
ar

d 
ba

ke
d 

fo
r 

 
 

 
 

 
 

 
 

 
 

10
0,

 1
20

 a
nd

 2
00

 
 

 
  2

0 
m

in

D
 

  N
il 

   
   

 N
o 

   
   

   
   

  3
20

0 
   

 1
00

 
 _

__
 

   
   

  1
0 

   
  3

0 
va

rie
d 

fr
om

 5
 to

 
   

3 
10

 
va

rie
d 

fr
om

 0
 

 
 

 
 

 
 

 
 

 
15

0 
  

 
 

 
to

 4
0 

m
in

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4                                        Whole-wafer-covered dense SU-8 gratings with very high aspect ratio

______________________________________________________________________
63

For samples A2 and B, a soft cushion, made of a 0.4mm-thick stack of tissue papers 

5cm in diameter (half the wafer diameter), was placed under the wafer during exposure. 

After the wafers were vacuum sucked to the photomask, an additional force was applied 

onto the back side of the wafer (Figure 4.2) by moving up the wafer. The amount of 

applied pressure was determined using Pressurex  pressure-indicating film. Circle  

pressure-indicating film with a diameter of 5 cm was put beneath the soft cushion 

during exposure. The film image was then compared with the standard image to 

determine the pressure applied to the film after exposure. The total additional force was 

then determined by multiplying the pressure by the film area. In order to compare the 

effect of the cushion, another SU-8 coated wafer (Sample A1) was exposed to UV light 

without the soft cushion. The exposure times are summarized in Table 4.1. The PEB 

was done using a hot plate. The PEB baking times and temperatures are also 

summarized in Table 4.1. After the samples were slowly cooled to room temperature, 

they were relaxed for 30 min to release the residual stress. The samples were developed 

in SU-8 developer at room temperature. Following the development, the substrates were 

rinsed briefly with IPA. Then the substrate with SU-8 pattern was dried with a gentle 

stream of compressed nitrogen. Sample B was also hard-baked (HB) (Table 4.1). 

4.3.2 Exposure dose reduction 
The exposure dose reduction was investigated with both wide and narrow 

microstructures separated by VHAR microchannels using Mask C and D (Figure 4.3b 

and 4.3c) respectively. Sample groups C1 and C2 using Mask C and D respectively 

were prepared to investigate the dose reduction for fabrication of dense VHAR 

microchannels over a large area. SU-8 100 was spin-coated onto the cleaned wafers and 

soft baked. Then the wafers were exposed to UV light through the previously defined 

mask C or a new Mask D. Dense gratings with VHAR microchannels are not suitable 
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for investigating the pattern uniformity and mask replication fidelity in section 4.3.1 

because the SU-8 can not be successfully patterned under some investigated processing 

conditions. The new Mask D pattern was 10 um by 1000 um dark field lines separated 

by 10 um wide light field lines (Figure 4.3c) The exposure time varied from 20 s to 25s, 

30 s, 35 s, 40 s, 45 s, 50 s, 55 s, 60 s, 70 s, 80 s, 100s, 120 s and 150s to study the 

achievability of the narrow channels. The soft cushion technology was employed during 

exposure. For the underexposed SU-8 pattern, the SU-8 was also hard-baked at 95 C for 

20 minutes after the SU-8 was developed. The detailed processing parameters are 

summarized in Table 4.1. 

4.3.3 Hardness test of cross-linked SU-8 
Sample group D (exposure without a mask) was used to study the effect of UV 

exposure dose and hard baked time on the hardness of SU-8 films. 100 m thick SU-8 

films were spun, soft baked, exposed, PEB and developed. The UV exposure time was 

varied from 5 s to 100 s (i.e. the exposure varied from 50 mJ/cm2 to 1000 mJ/cm2). 

After development, the structure was hard baked at 95 C with the hard baking time 

varying from 0 to 45 min. Detailed processing parameters are summarized in Table 4.1. 

Vickers hardness was determined using the DMHp-2 Micro hardness tester. In the test, 

the prescribed test force F was 25 g for the samples which were exposed to UV light for 

less than 30 s, and 50 g for the samples which were exposed to UV light for more than 

30 s. The test force was maintained for 15 s. Each reported data was averaged from at 

least 10 indenting. 

4.3.4 Characterization 
Profiles of developed SU-8 microstructures were examined using OP and SEM. The 

thickness of SU-8 films over the wafer is presented by the height of developed SU-8 

microstructures. The cross sections of SU-8 gratings were obtained by breaking the 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4                                        Whole-wafer-covered dense SU-8 gratings with very high aspect ratio

______________________________________________________________________
65

wafer with the SU-8 pattern. The locations of measurements of resist thickness and SU-

8 width uniformity across the wafer are shown in Figure 4.4. At least 5 readings were 

made at each location. The top width of the SU-8 pattern was measured using both 

optical profilometry and optical microscopy. 

Figure 4.4 Measurement positions over the 100-mm wafer (distances are shown in 
centimeters) 

4.4 Results and discussion 
4.4.1 Effect of soft cushion  
      The additional force applied onto the cushion was determined to be in the range of 

10-15 N. The applied force and cushion bent the wafer into a slightly convex shape to 

eliminate the air gap between the resist and the mask and improved the contact during 

exposure. The contact vacuum increased from –20 kPa to –70 kPa after using the soft 

cushion. With the application of Frekote, there was no sticking of SU-8 to photomask 

and the SU-8 surface remained flat and undamaged.  

Samples A1 and A2 were processed similarly (Table 4.1), except the former was done 

without a soft cushion and the latter with a soft cushion. Figure 4.5 shows the SU-8 

thickness variation between the center and the rim of the wafer; the edge bead area is 

not only at the wafer edge but spreads over an annular strip near the edge. The 1 cm 

wide annular strip covers more than 36% area of the whole 4-inch wafer. In Figure 

4.5(a) the SU-8 was 91.0 0.2 m thick at the center and has an average thickness of 
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142.4 3.2 m at the peak of the bead near the wafer edge. This sample was exposed to 

UV light with the soft cushion beneath the wafer. The thickness variation between the 

center and the rim of the wafer, even when the coating was relaxed on a well-leveled 

surface for 15 minutes before it was soft baked, was as large as 51.4 m. For Sample 

A1 which was exposed without the soft cushion, the thickness was 99.0 0.2 m at the 

center and 152.0 2.4 m at the bead peak. The thickness variation between the center 

and rim was 53um (Figure 4.5(b)). The two samples, A1 and A2, have similar thickness 

variations and dimensions. The thickness variation could be up to 100 m when the SU-

8 coating thickness increased to 200 m. 
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Figure 4.5  SU-8 thickness variation along the wafer diameter for 2 samples (A2 and 

A1). (a) A2- with soft cushion (91 m thick at center) and (b) A1- without soft cushion 
(99 m thick at center) 

The thickness variation leads to a radially variable air gap between the mask and 

photoresist surface. This variable gap leads to two undesirable consequences. First, the 

presence of any gap at all results in increased diffracted UV light beneath the dark field 

of the mask, with undesirable effects on mask width reproduction fidelity. We 

determined the threshold gelation exposure dose to be only 5% to 6% of the supplier’s 

recommended processing dose (30 mJ/cm2 for our 100 um thick resist coatings, 
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compared with the recommended dose of 500 to 600 mJ/cm2; see chapter 3). Because 

the gelation dose is such a small fraction of the processing dose, increased penetration 

of diffracted light into the dark field due to the air gap causes unwanted crosslinking 

and gelation in the dark field regions of the resist leading to enlarged SU-8 structure.  

Further, because the thickness increased gradually from the center to the rim of the 

wafer, the air gap between the SU-8 and the mask was also not radially uniform. The air 

gap was larger at the center than that at the rim. This non-uniformity leads to variation 

in the degree of dark-field UV exposure across the wafer and consequent variation in 

SU-8 pattern width dimension. We defined a parameter " " to estimate the uniformity 

of the pattern dimension:             

%100minmax

meanW
WW                                                   (4.1) 

where W is the top width of SU-8 wall (Figure 4.6) and subscripts max, min and mean

refer to the maximum, minimum and average values of the dimension, respectively. 

Smaller indicates more uniform SU-8 pattern width dimension over the wafer.  

(a)                                                              (b) 
Figure 4.6 (a) over view and (b) cross section of SU-8 pattern fabricated using Mask B 

(using soft cushion, exposure time: 70 s)

Table 4.2 shows the theoretically predicted SU-8 pattern top widths using the DRR 

model developed in chapter 3. The experimentally measured SU-8 thickness (Figure 4.5) 

was used to define the air gap in the theoretical calculation. The UV exposure intensity 

across the SU-8 resist was calculated using equation (3-35). The exposure energy was 
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the product of intensity and exposure time. 70 seconds, the exposure time for Mask B, 

was used in the calculations. The border of SU-8 structures can be defined where the 

exposure energy matches the gelation energy of the resist (30 mJ/cm2, see chapter 3). 

The designed light field width or SU-8 microwall width (using Mask B, Figure 4.3) is 

10 m. The calculated SU-8 pattern is 15.9 m wide at wafer center where the SU-8 

thickness is the minimum value. As the SU-8 thickness increases gradually from the 

center to the rim of the wafer, the air gap between SU-8 surface and photomask 

decreases gradually from the center to the rim and the calculated SU-8 pattern width 

decreases from 15.9 m to 15.4 m, 15.1 m, 14,8 m and 11.9 m at a distance of 1 

cm, 2 cm, 3 cm and 4 cm respectively from the wafer center. Comparison of the 

calculated and experimental SU-8 pattern width indicates that the experimental results 

agree with the theoretical prediction.

Table 4.2 SU-8 wall width over the silicon wafer  
(using Mask B, the designed SU-8 wall width was 10 m) 

Sample A1 (Without cushion) Sample A2 
(With cushion) 

Distance from 
wafer center 

(cm)
Air gap 
( m)

Calculated width 
( m) 

Experimental width 
( m) Experimental width ( m)

0 51.4 15.9 15.4 0.4 12.0 0.4 
1 43.1 15.4 14.4 0.3 11.7 0.4 
2 37.9 15.1 13.8 0.6 11.5 0.5 
3 36 14.8 13.2 0.6 11.4 0.5 

3.5 33.9 12.8 0.3 11.4 0.5 
3.8 29 12.5 0.4 11.3 0.4 
4 11 11.9 11.6 0.3 11.1 0.4 

4.2 0 10.6 11.3 0.3 11.1 0.5 
4.5 3 10.2 10.9 0.5 11.0 0.2 
4.8 21 12.1 0.6 11.7 0.4 

Table 4.2 also compares the uniformity of SU-8 patterns fabricated with and without the 

soft cushion. For the SU-8 patterned without the cushion, the measured pattern width 

dimension varied from 15.4 m at the center to 10.9 m near the wafer rim and the 
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average value was 12.8 m, which gave a value of 34.8%. It can be seen that the SU-8 

pattern width dimension was larger at the wafer center where the SU-8 thickness was 

smaller and the air gap larger; the SU-8 pattern width dimension was smaller (and 

closer to the design target of 10 m) at the rim area where the SU-8 bead was in contact 

with the mask and the air gap consequently was small. Table 4.2 illustrates the dual 

problems of the presence of an air gap damaging the lithographic resolution and the 

variability of the air gap producing non-uniform resolution and feature dimensions 

across the wafer. For the SU-8 patterned with the cushion beneath the silicon wafer, the 

measured pattern dimension varied from 12.0 m at the center to 11.0 m near the 

wafer rim and the average value was 11.4 m, which gave a value of 9.1%. It should 

be noted that the best replicated dimension, near the rim of the wafer where the SU-8 

edge bead and mask are contacted, is essentially identical for the two cases (10.9 m

and 11.0 m), while the worst replicated dimension is dramatically closer to the target 

dimension for the wafer patterned with the cushion technique. The worst replicated SU-

8 width dimension at the wafer center matched more closely the mask width (10 m) 

when a soft cushion was used; the SU-8 width at the wafer center was 15.4 m (54% 

larger than mask width) without a cushion and reduced to 12.0 m (20% larger than the 

mask width) when a soft cushion was used. The soft cushion under the wafer helped to 

slightly bend the silicon wafer and consequently decreased the air gap and improved the 

contact during exposure. The contact vacuum increased from –20 kPa to –70 kPa after 

the soft cushion was used. 

For the sparse SU-8 structure made using Mask B, employment of the soft cushion 

technology improved the pattern dimension replication and uniformity but this was not 

essential for fabricating the pattern across the entire wafer. Increased diffraction into the 

dark field due to the air gap increases the width of the sparse SU-8 structures, but 
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because the dark field is much wider than the light field, some decrease in the cavity 

width can still result in well-resolved SU-8 structures (Figure 4.6). The situation is 

much more delicate for dense structures separated by narrow cavities (the Mask C 

pattern). In this case, the increased penetration of diffracted light from both the long 

edges of the dark field can lead to the sloping walls of the developed SU-8 structures 

meeting above the surface of the wafer, resulting in shallow V-shaped channels, rather 

than the full-depth rectangular or trapezoidal cross-section channels desired (Figure 4.7), 

which was always observed at wafer center in our experiments if no soft cushion was 

used during exposure when Mask C was used. Most of the samples fabricated using soft 

cushion were successfully fabricated, except samples exposed for 90 sec or longer time.  

Figure 4.7 VHAR microchannels fabricated without the cushion using Mask C 
(exposure time: 35 s, 145 m SU-8, sample B1 in Table 4.1) 

Using soft cushion technology, whole-wafer-covered 80 m wide SU-8 bars separated 

by VHAR microchannels was successfully fabricated (Figure 4.8). The average 

measured top width of these channels is 8 m and the depth is 145.1 m, giving an 

aspect ratio over 18. As expected, the SU-8 dimension (82 m) is slightly larger than the 

designed (80 m).  
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(a)                                                                 (b)

                                    (c)
Figure 4.8 VHAR microchannels in SU-8 fabricated with Mask C and soft cushion over 
100-mm diameter wafer: (a) SEM top view,  (b) SEM cross section and (c) OP image of 
crossection (exposure time: 35 s, sample B2 in Table 4.1) 

4.4.2 Effect of dose reduction 
The effect of exposure time on the SU-8 profile has been theoretically and 

experimentally studied in Chapter 3. Wide channels were studied in Chapter 3 so that 

even with stray diffraction, refraction and reflection effects, the channels were still 

clearly developed though they were narrower than designed values. For narrow 

channels in thick SU-8, stray diffraction, refraction and reflection effects can cause un-

resolved structures. An attempt to fabricate whole-wafer-covered gratings with 80 m

wide SU-8 bars separated by 10 m wide channels (Mask C) using the supplier 

recommended dose of 500 to 650 mJ/cm2 (50 to 60 seconds exposure time) was 

unsuccessful. With UV exposure this high, the channel walls were overexposed and the 

channels were unresolved and V-shaped. The narrow micro-channel of 10 m width 

coupled with the edge bead led to stray exposure above the threshold gelation energy in 

the shadowed regions.  Partial area of the wafer center was unresolved with 70 s UV 

exposure even with the employment of soft cushion (Figure 4.9). 
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Figure 4.9 Un-resolved VHAR channels with soft cushion technology 
 (Mask C, SU-8 thickness 145 um, exposure time 70s, sample C1 in Table 4.1) 

The observed unresolved VHAR microchannels in Figure 4.9 can be explained by a 

combination of the stray (diffraction, refracted and/or reflected) light in the “shadowed” 

region of the SU-8 and the low threshold gelation energy of SU-8 (30 mJ/cm2 for 

100 m-thick SU-8, refer to Chapter 3). UV light was diffracted from the edge of the 

dark field line of the mask into the “shadowed” area of the photoresist. Increasing the 

incident exposure dose by increasing the exposure time increased the UV light exposure 

energy in the “shadowed” areas of the photoresist. With low levels of UV light, some 

photoacid is generated in the SU-8 but the epoxy reaction is limited and insufficient to 

cause gelation. As the UV dose increases beyond a threshold value, more photoacid is 

generated resulting in gelation and crosslinking. With longer exposure, the regions 

beneath the shadowed regions receive more than the threshold gelation dose, the 

boundary between over- and under-gelation exposure moves further into the shadowed 

region and the developed channels become narrower. The stray light-induced narrowing 

of the channel bottom is a function of the exposure time, resist thickness and dark-field 

width. For a fixed UV dose and resist thickness, there is a minimum dark field width for 

successfully resolving the channel between the SU-8 bars. For dark fields narrower than 

this minimum value, V-shaped rather than rectangular- or trapezoid-shaped channels are 

formed instead. The problem is exacerbated for whole wafer covered SU-8 processing 

since spin coating always produces an edge bead. The edge bead leads to an air gap 
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between the photomask and the surface of the resist, which leads to diffracted light 

penetrating further into the shadowed area of the SU-8. 

To fabricate well-resolved SU-8 gratings with VHAR channels (using Mask C and D) 

over the entire wafer, it is necessary to reduce the UV exposure dose significantly even 

with soft cushion technology. When UV exposure times of 25 to 40 seconds were used, 

well-resolved channels could be successfully developed. Figure 4.10 shows the 80 m

wide SU-8 bars fabricated using an exposure time of 25 s, i.e. exposure dose of 

250mJ/cm2, much lower than the 500 to 650 mJ/cm2 dose recommended by the supplier. 

Although the SU-8 was soft because of the under exposure, the wide dimension (80 m) 

made it rigid enough to stand against the surface tension. 

Figure 4.10 Clear microchannels over entire 100-mm diameter wafer 
(Mask C, 145 μm SU-8, exposure time 25s, with soft cushion, Sample C1 in Table 4.1) 

In fabricating dense micro-channels separated by narrow 10 m-wide SU-8 bars (Mask 

pattern D), the small distance between narrow SU-8 bars also caused strong adhesion 

force due to surface tension of the developer. Those SU-8 bars exposed for 30 s or less 

mostly collapsed or stuck together during or after development (Figure 4.11). This was 

mainly because the structures were still soft and the structures could not withstand the 

residual stress in the SU-8 and surface tension of the developing solvent during the 

development and drying process.  
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 Figure 4.11 Sticking structure fabricated by under exposure (Mask D, exposure time 25 
s, with soft cushion)  

Increasing the exposure time gives high hardness, but the increased exposure also tends 

to increase the negative effect of diffraction, refraction and reflection on the profile 

leading to a decrease in the channel width. If the width of micro-channels 

(corresponding to dark-field on the mask) was too small or the thickness of the resist 

was too thick, the micro-channels would not be trapezoidal but V-shaped. Figure 4.12 

shows the SEM micrograph of microchannels fabricated by 150 s exposure. The 

observed experimental top width of SU-8 bars increased to more than 14 m. The 

channel width decreased. At the top of the channels, the observed experimental width 

was less than 6 m. The excess exposure of UV light led to exposed and cross-linked 

SU-8 due to diffraction and reflection at the lower part of micro-channels resulting in 

V-shaped channel. The structure was also deformed because of large internal stress.  

Figure 4.12 V-shaped channels because of over exposure (Mask D, exposure time 150s, 
with soft cushion) 
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Higher aspect ratios were easier to achieve for isolated structures (i.e. structures 

positioned far away). It is much more difficult to achieve VHAR with dense SU-8 

gratings than with isolated narrow bars or small cylinders. With thick photoresist 

coatings, physical properties such as adhesion and structural rigidity play critical roles 

in obtaining VHAR in dense gratings. With VHAR channels, there is an optimum range 

of UV exposure dose in well-resolved channels and sufficient SU-8 rigidity prevail 

Our results show that 30 s-70 s exposure time was suitable for both narrow and wide 

SU-8 bars separated by VHAR microchannels (Mask C and D) in 100 um thick SU-8 

coating. For this SU-8 thickness, 50 s-70 s exposure sometimes gave whole-wafer-

covered good pattern but produced unresolved pattern at the wafer center at other times. 

Exposure time of more than 70 s usually produced unresolved pattern at the wafer 

center.  Figure 4.13 and 4.14 show whole-wafer-covered dense gratings fabricated with 

Mask C and D, using the dose-reduction exposure and soft cushion technology.  

(a) (b)                      

 (c)                                    
Figure 4.13 Sparse whole-wafer-covered VHAR channels (aspect ratio of 18) in 
145μm-thick SU-8 with reduced exposure (35s), soft cushion and Mask C (before hard 
bake): (a) SEM over view, (b) SEM cross section and (c) Optical cross section 
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(a)                                                              (b) 

(c)                                                               (d) 
Figure 4.14 Dense whole-wafer-covered VHAR channels (aspect ratio of 12.7) in 
100μm-thick SU-8 with reduced exposure (40s), soft cushion and Mask D (before hard 
bake): (a) SEM over view, (b) SEM top view,(c) SEM cross section, and (d) Optical 
cross section. 

Typically, the SU-8 resist needed to be exposed beyond the gelation point so that it 

could withstand development and rinse without deformation. Further, an obstacle to the 

employment of underexposure as a technique for creating dense VHAR channels in 

microstructured SU-8 mold is that underexposed SU-8 is generally too soft for handling 

or for use as a mold for replica molding. Further, underexposed SU-8 is likely to adhere 

to the molding material cast on it. For use as a micro-mold for, SU-8 microstructures 

should have a certain minimum degree of strength and crosslinking density. Insufficient 

crosslinking results in diffusion of the molding resin into the SU-8 mold network and 

consequently, the interlocking of the SU-8 and the cured molding material so that the 

latter cannot be removed from the SU-8 without cohesive failure within the softer 

molding material. To compensate for the SU-8 softness and low crosslinking density 
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resulting from underexposure, additional curing is required in the form of hard-baking 

to thermally advance the crosslinking after development. The hard bake temperature 

suggested by the resist supplier to reach full crosslinking is between 150 and 200 C. In 

our experiments, this range was found to result in cracking of the SU-8 during the hard 

baking even with gradual heating up and gradual cooling down. A lower hard baking 

temperature (95 C) was investigated to avoid cracking and this was found to adequately 

increase crosslinking density and build sufficient strength for the underexposed 

microstructures. 

Figure 4.15 shows that the hardness of a 100- m thick unstructured cross-linked SU-8 

was greatly affected by the UV exposure time (exposure dose is the product of exposure 

time times UV intensity). We first consider the effect of exposure time on the SU-8 

without post-exposure hard baking. The Vickers Hardness (VH) number increased 

rapidly from 10.0 1.1 to 20.5 0.3 when the exposure time increased from 5 s to 20 s 

(exposure dose increased from50 to 200 mJ/cm2). Beyond 20 s, the hardness began to 

saturate. When the exposure dose increased from 600 to 1000mJ/cm2, the VH of the 

SU-8 without hard baking increased only slightly from 26.7 0.2 to 27.4 0.3. The SU-8 

processed with the supplier’s recommended UV dose (500~600mJ/cm2) generally 

resulted in VH number of about 25 (Figure 4.15); and even without hard baking, this 

hardness was generally found to be sufficient for SU-8 microstructures to be handled 

and used for soft lithography. Using the reduced UV exposure dose of 350 mJ/cm2, the 

hardness was too low (the VH number was about 22) to be used as a mold. When liquid 

UV molding resin was cast on the underexposed SU-8 microstructures which were not 

hard baked, the cured resin became interlocked with the soft SU-8.  
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Figure 4.15  Effect of exposure dose on VH of SU-8  (SU-8 thickness:100 m) 

Figure 4.16 shows the effect of hard baking time on the hardness of SU-8. Hard baking 

was found to enhance the crosslinking and hence the hardness, but only to a limited 

extent in comparison with the effect of exposure on hardness. For an UV exposure dose 

of 500 mJ/cm2, the VH number increased from 25 0.1 to 28.2 0.2 when the hard bake 

time increased from 0 to 20 min. The Vickers Hardness saturated in the range 28.2 0.2

to 28.4 0.2 when the hard bake time increased from 20 minutes to 45 minutes. 

Saturation of the hardness at bake times beyond 20 minutes was observed for all tested 

exposures. Figure 4.16 shows that the increase of hardness produced by hard-baking is 

more pronounced for lower exposures than for higher exposures. Our data permit us to 

work backwards from the target mold hardness of VH 25 with hardness-saturating hard-

baking (20 minutes duration) to the minimum exposure required to yield this target 

hardness after hard baking. Figure 4.16 shows that for the 100 m-thick SU-8 mold 

substrates considered here, the minimum exposure is 24 s (exposure dose 240 mJ/cm2).

The VH number after this exposure but prior to hard-bake is 20.7 0.2; this is increased 

to 25.1 0.4 after 20-minute hard baking at 95 C.  
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Figure 4.16Effect of exposure hard bake time on VH of SU-8  (SU-8 thickness:100 m) 

These tests indicate that well-resolved microstructured SU-8 gratings with VHAR 

channels can be created using very low exposure doses compensated by hard baking at 

95 C. In spite of this structural requirement for exposure beyond the minimum gelation 

exposure, there was still sufficient latitude to permit underexposure with respect to the 

manufacturer’s recommendation for the purpose of achieving good channel resolution 

by limiting the stray diffracted, refracted and reflected light under the mask dark fields. 

The consequent lower cross-link density, and hence mechanical strength and hardness, 

were compensated by longer or higher-temperature post exposure baking. Our 

underexposed microstructures withstood the surface tension forces of developing 

solvent during drying. 20-minute hard baking at 95 C was used to harden the 

underexposed structures after development. Gradual cooling after PEB and hard baking 

were found to be essential to avoid structural deformation and distortion. 

The experimental results showed that it is easy to fabricate sparse SU-8 gratings with 

VHAR SU-8 bars. The effect of diffraction, refraction and reflection is negligible 

because of the large distance between SU-8 bars. For fabrication of gratings using Mask 

B, a long exposure time produces hard and rigid structure which is good for 

development and handling.  
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4.5 Summary 
Edge bead due to spin coating has been found to cause an air gap as large as 53 m for a 

99 m thick (measured at the wafer center) SU-8 coating over a 100mm diameter wafer. 

This caused poor mask width replication and non-uniformity of SU-8 pattern width. A 

process using a soft cushion technology to improve mask dimension replication and 

large-area pattern uniformity has been developed in this chapter. A soft cushion was 

placed beneath the substrate to produce convex bending of the wafer in order to 

improve the contact between the mask and SU-8 top surface; thus, decreasing the stray 

UV diffraction, refraction and reflection. Dramatic improvements in pattern uniformity, 

from over 30% variation in SU-8 width across the wafer to less than 10%, and mask 

width replication, from 54% deviation from mask width to 20%, have been 

demonstrated.  

We have devised a process using soft cushion technology which increases the pattern 

replication fidelity and uniformity over the whole 4-inch wafer. This technology was 

also shown to enable the fabrication of dense SU-8 gratings with VHAR microchannels 

over the 100mm diameter wafer. Increased UV exposure time is found to result in the 

narrowing of dark-field-pattern structures (or microchannels) due to the stray and low 

gelation energy of this photoresist. Process combining soft cushion technology with 

reduction of UV exposure dose to 350 mJ/cm2 (30 to 40% below the manufacturer’s 

suggested value) enables the successful fabrication of whole-wafer-covered dense SU-

gratings with relatively wide (80 m) SU-8 bars separated by narrow (10 m) 

microchannels with aspect ratio of 18, and dense SU-gratings with narrow (10 m) SU-8 

bars separated by narrow (10 m) microchannels with aspect ratio of 12.7.  

The whole-wafer-covered SU-8 gratings created using soft cushion technology and the 

reduced-exposure with compensating hard-bake techniques was ready for further 

replication application. 
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Chapter 5    Network properties and degradation 
of cured of SU-8 resist 

5.1 Introduction
Studies have been carried out to determine the thermal, mechanical[114, 118, 137] and 

viscoelastic[245] properties of cured SU-8. Study has also been carried out to 

investigate the lithographic properties of SU-8 as the function of photoacid generator 

concentration[131]. The chemical reaction during SU-8 crosslinking is complex because 

the chemical components in the resist are varied, depending on the processing 

conditions. Further, the removal of this resist remains great challenge. Commercial SU-

8 removers, such as nano remover PGTM (from MicroChem Corporation) and Chem 

130 photoresist stripper (from M-O-T GmbH and Surtec Deutschland GmbH), are 

available. Only the major components of these removers are specified in the Material 

Safety Data Sheets (MSDSs). We found that single component concentrated sulfuric 

acid is also an effective remover. The removal mechanism and principle are not clear. 

Understanding the crosslinking reaction and network properties of cured SU-8 is very 

important for both the process optimization for VHAR structure fabrication and 

removal of this resist after electroforming. By far, no research work has been done to 

investigate the curing reactions, network formation and degradation of SU-8 

The objectives of this chapter involve the fundamental study of curing and degradation 

of SU-8 resist. Cross-linking reactions and the network properties of cured SU-8 are 

characterized in this chapter, using various techniques such as Fourier Transform 

Infrared (FTIR) spectroscopy, Differential Scanning Calorimeter (DSC), Dynamic 

mechanical analysis (DMA), 13C nuclear magnetic resonance (NMR) spectroscopy and 
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Gas Chromatography-Mass Spectrometry (GC/MS).  The network properties are mainly 

determined by the molecular weight between crosslinks and the chemical structure of 

the chains between crosslinks. Kinetic studies were done to investigate the thermal 

degradation of SU-8 resist.  

5.2 Experimental details 
NANOTM SU-8 100 and SU-8 developer provided by Microchem Corp (Newton, 

Massachusetts) and gamma-butyrolactone (GBL) from Sigma-Aldrich Chemie GmbH 

(Germany) were used. The melting point and boiling point of GBL are -45 C and 204 C

respectively, and the vapour pressure at 20 C is 0.2 KPa.  100 m and 400 m thick 

SU-8 films were prepared. The 100- m-thick SU-8 films were mostly used except 

DMA characterizations. 400- m-thick SU-8 films were used for DMA. 

Sample preparation, chemical degradation of SU-8 and FTIR characterization were 

done at the Biological and Chemical Processing Laboratory (BCPE Lab), School of 

MAE, NTU; Thermal analyses (DSC, DMA, TGA) were carried out at the Materials 

Laboratory, MAE; NMR characterization was done at the Nuclear Magnetic Resonance 

Laboratory, Department of Chemistry, National University of Singapore (NMR Lab, 

NUS); GC/MS characterization was done at the Institute of Chemical & Engineering 

Sciences (ICES), Singapore. Details of FTIR, DSC, NMR, DMA, GC/MS and other 

characterizations are described in Sections 5.2.2 to 5.2.7. 

5.2.1 Sample preparation 
Silicon wafers were used as the substrates in this chapter. The Si wafers were pre-

cleaned using the procedures stated in Section 3.2. A SUSS MA6 mask aligner at BCPE 

Lab was used for the sample exposure. The SUSS MA6 mask aligner has a mercury (Hg) 
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lamp without any filter. The measured intensity was 10 mW/cm2 at 365 nm wavelength.  

Three groups of samples were prepared. The objectives and processing conditions of the 

sample groups are summarized in Table 5.1 and described in details in the following 

sub-sections. Group A samples were used to investigate the curing reaction of SU-8 in 

the presence of GBL. Group B samples were used to investigate the effect of epoxy 

conversion on the network properties and thermal degradation of SU-8 samples by 

varying UV exposure time. Group C samples were used to investigate the effect of 

varying amount of GBL content on the network properties and thermal degradation of 

cured SU-8. There are two samples in Group A, one is SU-8 cured without GBL, the 

other one is SU-8 cured with 27% GBL (weight percentage, as supplied). Group B 

samples have varying epoxy conversion ranging from 0 to 95%. Group C samples have 

varying GBL content ranging from 1% to 80% (w%).  

5.2.1.1 Sample Group A 

For samples in Group A, 100 um thick SU-8 100 was coated onto Si wafers by spin 

coating at 3000 rpm for 30s.  Two types of samples were investigated. One (denoted as 

sample A1) was subjected to long-time softbake. The soft bake was done at 95 C for 4 

days (96h) under vacuum condition (<0.01 atm) using a BINDER vacuum oven. 

Another one (denoted as sample A2) was as-supplied SU-8 100 without any softbake, 

which contained 27 weight% GBL. GBL content in sample A1 was supposed to be zero 

which was confirmed by FTIR measurement. Both samples were then exposed to UV 

light without any mask for 70 s using the SUSS MA6 mask aligner. PEB was done at 

65 C for 3 min and 95 C for 10 min respectively, using a hotplate. The processed SU-8 

films were then delaminated from substrates by quick cooling from 95 C to -85 C using 

a SANYO MDF-U50V ultra low refrigerator. 
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5.2.1.2 Sample Group B 

In Group B, 100 um (samples B1) and 400 um (samples B2) thick SU-8 100 films were 

deposited onto silicon wafers by spin coating at 3000rpm for 30 s and 500rpm for 60s 

respectively. Samples B1 were used for TGA and FTIR examinations while samples B2 

were used for DMA measurement. Samples B1 were soft baked at 65 C and 95 C for 
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10 min and 30min respectively. Samples B2 were soft baked at 65 C and 95 C for 30 

min and 200min respectively. All softbaking was done using a hotplate. The samples 

were then exposed to UV light using the SUSS MA6 mask aligner. Samples B1 were 

exposed without any mask while samples B2 were exposed through a mask with a 

5mm× 10mm rectangle light field opening. The exposure time varied from 0s to 8s, 10s, 

15s, 20s, 30s, 40s, 50s, 60s, 70s, 80s, 90s, 100s, 150s, 200s and 500s. The exposed 

samples were then baked for 10 min at 95 C using a hotplate. SU-8 films for DMA, 

TGA and FTIR were then delaminated from the substrates by quick cooling from 95 C

to -85 C using a SANYO MDF-U50V ultra low refrigerator. Some of the 500s-exposed 

SU-8 were further hard baked for 6 hours at 150 C to fully cure the SU-8 resist. The 

processed samples of group B had different epoxy conversion. The epoxy conversion of 

all samples of group B was determined using FTIR measurement. The GBL content of 

samples group was also determined using FTIR measurement. The measured GBL 

content of all samples in group B was 1 0.2% (described as 1% hereafter). The sample 

with UV exposure time of 0 s was assumed to have 0% epoxy conversion. 

5.2.1.3 Sample Group C 

Sample Group C was prepared from SU-8 resist mixed with different amounts of GBL. 

Both 100 um thick (samples C1) and 400 um thick (samples C2) SU-8 films were 

prepared; C2 was for DMA. For SU-8 with GBL content lower than 30%, the coating 

was done by spin coating. The coating conditions were the same as those stated in 

section 5.2.1.2. By soft baking the coated SU-8 100 at 95 C for varied time, varying 

GBL content of 1%, 3.9%, 4.1%, 6.9%, 15.7% and 27% (measured by FTIR) were 

achieved. Diluted SU-8, i.e. with GBL content equal to or higher than 30%, and FTIR 

examination. For SU-8 with GBL content equal to or higher than 30% (denoted as 

diluted SU-8), were achieved by adding appropriate GBL amount to the original SU-8 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                           Network properties and degradation of cured of SU-8 resist 

______________________________________________________________________ 
86

100 and stirring for 12 hours using a magnetic stirrer. SU-8 samples with GBL content 

of 30%, 32%, 35%, 40%, 50%, 70% and 80% were prepared. Diluted SU-8 was coated 

onto Si wafers using a spacer made of polyester film (specifically Melinex® 454 film 

from DuPont Company) (see Figure 5.1). The spacer and the substrate form a small 

reservoir to hold of the liquid diluted SU-8. The low viscosity easily flattens the SU-8 

surface and excess SU-8 overflows the spacer. The diluted SU-8 was exposed to UV 

without any softbake. 

Figure 5.1 Sketch of coating diluted SU-8 using a spacer 

After UV exposure and PEB, all samples (sample Groups A, B and C) were kept in a 

vacuum oven at 65 C under vacuum condition (<0.01 atm) for at least 6 days. This was 

to extract the excess unreacted GBL in the cured SU-8 resist. For samples of group C, 

the samples were weighted to record the weight changes during the processing. 

5.2.2 FTIR 
Fourier Transform Infra-Red-Attenuated Total Reflectance (FTIR-ATR) spectroscopy 

was used to monitor the epoxy conversion of SU-8[246]. A Nicolet Magna-IR 560 

FTIR spectrometer with DTGS KBr detector was used to measure GBL content and 

epoxy conversion of these cured SU-8 resist. The FTIR characterization was then 

carefully done to ensure that all SU-8 films were examined at the top surface (Figure 

5.1). The top surface was marked before SU-8 films were delaminated from substrates. 

Thereafter the residual epoxy content was calculated using the epoxy peak area at 910 

cm-1. The content of GBL was determined using the peak area at 1770 cm-1.
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Unprocessed SU-8 100 and SU-8 10 were also characterized to act as reference for the 

epoxy group and GBL content. It was assumed that the original SU-8 has an epoxy 

conversion of 0%. The peak at 1600 cm-1 was used as the internal reference peak; it was 

assigned to aromatic rings in the SU-8 molecule which will not change during cross-

linking reaction. All peak areas were normalized using the internal reference. 

5.2.3 Differential Scanning Calorimeter (DSC) 
A DSC device (TA Instruments, Model 2920) was used to study the thermal curing of 

SU-8 resist. The material used was unexposed sample B1 (section 5.2.1.2). Samples of 

approximately 10 mg were sealed in aluminum containers and thermally scanned in 

helium atmosphere. The helium gas flow rate was 15 ml/min. Two sets of DSC data 

were collected. One set was scanned from -20 C to 400 C at the heating rate of 

5 C/min, using the virgin unexposed sample B1. For the other set of DSC data, the 

virgin unexposed sample B1 was first scanned from -20 C to 350 C at the heating rate 

of 5 C/min using the same DSC device, then cooled down to room temperature and 

then the sample was re-weighted for a second run of DSC scanning. The second run of 

DCS was done from -20 C to 400 C at the heating rate of 5 C/min.   

5.2.4 Solid state 13C NMR 
Solid-state cross-polarization and magic angle spinning (CPMAS) nuclear magnetic 

resonance spectroscopy (NMR) has been widely used to characterize insoluble 

polymers as a source of information on molecular dynamics of the polymer blends and 

changes taking place on the macromolecular network [183-188]. 

Samples which were cured with and without GBL (samples A1 and A2) were cut into 

very small pieces (smaller than 1mm 1mm), kept under vacuum (<0.01 atm) condition 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                           Network properties and degradation of cured of SU-8 resist 

______________________________________________________________________ 
88

at 65 C for another 24 hours and then ground to fine powder using a mortar. Room-

temperature solid-state 13C CPMAS NMR spectra were recorded at 100.61 MHz on a 

Bruker Avance 400 spectrometer (Bruker Instruments, Billerica, MA) at 300K. The spin 

rate was 10 KHz, recycle delay time was 3s, contact time was 2 ms, spectral width was 

260.8 ppm. Chemical shifts are quoted in parts per million (ppm) from tetramethylsilane 

(TMS). 

5.2.5 DMA
A Perkin-Elmer DMA7 dynamic mechanical analyzer (DMA) was used to determine 

the elastic storage modulus and glass transition temperature Tg of cured SU-8 samples. 

Samples of group B2 and C2 (defined in sections 5.2.1.2 and 5.2.1.3) were examined to 

study the effect of conversion and GBL on the network properties of cured SU-8 resist. 

SU-8 samples were scanned from 25 C to 200 C in nitrogen using the 3-point bending 

mode. The frequency used was 1 Hz and the heating rate was 3 C/min The cross-link 

density was inversely proportional to the molecular weight between cross-links (Mc);

the later was calculated using equation (3-36)[247] 

5.2.6 TGA
Thermal degradation of SU-8 cured to varying epoxy conversion (sample Group B) and 

with varying GBL content (sample Group C) was studied using thermal gravimetric 

analysis in dynamic mode. Heating rates of 5 C/min, 15 C/min, 25 C/min and 

35 C/min using a Perkin-Elmer TGA-7 thermal gravimetric analyzer were investigated. 

Samples were thermally scanned from 30 C to 700 C under nitrogen atmosphere. The 

nitrogen flow rate was 20ml/min. Activation energy of thermal degradation was 

determined using Kissinger’s method[248-251]. The data of thermal-gravimetric 

analysis was introduced to Kissinger equation[252-255]: 
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2 1lnln n
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nA
RT
E

T
                                          (5-1) 

where  is heating rate 

mT is the temperature at the peak of DTG curve 

aE  is the activation energy 

A  is a pre-exponential factor 

n  is the empirical order of reaction 

 is the fraction degraded 

Thermal degradation activation energies can be obtained from the relationship between 

heating rate and temperature at the peak value of DTG curve by plotting )ln( 2
mT

versus
mT
1  plot (hereafter denoted as Kissinger plot). 

5.2.7  Weight change measurement 
Weight changes of samples of group C were measured using a Fisher Scientific B220C 

analytical balance at BCPE Lab. The balance reading had 4 decimal places and the full 

scale was 220 g. Typical sample weight (before processing) was 1g.  Weight fraction of 

GBL ( GBL ) was defined as below to characterize the GBL trapped in cured SU-8. 

w
GBLww original

GBL

%)%100(
                                              (5-2) 

where GBL% is the weight fraction of GBL in original mixture,  

woriginal is the weight of original SU-8-GBL mixture before exposure,  

w is the weight at the measuring moment after UV exposure,  

GBL  is weight fraction of GBL in the SU-8-GBL system. 

5.2.8 Chemical degradation of cured SU-8 using concentrated H2SO4

Chemical degradation of cured SU-8 was conducted by dissolving in concentrated 

H2SO4 (98 wt%). Samples A1 and A2 were used to investigate degradation products of 
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SU-8 cured with and without GBL. Samples of Group B1 were used to investigate the 

effect of epoxy conversion on the chemical degradability. Samples of Group C1 were 

used to investigate the effect of GBL content on the chemical degradability. The 

exposed samples were cut into very small pieces (less than 1mm 1mm). 0.5 ml 

concentrated sulfuric acid (98%) was then added into 0.15 g SU-8 sample and subjected 

to ultrasonic agitation for 2 min. The ultrasonic agitation source was 1210E-MT 

Bransonic® ultrasonic cleaner with a frequency of 47 kHz and power of 80 W. The 

temperature of H2SO4 acid was 25±1 C. The acid was then neutralized using 10% 

sodium hydroxide solution. The neutralization was carefully done to avoid overheating 

of the liquid mixture: the acid-SU-8 mixture was first diluted by slowly adding into 5 

ml deionized (DI) water and the diluted mixture was then neutralized using sodium 

hydroxide (NaOH) solution. The pH value of neutralized solution was measured to be 

7.0 0.2, measured using an accumet  AB15 pH meter. The residual solid SU-8 was 

filtered out using filter paper. The neutralized solution was ready for liquid NMR 

measurement. Room temperature liquid 13C NMR was done using a Bruker AMX-500 

NMR Spectrometer at 125.76MHz. The solution for Gas Chromatography-Mass 

Spectrometry (GC/MS) measurement was prepared by further treatment with diethyl 

ether. 3 ml diethyl ether was used to extract the organic products from 10 ml of the 

filtered neutralized solution. The mixture of diethyl ether and neutralized solution was 

put into a 50-ml-test-tube and manually shaken for 30 min, then settled for 12 hours to 

let the diethyl ether be separated from the mixture. The organic products in diethyl ether 

were then ready for GC/MS examination. GC/MS examination was done using an 

Agilent Technologies 6890/5973 GC/MS system. The sample injection was 2 μl. The 

GC oven was programmed from 50 C to 150 C at 5 C min-1 and then up to 250 C at a 

rate of 15 C min-1. For the chromatographic separation, Helium was used as the carrier 

gas. The gas flow rate was 1 ml min-1.
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For the measurement of the etching rate, SU-8 coatings on substrates were directly used 

without delaminating from the substrate. This was to ensure that all dissolution occured 

from the top surface of SU-8 films. Samples were cut into 2cm 2cm square pieces. The 

SU-8 coatings of samples Group B and C on substrates were immersed into excess (i.e. 

50 ml) concentrated sulfuric acid (98%) and subjected to ultrasonic agitation (1210E-

MT Bransonic®) for 5 min. The residual SU-8 after partial dissolution in sulfuric acid 

was thoroughly rinsed with DI water and blown dry using compressed air. The 

thickness change was measured using a Mitutoyo ID-C125B micrometer while the 

residual mass was measured using a Fisher Scientific B220C analytical balance. 

5.3 Results and discussion 
Both solution NMR and solid state NMR data reported in this section are averaged from 

3 measurements. GC/MS data reported are averaged from at least 3 measurements. 

Reported SU-8 etching rates in H2SO4 are averaged from at least 8 measurements.  All 

other data (FTIR, DMA, TGA, DSC, weight change, et. al) are averaged from 5 

measurements. 

5.3.1 Chemical reactions during curing in presence of GBL 
Ring-opening reaction of the epoxy group occurs and further cross-linking takes place 

in the curing of SU-8 as shown in Figure 2.5. As each SU-8 monomer molecule carries 

eight epoxy groups, a tightly crosslinked polymer network is formed when crosslinking 

occurs [256]. It is well known that the cross-linking reaction consumes epoxy in the 

resist. FTIR was used to monitor the conversion of epoxy group. The area under the 910 

cm-1 peak duo to epoxy is used to calculate percent conversion, assuming the 100% 

uncured state is represented before UV curing.  
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Figure 5.2 shows the FTIR spectra of Sample A1 before and after curing with 70 s 

exposure followed by 10 min PEB at 95 C. Since sample A1 was subjected to very long 

time soft baking before it was exposed to UV light, the amount of GBL was below the 

detection limit of the instrument, the GBL content in the SU-8 resist was assumed to be 

zero. The FTIR spectra confirmed this assumption. GBL solvent, which has a 1770 cm-1

peak due to carbonyl C=O stretching of cyclic ester, was not found in the spectra before 

curing. In this case, the epoxy group only reacted with another epoxy group, either in 

the same or different molecule (Figure 2.5). Peak at 910 cm-1 decreased, but not 

disappeared. The curing reaction took place during PEB and SU-8 cross linked to a 3D 

network[123]. The network structure further decreased the diffusion or segmental 

movement of SU-8. Thus, full cross-linking was not achieved. The conversion of 

sample A1 cured for 10 min at 95 C was 63 6%; there remained 37 6% un-reacted 

epoxy. Previous study found that there was about 40% un-reacted epoxy group in SU-8 

even when it was exposed to UV light for 150 s[247]. 
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Figure 5.2 FTIR spectra of Sample A1 before and after curing with UV exposure (70s 
@ 10 mW/cm2) followed by PEB (10 min @ 95 C on a hotplate) 

The cross-linking of SU-8 is much different in the presence of GBL. The original SU-8 

100 (sample A2) was studied to investigate the reaction between SU-8 and GBL. Figure 
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5.3 shows the FTIR spectra of original SU-8 100 before and after curing. The original 

SU-8 100 is a SU-8-GBL mixture system with 27% (weight %) GBL solvent. The 

strong peak at 1770 cm-1 is the GBL solvent in the non-soft-baked SU-8. The presence 

of GBL led to high epoxy conversion. The peak at 910 cm-1 totally disappeared, 

indicating that all epoxy groups were consumed during the curing cycle. Figure 5.4 

shows the effect of GBL content on epoxy conversion with 70s UV exposure (samples 

of Group C). For the sample without GBL, the epoxy conversion was 63%. The 

conversion increased to 66%, 67%, 75%, 80% and 99% when the GBL weight 

percentage increased to 0.6%, 1%, 4%, 5% and 8.5% respectively. Nearly all epoxy 

groups in SU-8 reacted and gave a 100% conversion when the GBL content was higher 

than 15%.  

The GBL led to higher epoxy conversion in two ways. Firstly, although GBL did not 

undergo cationic homopolymerization [168, 170], it copolymerized itself with epoxy 

and was reacted into the cross-linked network of SU-8 and GBL. The disappearance of 

peak at 1770 cm-1 (due to carbonyl C=O stretching in GBL) indicated that the original 

GBL was also consumed during the curing. Secondly, the GBL, which is a small 

molecule, acted as a fugitive molecule during crosslinking. GBL solvent in the SU-8 

resist decreased the viscosity and made the SU-8 molecule more mobile, leading to 

decreased diffusion resistance of SU-8 molecule during crosslinking. The mobility and 

decreased diffusion resistance increased both the GBL-epoxy copolymerization and 

epoxy-epoxy homopolymerization. 
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Figure 5.3 FTIR spectra of Sample A2 before and after curing (70s UV exposure @ 10 
mW/cm2 followed by PEB 10 min @ 95 C)
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Figure 5.4 Effect of GBL content on epoxy conversion of the SU-8-GBL system 
(Sample Group C) 

GBL, a five-membered ring monomer, is known to be unreactive with photoinitiators, 

because of a small ring strain[160]. However, it has to be stressed that the inability to 

easily form a high molecular weight homopolymer does not imply that the GBL ring 

can not be opened at all[159].  In fact, ring opening reaction occurs in GBL in the 

presence of Lewis acid at elevated temperature [257]. Mars et al [165] reported the 

copolymerization of Diglycidyl Ether of Bisphenol A (DGEBA) with GBL. It was also 

reported that spiroorthoesters (SOE) was formed during the cross-linking of epoxy with 

lactone[161] (Reaction I, Figure 2.6). SOE is presented as an intermediate product [165]. 

Further reactions of SOE itself (Reaction II, Figure 2.6) and SOE to epoxy group 
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(Reaction III, Figure 2.6) resulting in carbonyl C=O group in polyester (Figure 2.6). 

GBL can act as a bridge for the cross-linking of epoxy groups (Reaction III, Figure 2.6). 

The appearance of peak at 1735 cm-1, attributable to stretching of carbonyl C=O in 

linear ester[161], confirms the cross-linking reaction of GBL and epoxy by 

copolymerization[162]. Reacted GBL acts as a bridge between two epoxy groups in the 

network of cured SU-8 (Figure 2.6), leading to longer aliphatic chain in the network as 

well as higher epoxy conversion. 

Figure 5.5 compares the solid state 13C NMR spectra of cured samples A1 and A2. The 

NMR results clearly show the difference between cured A1 and A2. The peak 

assignment of the spectra was done by reference searching[160, 186, 187, 258-262]. 

The peaks at 155.1 ppm, 143.3 ppm, 127.7 ppm and 110.7 ppm (peaks a, b, c, d) can be 

assigned to the carbon in benzene ring. The peak at 69.7 ppm (peak e) is ascribed to the 

carbon in ether groups. In the spectrum of Sample A1 (i.e. GBL content is 0%), the 

peaks at 50.1 ppm (peak f) and 44.2 ppm (peak g) are attributed to the carbon on an un-

reacted epoxy ring[187, 258]. The obvious peaks f and g confirm the residual epoxy 

groups due to the low epoxy conversion in cured Sample A1. In the spectrum of Sample 

A2 (i.e. GBL content is 27%), no peaks are present at 50.1 ppm and 44.2 ppm (i.e. no 

peaks f and g), indicating that there is no residual unreacted epoxy group detected in the 

cured sample. Four additional peaks appeared at 179.1 ppm (peak L), 63.5 ppm (peak 

M), 27.7 ppm (peak N) and 21.8 ppm (peak P) in the spectrum of Sample A2. The peak 

at 179.1 ppm (peak L) was attributed to carbon in carbonyl (C=O) group[258, 261-264], 

peak M at 63.5 ppm was assigned to carbon atom in ether bond[258, 263]. The 13C

NMR results confirm the reaction of GBL with SU-8 molecule. The peaks at 27.7 ppm 

and 21.8  ppm (peaks N and P) were assigned to carbons in –CH2 bonds 

respectively[258, 263]. 
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Figure 5.5 13C NMR spectra of non-softbaked and long-softbaked SU-8 

GBL reacts randomly with SU-8 and it is proposed that GBL distributes evenly in cured 

SU-8. Figure 5.6 shows our hypothesis of one possible network structure of SU-8 cured 

with GBL. The suggested network structure is based on SU-8 structure (Figure 2.3), the 

reported chemical reactions (Figure 2.6), above NMR spectra and the peak assignment. 

The SU-8 network shown in Figure 5.6 is formed from reactions of epoxy groups in one 

SU-8 molecule. GBL reacted randomly with SU-8 molecule. It should be noted that 

reactions also take place between different SU-8 octa-functional molecules, and there 

may be functional groups (i.e. epoxy and SOE) randomly remaining in the network.  
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Figure 5.6 Possible network structure of SU-8 cured with GBL(mole ratio for 
GBL/epoxy is 1:2) 

During the cross-linking reaction, some GBL reacts with SU-8. Excess GBL remaining 

in the cured system can be removed by long-time vacuum baking process. The amount 

(by weight) of GBL incorporated into the network can be calculated by measuring the 

weight difference between original SU-8-GBL mixture and the cured system after 

vacuum extraction. Figure 5.7 shows the weight fraction of GBL in SU-8 samples after 

UV exposure, PEB and vacuum extraction. It can be seen that samples with original 

GBL weight fraction less than 0.32 do not change their weight during the 
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exposure/PEB/extraction cycle. On the other hand, the GBL weight fraction of those 

samples with original GBL content of 0.4 or higher decreass rapidly during the PEB 

process (at 95 C).
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Figure 5.7 SU-8-GBL weight change during processing 

The weight loss is due to the evaporation of unreacted GBL. The GBL weight fraction 

kept decreasing in the vacuum extraction process. The boiling point of GBL can be 

predicted using the Clausius-Clapeyron equation[265, 266] 

)11()ln(
122

1

TTR
H

P
P vap        (5-3) 

where T1and T2 are boiling points at pressure of P1 and P2 respectively, Hvap is the 

enthalpy of vaporization. The boiling point T1 at P1=1 atm is 204 C [122] and Hvap = 

45.2 KJ/mol [267], then the boiling point T2 is 66 C at P2=0.01 atm. Thus, our vacuum 

extraction (<0.01atm) process at 65 C was efficient for removal of unreacted GBL. 

GBL  tended to be stable at about 0.33-0.35 when the vacuum baking time was longer 

than 10 hours and did not further decrease after GBL  reached this stable value. Figure 

5.7 shows that no more GBL can be physically removed from the cured SU-8 after 10 
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hours (600 min) of vacuum baking. Figure 5.8 plots the equilibrium GBL  (after 48 hours 

of vacuum baking) of SU-8-GBL system with different original GBL content. The 

equilibrium GBL  is the same as the original GBL weight fraction if the original GBL 

weight fraction is less than 0.32. This means there is no weight difference between the 

original mixture and the cured system when the GBL weight percentage in the mixture 

is less than 32%, indicating that there is no unreacted GBL in the cured system. The 

equilibrium GBL  is about 0.33 when the original GBL is higher than 33%. Even when 

the original GBL content is as high as 80% of the mixture, the equilibrium GBL  is stable 

at 0.33~0.34 after the cured system is vacuum baked at 65 C for 48 hours. The results 

show that the maximum GBL incorporation is about 33% (w/w) of the original SU-8-

GBL mixture.  

Assuming GBL does not homopolymerize[159, 268, 269], since there are 8 epoxy 

groups per SU-8 molecule (Figure 2.3), 1 mole SU-8 at most can react with 8 moles of 

GBL. The mole ratio 1:8 is equivalent to the weight ratio of 2:1 for SU-8 and GBL 

considering the molecular weight of SU-8 and GBL are 1396 and 86 respectively. GBL 

can totally react with SU-8 when the SU-8/GBL weight ratio is higher than 2:1 

(equivalent to GBL weight percentage less than 33%). Higher proportion of GBL does 

not react and remains in the material acting as a plasticizer. The unreacted GBL 

evaporated during the vacuum baking process, leading to the weight change of the resist. 

This explains why the equilibrium GBL  was about 0.33, whatever the original GBL 

weight percentage was. The SU-8 which has GBL weight content of 0.33 has a mole 

ratio for GBL: epoxy of 1:1. The result verifies that GBL does not homopolymerize but 

copolymerized with epoxy. 
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Figure 5.8 The equilibrium GBL  of SU-8-GBL system 

5.3.2 Network properties of cured SU-8 
The network properties of cured SU-8 are affected by the epoxy conversion and GBL 

content in the resist. We investigated the effect of epoxy conversion (Group B, section 

5.2.1.2) and GBL content (Group C, section 5.2.1.3) on these network properties of 

cured SU-8: molecular weight between cross-links (Mc) and glass transition temperature 

(Tg). Figure 5.9 shows the effect of epoxy conversion on Mc. Very high Mc value was 

obtained at low epoxy conversion. The Mc value is 2869 g/mol for SU-8 with epoxy 

conversion of 27.2%. Mc value decreases rapidly from 2433 g/mol, 882 g/mol, 634  

g/mol to 294 g/mol when the epoxy conversion increases from 34.5% to 49%, 52% and 

62% respectively. When more epoxy end groups react and high epoxy conversion is 

achieved, the SU-8 resist is highly cross-linked, which gives very low Mc value shown 

in Figure 5.9. The Mc value is 178 g/mol and 136 g/mol when the epoxy conversion 

increases to 78.9% and 90%. The calculated theoretical value of SU-8 fully cured 

without GBL is 116.3 g/mol. Our experimental results agree with the theoretical 

calculation. Mat jka and coworkers [164] studied the cationic polymerization of 

DGEBA in the presence of GBL and found that the cross-link density remains at a low 

level until a fairly high conversion (about 75%) whereafter the rise is rapid. In our 

results, the inflexion point for the Mc versus epoxy conversion curve is at conversion of 

55% under the processing conditions (Section 5.2 ). 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                           Network properties and degradation of cured of SU-8 resist 

______________________________________________________________________ 
101

20 30 40 50 60 70 80 90 100
0

500

1000

1500

2000

2500

3000

3500
GBL content=1%

M
c 

(g
/m

ol
)

epoxy conversion (%)
Figure 5.9 Effect of epoxy conversion on Mc

In low epoxy conversion range (<50%), although the resist has gelled, there remains 

large portion of unreacted SU-8 molecules as well as unreacted epoxy groups in 

partially reacted SU-8 molecules. Chain extension rather than crosslinking can 

predominate. Long chains and loosely cross-linked domains largely accounts for the 

low modulus[243], which results in high Mc value. Figure 5.10 shows the storage 

modulus of SU-8 resist with varied epoxy conversions. High epoxy conversion led to 

high storage modulus.  

The inflexion point for the curve in Figures 5.9 can be explained by vitrification during 

SU-8 curing. Vitrification is the transformation from liquid or rubbery material to 

glassy material[270] . At vitrification, the material solidifies and the chemical reactions 

can be stopped (the curing reaction kinetics goes from chemistry driven to diffusion 

controlled [271]), Tg can, therefore, equal or exceed the curing temperature[272]. Under 

the processing conditions stated in Section 5.2, SU-8 vitrifies when the epoxy 

conversion reaches 55% (Figure 5.11). Tg of SU-8 resist was measured by DMA. Figure 

5.11 shows the Tg versus conversion curve. Tg of uncured SU-8 is 50 C[137, 138]. It 

increases monotonously with the increase of conversion and remains at low value in 

low conversion range until the conversion reaches 55%, where Tg is 95 C which is 
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equal to the curing temperature (PEB temperature). The experimentally measured Tg

does not change significantly when conversion is higher than 55%.  
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Figure 5.10 Effect of epoxy conversion on the storage modulus of cured SU-8 resist 

The relationship between Tg and conversion for thermosetting materials has been 

theoretically[273-275] and experimentally[137, 271, 276-278] studied. The most used 

relationship between Tg and conversion is the DiBenedetto equation[274] expressed as  

x
x

TT
TT

gog

gog

)1(1
                (5-4) 

where  is an adjustable parameter included between 0 and 1, x is the conversion, goT

is the glass transition temperature of uncured material and gT  is the glass transition 

temperature of fully cured material.  
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Figure 5.11 Relationship between measured Tg and epoxy conversion of SU-8 
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The measured Tg of uncured SU-8 is 50 C, which is close to reported values [110, 137]. 

Tg of fully cured SU-8 used for the theoretical prediction is 240 C, which has been 

selected from the literature [110, 137]. The measured Tg (Figure 5.11) did not fully 

follow the prediction using equation (5-4). The measured data fits the theoretical curve 

well only in the low conversion range (x<60%) (Figure 5.11). In the high conversion 

range, the measured Tg is lower than the predicted value. Other researchers have also 

found that the relation between Tg and the conversion of a cationically cured epoxy 

resin exhibited the typical behavior of thermosets described in Equation 5-4 only for 

conversion up to 80% and highly converted samples had lower Tg than the predicted 

value[277]. This may be explained by two factors. One is that the processing 

temperature used to cure the SU-8 was 95 C (the PEB temperature). The processing 

temperature significantly affects the Tg. At vitrification, the Tg value is almost equal to 

the processing temperature. After vitrification, Tg value becomes slightly higher than the 

processing temperature. Indeed, Feng[137] found that Tg of SU-8 was coincident with 

the baking temperature over the temperature range of 25 C–220 C.

Secondly, relaxation of the interactions through ion pairs of highly converted 

thermosets may also result in low Tg [277]. In our study, the data reported in Figures 5.9, 

5.10 and 5.11 were obtained by varying UV exposure and PEB at 95 C. Although SU-8 

crosslinking reactions mainly took place during the PEB process, epoxy groups partially 

reacted before PEB. Sensu [279] found that 9% epoxy of SU-8 reacted before PEB even 

at low UV exposure dose (125mJ/cm2). In our study, high epoxy conversion was 

obtained by the high UV exposure dose used. We measured the conversion of SU-8 

exposed to UV light for 500 sec before PEB and found the conversion to be higher than 

60%. For the highly-UV-exposed SU-8, the PEB acted as an annealing process and the 

crosslinked SU-8 was relaxed in the PEB. The progress of the cationic polymerization 
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in the vitrifying network is believed to be affected by the difficult segmental diffusion 

of the bulk counter-anion in the early stages. Clusters of weak ion pairs formed in the 

glassy materials during high UV exposure relaxed to tight but independent ion pairs 

when some mobility is permitted  by PEB [277]. Thus, highly converted samples have 

lower Tg than the theoretical prediction. 

The presence of GBL in SU-8 during the curing helped to achieve high epoxy 

conversion up to 100%, depending on the amount of GBL (Samples group C, section 

5.2.1.3). But increased GBL also led to low cross-link density and decreased Tg (Figure 

5.12 and 5.13). The GBL content in the SU-8-GBL mixture strongly affected the cross-

link density. In the long-softbaked SU-8 (Samples group A1, section 5.2), the GBL 

content was zero and the crosslinking reaction occured between epoxy groups leading to 

tight network structures[123] and low Mc indicating very high cross-link density. In SU-

8-GBL system, GBL acted as a bridge between epoxy groups which gave high Mc value. 

On the other hand, SOE may not fully polymerize [280, 281] and a proportion of SOE 

may  remain unreacted at the chain end [281]. The unreacted SOE remains incorporated 

as end groups and leads to long chains between cross-links and this reduces the final 

crosslinking density. This explains the rapid increase in the Mc versus GBL content 

curve (Figure 5.12). The Mc value increases rapidly until the curve stabilizes at 33%, 

thereafter the Mc value does not change significantly. Previous experimental results 

suggested that the maximum amount of GBL which can react with SU-8 was 33%. 

Beyond this critical value, excess GBL remained unreacted in the resist. Excess GBL 

was removed by vacuum baking. So Mc value reached a stable value when the original 

GBL content was higher than 33%. The effect of GBL content on Tg agreed with the 

above results (Figure 5.13). Tg decreased from 90 C to 72 C when GBL content 

increased from 0 to 33% and remained stable beyond the critical point. 
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Figure 5.12 Molecular weight between crosslinks of the cured SU-8-GBL system 
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Figure 5.13 Effect of original GBL content on Tg

5.3.3 Kinetics of thermal degradation of cured SU-8 
We will first discuss the thermal degradation of crosslinked SU-8 with low GBL 

content (i.e. 1%). Kinetics of thermal degradation of SU-8 was studied using thermal 

gravimetric analysis. Figure 5.14 shows TGA and DTG curves of low-GBL-content 

SU-8 with varied epoxy conversion (Samples groups B, section 5.2.1.2). Even 

unexposed SU-8 resist was thermally stable. Thermal decomposition did not take place 

until the temperature was over 300 C. Thermal degradation behavior of low-GBL-

content SU-8 followed a one-stage reaction, which was similar to reported results of 

epoxy resin[177, 255, 282].  2% weight loss occured at progressively higher 

temperature with increasing conversion at 326 C, 337 C, 346 C and 372 C with 
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conversions of 0%, 50%, 72% and 95% respectively. Residual weights at 700 C were 

also progressively higher with higher conversions: 33.2%, 33.5%, 37.5% and 38.1% for 

conversion of 0%, 50%, 72% and 95% respectively. The results suggested that cured 

SU-8 networks with higher epoxy conversion are more stable and harder to decompose 

than that with lower epoxy conversion.  
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Figure 5.14 TGA and DTGA curves of cured SU-8 with varied epoxy conversion 

Thermal degradation reactions can be described by the equation [283] 

RT
E

n
a

eA )1(                                                     (5-5) 

where  is the degradation rate and other parameters ( , n, A and Ea) are as described 

for Equation (5-1). If the temperature T rises during the degradation reaction, the 

degradation rate  will rise to a maximum value, then return to zero as the reactant is 

exhausted [283]. If the temperature rises at a constant rate  , then by differentiation of 

equation (5-5): 

))1(( 1
2

RT
E

na
a

eAn
RT
E

dt
d                                   (5-6) 

where t is time. 
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The maximum degradation rate occurs at the temperature (Tm) when equation (5-6) 

equals to zero, then we can obtain the relationship between heating rate  and 

temperature Tm by the previously described equation (5-1). Kissinger plot is relatively 

simple and the activation energy can be obtained easily from the relationship between 

 and temperature Tm at the peak value of the DTGA curve. Figure 5.15 plots typical 

Kissinger plot of low-GBL-content SU-8 with varied epoxy conversion. The thermal 

degradation activation energy can be obtained fron the slope of the line in Figure 5.15. 
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Figure 5.15 Kissinger plot of low-GBL-content SU-8 with varied epoxy conversions 

Figure 5.16 plots the effect of epoxy conversion on thermal degradation activation 

energy of SU-8. Generally, high epoxy conversion led to higher activation energy. 

There is an inflexion point at 55% for the Ea versus conversion curve. In the low 

conversion range (<55%), the Ea increased slightly with increase of epoxy conversion. 

Ea increased from 183.6 KJ/mole to 187.4 KJ/mole, 187.5 KJ/mole and 190.5KJ/mol 

when the conversion increased from 0% to 22%, 28% and 50% respectively. Beyond 

the inflexion point, Ea increased rapidly with the increase of epoxy conversion. The 

inflexion point at 55% for the Ea versus conversion curve is attributed to the 

vitrification of the cured SU-8 network as shown in Figure 5.11 when the Tg (95 C) of 

cured network equals to PEB temperature (95 C). 
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 Figure 5.16 Effect of epoxy conversion on thermal degradation activation energy of 
SU-8

The density of crosslinks affects the Ea. Network with a low cross-link density requires 

less thermal or chemical energy to degrade a given mole into its volatile products[284, 

285]. Figure 5.17 shows that Ea decreases exponentially with the increase of Mc. In low 

Mc range (Mc<310), Ea decreases dramatically from 251.5 KJ/mole to 191.8 KJ/mol 

when Mc increases from 125 g/mol to 310 g/mol. Ea does not change significantly in the 

high Mc range: Ea slightly decreases from 191.8 KJ/mol to187.4 KJ/mol when Mc

increases from 310 g/mol to 2900 g/mol. 
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Figure 5.17 Effect of Mc on thermal degradation activation energy of SU-8 

In Figure 5.14, the thermal stability difference between TGA curves of uncured 

(unexposed, 0% conversion) and 50% cured SU-8 networks was very small. This can be 

explained by the artifact caused by the further thermal curing of SU-8 during the 
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heating up process in TGA measurement. Figure 5.18 shows the first and second DSC 

scans of the unexposed SU-8. The DSC scan of the unexposed SU-8 shows exothermic 

peaks at the temperature range of 180 C~350 C. The peaks disappear in the second re-

scan curve. The exothermic peaks are due to the crosslinking reaction of SU-8 initiated 

by high temperature. Triarylsulfonium hexafluoroantimonate salt is the photoinitiator in 

SU-8. Triarylsulfonium hexafluoroantimonate salt is well known to have a high degree 

of photosensitivity with excellent thermal stability and is reported to be stable till 150 C

[139]. When SU-8 was heated up to 180 C, triarylsulfonium hexafluoroantimonate salt 

was thermally initiated, leading to crosslinking reactions. The thermal curing of SU-8 

during the TGA and DCS scans was confirmed by the non-dissolution of thermally 

scanned SU-8 in SU-8 developer. The originally uncured but thermally scanned (from 

room temperature to 360 C) SU-8 was not dissolved by the SU-8 developer, even with 

prolonged development time of 24 hours. 
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Figure 5.18 DSC curves of uncured and cured SU-8 (heating rate=5 C/min) 

We will next discuss the effect of varying GBL on thermal stability. The GBL content 

in the resist also significantly affected the degradability of cured SU-8. Figure 5.19 

shows the TGA and DTG curves of SU-8 cured with varied GBL content. Thermal 

degradation of SU-8 cured without GBL was typically a one-stage reaction. The resist 

was stable till the temperature was higher than 300 C; 2% weight loss occurred at 
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319 C and the main weight change occurred at 450 C. At 5% GBL content, 2% weight 

loss occurred at 259 C and the main weight loss (indicated by the main DTGA peak) 

appeared at 421 C. The TGA curve of 5% GBL curve was similar to the 0% curve, but 

there was an additional peak at 320 C on the DTGA curve. This can be assumed to be 

the transition from a one-stage reaction to a two-stage reaction as GBL is added. 

Increasing GBL in the resist changed the decomposition from a one-stage reaction to a 

two-stage reaction. As GBL content increased, the first-stage weight loss began at 

around 150 C instead. There were additional peaks at the 150 C-350 C region on the 

DTGA curves of high-GBL-content ( 17%) SU-8. The 2% weight loss of high-GBL-

content SU-8 occurred before 150 C. The two-stage decomposition was distinct for 

GBL content of 17% and higher. TGA and DTGA curves were quite similar for the 

resist cured in the presence of 41%, 50% and 70% GBL. This can also be explained by 

the maximum reactable GBL with SU-8 of 33%. Any GBL proportion higher than 33% 

remained unreacted and was extracted during the long time vacuum baking process. 

Thus both the degradation behavior and kinetics had little change when the original 

GBL content was higher than 33%. 
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Figure 5.19 TGA and DTGA curves of CU-8 cured with varied GBL content 
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The effect of original GBL content in SU-8 on thermal degradation activation energy is 

shown in Figure 5.20. SU-8 resist cured without GBL had degradation activation energy 

of 230KJ/mol. Even very small amount (1%) of GBL dramatically reduced the 

degradation activation energy to 213.5KJ/mole. Ea value monotonously decreased with 

the increase of GBL content until the GBL content reached 33%, where Ea was 

171KJ/mole. Ea remained unchanged at this value even when the original GBL content 

was as high as 70%. This was because the maximum amount of GBL reacted into SU-8 

network was 33%. Further increase of the GBL content beyond 33% had no effect on 

the chemical curing of SU-8 and excess GBL was extracted from the resist. A dramatic 

effect of the presence of GBL on the degradability of an aliphatic polycarbonate was 

reported by other researchers[286].  

GBL gives easier degradability in three aspects. First, GBL resulted in long chains 

between aliphatic crosslinks which are relatively unstable. Secondly, GBL offered 

additional ester structural units with ether linkage which was more decomposable than 

C-C bond[177, 286, 287]. Thirdly, GBL in the resist decreased Tg of the resist resulting 

in lower thermal stability. 
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Figure 5.20 Effect of GBL content on thermal degradation activation energy of SU-8 
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5.3.4 Chemical degradation of cured SU-8 in concentrated H2SO4

Figure 5.21 shows the typical mass loss rate of cured SU-8 in concentrated sulfuric acid. 

The mass loss of SU-8 in the acid followed a linear trend (R2 > 0.99) with respect to the 

dissolution time. The sample was 2cm long by 2cm wide by 100um thick and the 

dissolution occurred from the top surface (Section 5.2.8), A linear relationship between 

the change in thickness and dissolution time can be deduced from the linear relationship 

between the mass loss and dissolution time. This suggested that the SU-8 dissolution in 

the acid was controlled by surface erosion mechanism[288-291]. 
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Figure 5.21 Mass loss of SU-8 resist in concentrated sulfuric acid 

The dissolution rate was significantly affected by epoxy conversion (Figure 5.22). For 

the sample group B, high conversion led to low dissolution rate. This is because high 

conversion means low Mc value and dense network structure. Different Mc values were 

obtained by different epoxy conversion (sample group B, section 5.2.1.2). Figure 5.23 

shows the effect of Mc on dissolution rate. The presence of GBL (samples group C, 

section 5.2.1.3) also greatly affected the dissolution rate (Figure 5.24). The presence of 

GBL led to increased dissolution rate. The dissolution rate of SU-8 cured with very 

little GBL was very low. The dissolution rate of sample A1 (where 0% GBL content 

was assumed) was 0.8 um/min. The dissolution rate increased to 2.2 0.6 um/min, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                           Network properties and degradation of cured of SU-8 resist 

______________________________________________________________________ 
113

5.0 1.4 um/min, 6.0 1.2 um/min, 7.6 1.5 um/min and 9.7 1.5 um/min when the GBL 

content increased to 0.6%, 1.7%, 4.1%, 15.6% and 26.2%. Further, GBL resulted in a 

loose network structure (high Mc value) and additional ester bonds, leading to higher 

dissolution rate.  

Figure 5.22 Effect of epoxy conversion on the dissolution rate 
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Figure  5.23 Effect of Mc on dissolution rate 

0 10 20 30 40
0

5

10

15 exposure time=70 s

di
ss

ol
ut

io
n 

ra
te

 (u
m

/m
in

)

GBL content (%)
Figure 5.24 Effect of original GBL content on dissolution rate 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5                                                           Network properties and degradation of cured of SU-8 resist 

______________________________________________________________________ 
114

5.3.5 Degradation products 
Dissolution  products of SU-8 cured with/without GBL were investaged using 13C NMR 

and GC/MS examination. The network difference between cured zero-GBL SU-8 (long-

softbaked SU-8 100) and 27%-GBL SU-8 (non-softbaked SU-8 100) is that there are 

linear lactones in cured 27%-GBL SU-8. Figures 5.25 shows the NMR spectra of zero-

GBL and 27%-GBL SU-8 SU-8 100 dissolved in H2SO4. There is clear difference 

between the two NMR spectra.  
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Figure 5.25 13C NMR spectrum of (a) cured zero-GBL SU-8 sample and (b) cured 27%-

GBL SU-8 sample dissolved in concentrated H2SO4

For zero-GBL SU-8 sample, the NMR spectrum gave little information of the 

degradation fragment. Previous studies in this chapter showed that SU-8 cured without 

GBL has very low Mc value, very high degradation activation energy and high stability 

because of the dense network. Lightly cured zero-GBL SU-8 sample can be dissolved 

by concentrated H2SO4, leading to very low concentration of degradation products in 

the neutralized solution. NMR has relatively low sensitivity[189, 190], and the 

minimum detectable concentration is in the order of mMol/l [191].  The degradation 

products of zero-GBL SU-8 sample were not detectable using NMR spectroscopy.  
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For 27%-GBL SU-8 sample, several peaks were detected. The peak at 183.31 ppm was 

assigned to carbonyl (C=O) group. The peak at 127.69 ppm was attributed to aromatic 

carbons. The peak at 61.91 ppm was assigned to carbon in C-O group and the peaks at 

34.27 ppm and 28.67 ppm were due to carbons in alkyl chains. Since the examined 

sample was clear solution neutralized using sodium hydroxide, it can be said that the 

examined samples contained only water soluble fragments. The NMR spectrum of 

cured A2 suggests that the network of this resist was broken into water soluble 

fragments by sulfuric acid dissolution and the fragments contained carbonyl, aromatic, 

alkyl and other groups.  

GC/MS has been widely used in studies of thermal degradation of polymers[177, 192] 

and polymer structural identification[193]. It offers very high sensitivity with detection 

limits of 0.01-0.1 ug/L[194]. Although the concentration of degradation products in the 

examined solution was very low, GC/MS successfully separated the fragments. Figure 

5.26 compares the chromatographic separation of degradation products from zero-GBL 

SU-8 (long-softbaked SU-8 100) and 27%-GBL SU-8 (non-softbaked SU-8 100). The 

very strong peaks at retention time of 1.52 min (m/z=74) were due to diethyl ether, 

which was the solvent used in the GC/MS examination.  

In order to zoom in the peaks of dissolution products, the spectra at high retention time 

range (>4.15 min) was also enlarged in Figure 5.26.  For both samples, there were five 

peaks (peaks II, III, IV, V and VI) at retention times of 6.54 min, 10.65 min, 15.30 min, 

19.58 min and 20.54 min respectively. The corresponding mass (m/z) values were 292, 

358, 431, 508 and 559 respectively. These peaks can be assigned to fragments from bis-

phenol-A-related structures. There was an extra peak (peak I) at retention time of 5.07 

min on the curve of 27%-GBL SU-8 sample. The corresponding mass (m/z) value was 

273. Since the difference between the two samples is the presence of GBL in 27%-GBL 
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SU-8 sample. It is safe to say that the network of cured 27%-GBL SU-8 sample should 

also have GBL-related structure while the cured zero-GBL SU-8 sample should not 

have GBL-related structures. Since the peak I at retention time of 5.07 did not appear in 

the chromatographic separation of long-softbaked SU-8, this peak was most possibly to 

be assigned to the GBL-related fragment.  

Figure 5.26 Chromatographic separation of SU-8 degradation products 

The heights of all peaks for 27%-GBL SU-8 sample were much higher than those for 

zero-GBL SU-8 sample.  This is because 27%-GBL SU-8 sample dissolved much faster 

in the acid than zero-GBL SU-8 sample. Since the solution preparations for both 

samples were the same, the degradation products concentration was much higher for the 
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27%-GBL sample than that for the zero-GBL sample. Thes results further confirm that 

SU-8 cured with GBL has better degradability than SU-8 cured without GBL. 

The chemical structures of degradation products were suggested based on SU-8 

molecular, chemical reactions described in section 5.3.1 and mass spectra from the 

GC/MS examination. Suggested structures are summarized in table 5.2. Detailed mass 

spectra for peaks in Figure 5.26 are shown in Figure 5.27. 
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Figure 5.27 Mass spectrum of degradation (a) fragment I, (b) fragment II, (c) fragment 
III, (d) fragment IV, (e) fragment V and (f) fragment VI

The chemical fragments in Table 5.2 tally with our proposed structure in Figure 5.6. 

Fragments II to VI are due to epoxy-epoxy polymerization and fragment I is due to 

GBL-epoxy polymerization. Figure 5.28 shows the fragments in the cured SU-8 

network.  

It should be noted that the examined liquid samples were extracted from aqueous 

solutions since degradation products with very small molecular weight might not be 
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extracted and there was no very small molecule detected. The nondetectability of very 

small molecular weight fragments may be also because the separation peaks overlap 

with the very strong peak of diethyl ether at retention time of 1.52 min. 
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Table 5.2  Suggested chemical structure of the degradation fragments of SU-8 

Peak No. m/z Suggested structure 

I 273 
CH3

CHH

H2
C

CH3

CH

O

O

O
H2
C

O

O

CH3

II 292 
CH

CH3

HO
H2
C O HC

CH3
H2
C O HC

CH3
H2
C O HC

CH3
H2
C O HC

CH3

CH3

III 358 C

CH3

CH3

OO

H

CH3

H2
C CH

CH3

H2
C

OH

CH3

OH

IV 431 CH3C CH3

H

CH2

CH3C CH3

H

H3C

H H

CH3

V
508

CHH3C CH3

H CH2

CHH3C CH3

CH2

CHH3C CH3

CH2

CHH3C CH3

H

VI 559 

CH3C CH3

O

H CH2

CH3C CH3

O

CH3

CH2

CHHO
H2
C

H2C

CHO CH3

5.4 Summary 
Chemical reaction during the curing of SU-8 resist in the presence of GBL was 

investigated. FTIR and 13C NMR spectra indicated that GBL in SU-8 resist acted as a 

reactant during the curing of this resist. Up to 33 weight% of GBL can react with SU-8 

during the curing. The network properties of cured SU-8 were affected by curing 

conditions. High epoxy conversion led to low Mc value indicating dense cross-link 

density. High conversion also led to high Tg. Vitrification of SU-8 occurred at the 

conversion of 55%. Beyond vitrification, both Mc and Tg did not change significantly. 

The presence of GBL during curing of SU-8 led to long chains between cross-links and 
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low cross-link density. Tg also decreased with the increase of GBL content. Thermal 

degradation of cured SU-8 was also investigated. Kinetic studies showed that the 

network properties of cured SU-8 strongly affected the degradability. The thermal 

degradation activation energy of SU-8 decreased exponentially with the increase of Mc.

Ea decreased dramatically with the increase of Mc in the low Mc range and did not 

change significantly in the high Mc range. The presence of GBL resulted in faster 

degradability of cured SU-8 because GBL resulted in long chains between crosslinks 

and low cross-link density as well as GBL offered additional ester structural units with 

C-O bond. GC/MS studies of the degradation products confirmed our postulated 

reaction of GBL with epoxy at a maximum molar ratio (GBL: epoxy) of 1:1. 
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Chapter 6  Electroformed metallic mold and UV 
embossing using the mold 

6.1 Introduction
SU-8, an epoxy-based resist, strongly adheres to most materials and, without further 

treatment, is not a suitable mold material for further polymer molding. An approach 

which exploits the advantages of SU-8 but avoids its drawbacks is to use electroforming 

to replicate in metal a pattern formed in SU-8; the metallic mold is liberated from the 

SU-8 master by dissolution of the master. Such a metallic mold would be mechanically 

strong and impermeable to molding resin. It could also be surface treated to have low 

adhesion to most materials. Such micro-molds would have good durability for many 

kinds of micro-molding, including UV embossing, thermal embossing, micro-injection 

molding and soft lithography[33]. 

In this chapter, Argon (Ar) plasma treatment will be used to increase the hydrophilicity 

of SU-8. SU-8 gratings with very high aspect ratio and dense microchannels over the 

entire surface of a 100mm silicon wafer will be fabricated and modified by Ar-plasma 

treatment. With very high aspect ratio microchannels, long plasma time is needed to get 

surface activation at the bottom of the deep microchannels. Since the seed layer for 

electroforming is very thin (sub-micron), excessively long plasma time may etch away 

the seed layer. Detailed studies to monitor changes in SU-8 roughness, surface energy 

and chemical composition will be conducted to determine the optimum process window. 

Very high aspect ratio and dense copper gratings over large area will be fabricated by 

electroforming from plasma treated SU-8 masters. The copper gratings will then be 

surface treated and used as a mold for UV embossing. 
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6.2 Experimental details 
All sample preparation and characterization stated in this chapter were carried out at the 

Micromachine Centre, School of MAE, NTU unless otherwise specially described in 

the text. All chemicals used were from Sigma-Aldrich (St. Louis, MO, USA) unless 

otherwise stated. 

6.2.1 Fabrication of high aspect ratio SU-8 mold  
The substrates used are Piranha solution cleaned and dehydrated 4-inch silicon wafers 

(see section 3.2). Bare Si wafers were used as substrates for SU-8 patterning to study 

the SU-8 surface modification. 100 um thick SU-8 100 was spin coated on to Si wafers 

and soft baked at 95C for 30 min, using a hotplate. Then the samples were exposed to 

UV light using a J500-IR/VIS Mask Aligner from Optical Associates Inc. Flat SU-8 

surface was obtained by exposing without any mask, patterned SU-8 surface was 

obtained by exposing through Mask D (Figure 4.3). Mask D has 1000um long, 10um 

wide dark field lines separated by 10um wide light field lines. The exposure time was 

50 s for flat SU-8 and 40 s for patterned SU-8. Soft cushion technology (detailed 

procedures are described in section 4.3) was employed during the exposure. The UV 

exposed samples were then baked at 65 C and 95 C for 3min and 10 min respectively. 

After the samples were slowly cooled down to room temperature, they were developed 

for 10 min, using SU-8 developer (propylene glycol methyl ether acetate (PGMEA)). 

Then the patterned SU-8 samples were baked at 120 C for 20 min and slowly cooled 

down. The processing parameters are summarized in table 6.1. 

For the samples used for electroforming, metal layers were deposited onto the pre-

cleaned substrates to act as the seed or sacrificial layer. The metal deposition was done 

using a direct currenct/radio frequency (DC/RF) powered multi-target magnetron 

sputtering system from Coaxial power system Ltd. (Spectrum House, Finmere Road, 
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Eastbourne, E. Sussex BN22 8QL UK). A first layer of 500nm thick Titanium was 

sputtered to improve the adhesion between the seed layer (Cu) and the silicon. A second 

layer, of 300nm thick Copper, was used as the seed layer. The substrates were further 

treated using -glycidoxypropyltrimethoxysilane ( -GPS) to promote the adhesion 

between SU-8 and the substrates. The 1% silane solution was prepared by adding 

appropriate amount of -GPS in deionized water. Acetate acid was used to adjust pH 

value to 5.0. The solution was constantly stirred for 60 min for hydrolysis. The solution 

was then applied onto Si wafer by immersing into the -GPS solution for 10 min. After 

the wafer was taken out from the solution, a gentle flow of compressed N2 gas was used 

blow off the excessive solution. Then the wafer was baked at 93 C for 60 min using a 

hot plate. 

SU-8 100 was spin coated onto the substrates and soft baked using a hotplate. Masks B 

(Figure 4.3(a)) and D (Figure 4.3(c)) were used to fabricate the SU-8 master for 

electroforming. Exposure time was 70 s for Mask B and 40 s for Mask D. The 

processing parameters are also summarized in table 6.1. 

Table 6.1 SU-8 processing parameters for large area patterns 
Sample Mask Substrate rpm Soft bake Exposure PEB Develop Hardbake

1 Nil 50s 
2 D 

Bare 
wafers

3 D 
40s 

20 min at 
120 C;
ramp 

cooling

4 B 

With seed 
layers 

3000

10 min at 
65 C;

30 min at 
95 C;
ramp 

cooling 70 s 

3 min at 
65 C;

10 min at 
95 C;
ramp 

cooling

10 min 

Nil

6.2.2 SU-8 surface modification for high wettability 
Silicon wafers with both patterned and flat SU-8 were cut into 2 cm by 2 cm for plasma 

treatment. Ar-plasma treatment was carried out in a March PX-500TM Cleaning System 

operated at a radio frequency (RF) of 13.56 MHz. The glow discharge was produced 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6                                                   Electroformed metallic mold and UV embossing using the mold 

______________________________________________________________________ 
125

using a power of either 200 W or 100 W. The argon flow rate was 350 sccm (standard 

cubic centimeters per minute). Before introducing argon into the plasma chamber, the 

base pressure in the chamber was reduced to 50 mTorr. Varied Ar-plasma treatment 

time was employed to study the effect of plasma time on the SU-8 surface energy.  

The surface energy was calculated from the contact angle of three liquids using the 

Lifshitz Van der Waals Acid Base (LWAB) approach. Distilled water and glycerol were 

chosen to be the polar pair and diiodomethane was chosen as the apolar liquid. The 

contact angle measurements were carried out using the sessile drop method by a 

FTA 200 system from First Ten Ångstroms (Portsmouth, VA, USA) at the Materials 

Laboratory, School of MAE, NTU. Test liquid drops, each of 25 l, were dispensed 

through a gauge 22 sized dispensing needle by a stepper motor-driven syringe at the rate 

of 5 l/sec. The surface roughness was measured using a WYKO optical profilometer 

(OP) (Veeco Instruments Inc., New York, USA) in Vertical Scan Imaging (VSI) mode 

at the Precision Engineering and Nanotechnolgy Centre, School of MAE, NTU. Since 

the surface roughness is increased by plasma treatment, the true contact angle was 

calculated according to Wenzel’s equation [292]: 

                                         cos m = r cos                                               (7-1) 

where m is the measured contact angle or Wenzel’s angle, is the true contact angle on 

a flat surface (hereafter referred to as the contact angle), and r is a roughness factor 

which is defined as the ratio of actual area to the projected area of the solid. In this 

study, the detailed topography of the SU-8 surfaces was measured by OP analysis, and r

was computed using the actual surface area and projected area from OP measurement. 

The true surface energy was calculated using the true contact angle. 

Chemical compositions of SU-8 surfaces with varying plasma treatment times were 
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characterized by X-ray Photoelectron Spectroscopy (XPS) at the Materials Labortary, 

School of MAE, NTU. The measurements were made on an AXIS Ultra spectrometer 

(Kratos Analytical Ltd., Manchester, England) with a non-monochromatized K  X-ray 

source (1486.6 eV). SU-8 samples were mounted on standard sample studs using 

double-sided adhesive tape. The X-ray source was operated at a reduced power of 150 

W (15 kV and 10mA). The operating pressure in the analysis chamber was maintained 

at 3.0x10-9 Torr or lower during the measurements. The core-level spectra were 

obtained at a photoelectron take-off angle ( , measured with respect to the sample 

surface) of 90 . All binding energies (BEs) were referenced to the C1s neutral carbon-

to-carbon peak at 285.0 eV, so as to compensate for the effects of charging. 

6.2.3 Electroforming of high aspect ratio copper mold  
The electroforming was carried out using a homemade acidic bath. The Silicon wafers 

which had previously been patterned over their entire surface with SU-8 grating were 

used for electroforming. The electrolyte was composed of CuSO4 5H2O (30g/l), H2SO4

(275g/l) and chloride ions (50ppm). The concentration of H2SO4 was obtained by 

adding 155 ml 96% H2SO4, and 0.11 ml 35% HCl solution was added into each liter of 

the electrolyte to achieve the concentration of chloride ions. The PH value of the 

electrolyte was 1 (measured with PH test paper). Pure copper plate (99.9%) was used as 

the anode. The copper plate was 150 mm long, 100 mm wide and 25 mm thick. The 

distance between the anode and cathode (the wafer) was 150 mm. A square-wave pulse 

current with 0.1-sec-off and 0.9-sec-on was employed in the plating and the temperature 

was 28 C. The current density used was 4-20mA/cm2. The metal deposition process 

began at the bottom of the deep channels. After the channels were completely filled, the 

electroforming process was further continued and eventually produced a continuous 

surface more or less parallel to the seed layer. The electroforming took approximately 
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72 hours. Since the sample was overplated, SU-8 was enveloped by the electroformed 

copper and copper seed layer (Figure 6.1).  

Si wafer
Ti
Cu (seed layer)

SU-8

Electroformed Cu

overplating of Cu

Figure 6.1 Schematic drawing of the electroforming 

It was necessary to remove the Silicon wafer, Titanium layer and Copper seed layer in 

order to expose the SU-8 resist for removal. The Si substrates were dissolved using 

KOH solution (29% by weight). The etching bath was heated to 80 C using a hotplate 

and continuously stirred using a magnetic stirrer. Since KOH does not etch Cu[293], no 

special protecting was employed during the KOH etching.  The resulting electroform 

with titanium layer and copper seed layer was then thoroughly rinsed using DI water 

and dried with compressed air. The thin titanium layer was etched away using a Ti 

etchant (H2O:HF (49%):H2O2(30%) ratio of 20:1:1) solution at room temperature. Then 

the copper electroform was immersed into a copper etchant (30% ferric chloride in DI 

water) for 20 sec to remove the copper seed layer.  

SU-8 was removed using concentrated sulfuric acid. The copper electroforms were 

immerged into excessive concentrated sulfuric acid (96%~98%) with pattern side facing 

upwards and ultrasonic agitation was applied. The ultrasonic agitation source was 

1210E-MT Bransonic® ultrasonic cleaner with a frequency of 47 kHz and power of 80 

W. The removal process took 25-30 min. The temperature of ultrasonic water bath was 

controlled to be lower than 30 C during the whole process. The copper will be corroded 
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by the strong acid if the temperature is higher than 45 C. The copper molds then were 

thoroughly rinsed using DI water and dried. 

6.2.4 Polymer replication from the copper mold by UV embossing 
The copper mold defined using Mask D was used to demonstrate the suitability of 

electroformed micro mold for UV embossing. The mold was surface treated by Ar/H2

plasma treatment and coating with a siloxane release agent. The plasma treatment was 

carried out in a March PX-500TM Cleaning System with glow discharge power of 200 

W and Ar and Hydrogen gas flow rates of 120 sccm and 80 sccm respectively (3:2 

Ar/H2 mixture) for 10 minutes. The gas flow rate and ratio were selected based on 

previous study on nickel surface, which was done by other researchers in this group. 

The copper mold was then immersed in a 1% solution of N-(beta-aminoethyl)-gamma-

aminopropyltrimethoxy-silane coupling agent in ethanol/distilled water (95/5) with 

ultrasonic agitation for 2 minutes. Then, it was thoroughly rinsed with a large amount of 

distilled water to remove the excess coupling agent and baked at 130 C for 1 hour. It 

was then immersed in the release solution comprising 4% of GP-657 / GP-32 / 

ANCAMINETM K54 (0.0968/1/ 0.011 (w/w)) in heptane[294] with ultrasonic agitation 

for 5 minutes. GP-657 and GP-32 are oligomeric silicones functionalized with 

amine/alkoxy and epoxy respectively from Genesee Polymers Corporation (Burton, MI, 

USA). ANCAMINETM K54 is a tertiary amine catalyst from Air Products Corporation 

(Crewe, England). The surface treated mold was then baked in an oven at 100 C for 48 

hours and then at 130 C for 6 hours. After surface treatment, the mold was ready for use 

in UV embossing.  

Since reactive epoxy, amine and alkoxyl groups are present in the release agents and 

hydroxyl groups exist on the plasma-treated metal surface[295], after the heat treatment, 
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a crosslinked silicone network formed through the epoxy/amine condensation 

polymerization is chemisorbed onto the metallic stamp through the well-known silane 

chemistry, as illustrated in Figure 6.3. 
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Figure 6.2 Chemical structures of (a) GP-32 and (b) GP-657 
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Figure 6.3  Reaction mechanism of the release agent on the copper mold 

The resin used for UV embossing was a mixture of monomers SR349, SR508, SR351 

(Sartomer Company Exton, PA, USA) and siliconised acrylate EB350 (from UCB SA 

Company, Brussels, Belgium) with weight percentages of 68%, 20%, 10% and 2% 

respectively. Irgacure 651 (CIBA Speciality Chemicals, Basel, Switzerland) was used 

as the UV photoinitiator in a 0.3% proportion by weight. The resin was poured onto the 

copper mold and degassed at 65 C for 15 min using a vacuum oven. Then the resin was 

laminated over with a 75 um thick Melinex® 454 polyester film (DuPont Company), 
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and the polyester/resin/mold sandwich was exposed to UV light at room temperature in 

atmosphere environment, using a SUSS MA6 mask aligner for 45 sec. The MA6 uses a 

mercury arc lamp with a 365nm-UV intensity of 8.1 mW/cm2. The embossing was then 

peeled slowly from the copper master and examined with SEM. 

SR349 Ethoxylated (3) Bisphenol A Diacrylate 

SR508 Dipropylene Glycol Diacrylate 

SR351 Trimenthylolpropane Triacrylate 

O

O

O

Irgacure 651 

Figure 6.4 Structures of monomers SR349, SR508, SR351 and photoinitiator Irgacure 651 

6.3 Results and discussion 
6.3.1 Surface energy and roughness 
In general, polymer surfaces are usually non-polar. Most synthetic polymers have 

surface energies in the low forties mJ/m2[228] and have very low wettability[296-298]. 

Figure 6.5 shows the effect of Ar-plasma treatment time and power on the water contact 

angle on flat SU-8 surface. For untreated SU-8, the water contact angle and surface 

energy were 73.1 2.8  and 45.5 mJ/m2 respectively indicating that untreated SU-8 is 

hydrophobic. The water contact angle monotonically decreased with increase of plasma 
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treatment time. With RF power of 200 W, the angle decreased rapidly from 73.1 0.28

to 47.9 0.9 , 41.0. 0.7  and 34.8 0.8  when the Ar-plasma treatment time increased 

from 0 sec to 10, 20 and 30 sec respectively; the contact angle did not change 

significantly for plasma treatment times of 60 sec or longer.   
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Figure 6.5 Effect of (a) Ar-plasma time on water contact angle 

Figure 6.5 also shows that the decrease of water contact angle of SU-8 surface with 200 

W RF power was much more rapid than with 100 W RF power at the beginning of the 

plasma treatment. For the long-time plasma treatment (  150 sec), the effect of RF 

power on the water contact angle of SU-8 surface was not significant. The water contact 

angle decreased from 73.1 2.8  to 32.9 0.3  and 30.8 0.3  with plasma treatment at 

100 W and 200W respectively using relatively long (150 sec) treatment time. 

Figure 6.6 plots water contact angle versus total applied plasma energy. It shows that 

different power ratings in the plasma treatment lead to approximately the same water 

contact angle when plasma energy is the same; total energy applied to the plasma 

system determines the degree of surface modification. Our results agree with a previous 

study using Ar/H2 on copper leadframes[299]. 200W RF plasma was used for 

subsequent experiments.   
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Figure 6.6 Effect of total applied plasma energy on water contact angle 

The effect of plasma treatment time on actual and true surface energies is shown in 

Figure 6.7. Actual surface energy includes effects of surface roughness and chemical 

structure whilst true value includes only chemical effects. For plasma times of 30s or 

less, true and actual surface energies are about the same because the surface roughness 

is small (Figure 7.7).  For plasma treatment times of 60s or more, actual surface energy 

is slightly higher than true surface energy since surface roughness has increased, though 

the absolute value of roughness is still small. Ar plasma treatment significantly 

increases SU-8 surface energy. True surface energy of untreated SU-8 is 45.5 0.3mJ/m2

and increases to 51.4 0.9mJ/m2 when the SU-8 is subjected to 10 sec Ar plasma 

treatment. The surface energy curves plateau at 20 to 30 sec Ar plasma times and then 

gradually increase monotonically with further increase of plasma treatment. At the 

plasma time of 300 sec, the surface energy is 56.4 0.1 mJ/m2. The initial rapid increase 

of surface energy is due to the rapid increase in the surface roughness (Figure.6.8) as 

well as in the oxygen content (discussed below). 

Plasma treatment of polymer surfaces increases their roughness by ablation of atoms 

and molecular fragments. The roughness (Ra) of untreated SU-8 surface was 12.5 1.4 
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nm. Ra increased rapidly to 24.8±2.0 nm at 10 sec treatment time and reached a more or 

less constant value of 28.5 nm for plasma treatment times of 60 sec or longer. Longer 

plasma times (up to 300 sec investigated) did not result in any further roughening; this 

is fortunate because a lengthy treatment is desirable to make the SU-8 wettable for 

electroforming and smoothness in the SU-8 mold and electroformed replica are needed 

for the sake of the demolding of UV embossings from the replica. 
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Figure 6.7 Effect of Ar-plasma on surface energy of SU-8 (RF power 200 W) 
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Figure 6.8 Effect of Ar-plasma on SU-8 surface roughness (RF power 200 W)  

For the sidewalls of deep channels in SU-8 resist, the Ra was more than 0.2 m (Figure 

C.1 and C.2, Appendix C). No distinguishable roughness change on the side wall was 

detected after the plasma treatment because the original surface roughness of the side 

wall was much higher than the roughness change introduced by the plasma treatment. 
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6.3.2 Chemical composition of plasma treated surface 
Figure 6.9 shows deconvolved XPS C 1s core-level spectra of SU-8 surface subjected to 

different plasma times with 200W RF power. The C1s spectra show a high-intensity 

peak at 285.0 eV which represents carbon atoms bonded to carbon or hydrogen 

(C C/C H). The shoulder occurring at a higher binding energy of 286.6 eV is attributed 

to C in ether bond (C O C). With argon plasma treatment, a new, low amplitude, peak 

at 289.3 eV was detected and this was attributed to C in peroxide (C O O ). Argon 

plasma treatment results in surface radicals which convert to peroxides when exposed to 

air. The ratio of deconvolved peak areas at 286.6 eV and 289.3 eV to the total C 1s peak 

area is a measure of the percentage surface content of C-O and C-O-O- respectively.  

Figure 6.9 XPS C 1s core-level spectra of Ar-plasma treated SU-8 (RF power 200 W) 

Figure 6.10 shows that the C-O-O- percentage increases from 0 with no argon plasma 

treatment to 5.7±0.2% with a short argon plasma treatment time of 10 s (power = 
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200W); the C-O-O- percentage saturates at a level of about 7.4 0.2% with 30s and 

longer plasma. Figure 6.10 shows that the C-O content on the surface also increases 

when the sample is subjected to plasma treatment. The C-O content is 32.2 0.2% on 

untreated SU-8 surface (much larger than the corresponding C-O-O content) but 

increases to 35.7 0.2% with 30s plasma time. Beyond that, the C-O content does not 

plateau but increases slowly; the C-O content is 37.0 0.2%, 39.2 0.1%, 41.8 0.1% and 

42.7 0.1% at plasma times of 60s, 120s, 300 s and 600s respectively. Figure 6.10 also 

shows that the total C-O and C-O-O- content increases rapidly for plasma time of 30s or 

shorter and then more slowly at longer treatment times.  
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Figure 6.10 Percentage content of C-O-O- group, C-O group on the SU-8 surface and 
total content of C-O-O- plus C-O groups on the SU-8 surface (RF power 200 W) 

Figure 6.11 shows the deconvolved XPS O 1s core-level spectra of SU-8 surface 

subjected to different plasma times. It should be noted that the O 1s peak is very close 

to one of the Sb 3d peaks and the peaks are partially overlapped. The spectra were 

deconvolved to determine the O 1s peak area. In the deconvolution, the O 1s peak was 

fixed at about 529.9 eV and the Sb 3d peaks at 528.4 and 537.8 eV respectively. Figure 

6.11 also shows that the Sb concentration increases when the plasma time increases. We 
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attribute this to selective polymer surface etching by Argon plasma. Since Sb atoms are 

much heavier than C and O atoms, the etching rate of Sb is lower than that of C and O. 

The O 1s and C 1s raw peak areas were normalized using the machine sensitivity 

factors of 0.78 and 0.278 respectively. The O/C ratio was calculated by dividing the 

normalized O 1s peak area by the normalized C 1s peak area. Figure 6.12 shows that the 

O/C ratio is 0.25 0.01 without Argon plasma treatment and increases rapidly to 

0.46 0.02 at 30s treatment time (at 200 W). Beyond 30s plasma time, the O/C ratio 

increases slowly.  

Figure 6.11 XPS O 1s core-level spectra of Ar-plasma treated SU-8(RF power 200 W) 

In the first 30 sec of plasma treatment, both the surface roughness and chemical changes 

contribute towards the rapid surface energy increase. At longer Ar-plasma treatment 

times ( 60s), the roughness on the surface reaches a stable state but the O/C ratio still 

increases, albeit slowly, leading to a gradual increase of the surface energy. The argon 

plasma increases the oxygen content on the SU-8 surface. The concentration of C-C/C-
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H groups decreases whilst the C-O and C-O-O groups increase. The C-C/C-H groups 

are nonpolar whilst C-O and C-O-O- groups are relatively polar and hydrophilic. The 

increase of C-O and C-O-O- groups on the SU-8 surface significantly increases the 

surface wettability. Others have also observed enhanced surface wettability of plasma-

treated polymers and this has been associated with a wide range of structural changes on 

the surfaces including creation of free radicals, generation of polar groups, degradation 

of molecular chains, formation of chain crosslinking and increase of surface 

roughness[228, 231, 300-303].   
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Figure 6.12 Effect of Plasma time on O/C ratio in the SU-8 surface (RF power 200 W) 

6.3.3 Electroformed copper mold from patterned SU-8 
Between 60 to 600s (RF power = 200W), the surface energy increases without 

significant increase in the surface roughness. High surface energy and low surface 

roughness are both desirable for electroforming since they lead to improved wettability 

without excess roughening. For subsequent experiments, the plasma time was chosen to 

be 180s (chosen arbitrarily to be more than the inflexion time at 60s). The water contact 

angle of the untreated and Ar-plasma treated SU-8 gratings was measured to be 

124.3 4.6º and 7.9 1.4º respectively (Figures 6.13 (a) and (b)). The wettability of 

untreated and Ar-plasma treated SU-8 gratings was confirmed visually using the 

electrolyte. An electrolyte drop was applied onto the top of untreated and plasma treated 
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SU-8 gratings. The electrolyte did not spread and remained an approximately spherical 

bead on the untreated SU-8 surface (Figure 6.13(c)). The electrolyte drop flowed away 

when the sample was tilted and there was no residual electrolyte left on the SU-8 

grating. An electrolyte drop on the surface of a 180s (200W) Ar-plasma treated grating 

spread along the direction of the channels (Figure 6.13(d)).  After the bulk surface 

electrolyte was blown from the grating surface using a gentle airflow, electrolyte was 

observed in the narrow channels. Figure 6.14 shows the electrolyte in the narrow 

channels. The results indicate that the electrolyte was able to fill the deep and narrow 

microchannels and contact the metallic seed layer at the bottom of the channels. This 

contact made ion diffusion and metal deposition possible during the electroforming 

process. With the untreated SU-8 microstructure, the electroforming circuit remained 

open and there was no current and no electro-deposition. 180 sec of treatment with Ar-

plasma at 200 W provided sufficient wetting of the grating surface for satisfactory 

electroforming.  

(a)      (b) 

(c) (d)

Figure 6.13 Water on (a) untreated and (b) Ar-plasma treated SU-8 pattern. Electrolyte on 
(c) untreated and (d) Ar-plasma treated SU-8 pattern. (Plasma time=180s, power=200 W)
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Figure 6.14 Electrolyte spread along the direction of channel and remained in the 
channels (The SU-8 grating was Ar-plasma treated for 180 sec at 200W)

Figures 6.15(a) and 6.15(b) show the SU-8 grating before and after electroforming 

respectively. The pre-electroforming cross-section was obtained by breaking the wafer 

and the electroformed SU-8 cross-section was obtained by manually cutting with a knife. 

Figures 6.16(a) and 6.16(b) show respectively the cross sectional and top views of the 

copper mold after SU-8 removal. The deformation of the Cu microwalls was produced 

by the cutting. The SU-8 was completely removed from the deep channels. The 

measured width and height of these copper bars were 7.6 0.3 m and 116.0 0.7 m

respectively, giving an aspect ratio of 15.3, which matches the aspect ratio of the SU-8 

mold microchannels; as expected, the electroforming faithfully replicated the wettable 

SU-8 mold. The width of the channels separating the copper bars was 12.7 0.5 m and 

the aspect ratio of these channels was 9.2. 

(a)                                                     (b) 
Figure 6.15 (a) High aspect ratio SU-8 grating and (b) Electroformed metallic structure 

with SU-8 grating defined using Mask D (exposed for 40 s, Sample 3 in Table 6.1) 
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(a)                                                                (b) 

Figure 6.16 (a) Cross section and (b) Top view of copper mold after SU-8 removal 
(defined using Mask D) 

The SU-8 grating fabricated using Mask B was previously shown in Figure 4.6, Figure 

6.17 shows the grating after copper electroforming. In Figure 6.17, SU-8 is not removed. 

The dimensions were measured using SEM after removing the SU-8 grating. The 

measured height of copper bars is 118.1 0.9 m, the averaged width of copper bars is 

78.6 1.1 m, the averaged width of channels separating the copper walls is 12.3 0.7

m. The copper mold defined using Mask B is shown in Figure 6.18. 

Figure 6.17 SU-8 grating defined using Mask B and the electroformed Cu 

Figure 6.18 (a) Top view and (b) Cross section of copper mold after SU-8 removal 
(defined using Mask D) 
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6.3.4 UV embossed polymer grating with very high aspect ratio 

 The high aspect ratio polymer grating UV embossed from the siliconized copper mold 

defined using Mask D is shown in Figure 6.19. The measured height and width of the 

polymer microwalls were 114.9 1.1 m and 12.5 0.4 m respectively, giving an aspect 

ratio of 9.2. The width of channels separating the polymer bars was 7.8 0.3 m and the 

aspect ratio of these channels was 14.7.  

Figure 6.19 Polymer grating replicated from Cu mold by UV embossing  
(embossed at room temperature) 

6.4  Summary 
The hydrophobic nature of untreated SU-8 (surface energy of 45.5  0.3 mJ/m2)

prevents electroforming electrolytes from contacting the seed layer at the bottom of 

VHAR and dense microchannels in SU-8. This problem is likely to affect more complex 

microstructure architectures of similar aspect ratio and density needed for diverse 

applications. Under Ar plasma, the surface energy increases rapidly initially and then 

begins to saturate before the electroforming seed layer at the base of the microstructure 

is eroded. The surface roughness plateaus whilst the oxidation continues to rise, albeit 

slowly, on the same timescale (around 30s under the process conditions we employed). 

An argon plasma time of 180s, resulting in an actual surface energy of 55.7 0.3 mJ/m2,
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enabled the electrolyte to fill the narrow and very high aspect ratio (15.3) microchannels 

in SU-8, contacting the seed layer and completing the electroforming circuit. A copper 

grating with alternating microchannels and microwalls of aspect ratios of 15.3 and 9.2 

respectively was successfully electroformed over the entire 100 mm diameter wafer 

using a 180 sec-Ar-plasma treated SU-8 master. The copper mold was demonstrated to 

be useful for UV embossing. This technique permits the low-cost fabrication of durable 

high aspect ratio metallic molds for high volume fabrication of microstructures using 

UV embossing.  
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Chapter 7   Conclusions and recommendations 

A new theoretical model has been developed to predict the profiles of micro channels in 

thick SU-8. The predicted frofiles compare well with experimental values.  The process 

combining soft cushion technology and dose reduction was developed to fabricate 

whole-wafer-covered dense SU-8 gratings with both VHAR microchannels and VHAR 

SU-8 walls. After the argon plasma treatment, the SU-8 gratings were successfully used 

as the mold for electroforming. In order to effectively remove the cured SU-8, kinetics 

during curing of SU-8 resist in the presence of GBL, network properties, thermal and 

chemical degradation of cured SU-8 were investigated. The electroformed metallic 

mold was used for UV embossing after successful removal of the SU-8. 

7.1 Diffraction, refraction and reflection model for thick 
resist UV lithography  

Diffraction, refraction and reflection have significant effects on mask replication, 

profile characteristics and processability of VHAR channels in SU-8 photolithography. 

Reflection and diffraction lead to UV exposure of the photoresist underneath the dark field areas 

of the mask causing gelation and crosslinking, which then increases the width and slopes of  

SU8 microwalls. The “stray” UV light was enough to cause substantial dimensional difference 

between the mask and the microstructures, even unresolved microchannels. The previously 

reported classical model accounting for diffraction only is inadequate to accurately 

predict the profile characteristics of VHAR microchannels in thick SU-8. A new model 

incorporating the effects of diffraction at the edge of the dark field mask lines, 

refraction at the air/resist interface and reflection from the silicon wafer surface on the 

profile characteristics of VHAR microchannels in thick SU-8 has been developed. The 

effects of light reflection at the wafer surface, varying UV exposure time and air gap 
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(resulting from edge bead) between the resist and mask on pattern size and 

microchannel profiles were theoretically modeled and experimentally verified. Longer 

exposure time was experimentally observed to result in smaller (i.e. less steep) side wall angle 

and narrower microchannels. The calculated mask replication fidelity and taper angle 

using the new diffraction-refraction-reflection (DRR) model was compared with 

experimental results. The new DRR model produced much superior predictions of the 

observed trends and actual microchannel width and sidewall angle as a function of exposure 

dose compared with the classical diffraction-only model. However, the calculated 

microchannel width and sidewall angle at high exposure dose agreed better with the 

experimentally observed values indicating that reflection at the silicon substrate and 

refraction at air/SU-8 interface were significant. In the lower exposure range, the 

predicted channel widths were less than the experimentally observed data. The larger 

than calculated actual microchannel width for the low exposure dose was due to the 

leaching of unreacted resist in the developer from DMA studies. 

7.2 Soft cushion technology and dose reduction  
The process combining soft cushion technology and dose reduction was developed to 

fabricate whole-wafer-covered dense SU-8 gratings with both VHAR microchannels 

(AR=18) and VHAR SU-8 walls (AR=10). The soft cushion bends the wafer during UV 

exposure, thereby mechanically flattening the resist surface and reducing the air gap 

between the resist and mask during exposure of the resist. This procedure improves the 

pattern replication and uniformity resolution over virtually the entire surface of the 

100mm-diameter wafer. Dose reduction technology reduces the energy deposited at all 

points in the resist, and in particular the “stray” energy deposited under the dark field by 

diffraction, refraction and reflection so as to decrease the negative effect of stray UV 

light on the fabrication of VHAR microchannels.  
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7.3 Curing and degradation of SU-8 resist in the presence of 
GBL

Chemical reaction during the curing of SU-8 resist in the presence of GBL was 

investigated. GBL is a reactive solvent during the SU-8 processing and so we used 

FTIR and 13C NMR spectra to show that GBL reacts during the curing of SU-8. It reacts 

with epoxy and is crosslinked into the network. The presence of GBL helps to achieve 

epoxy conversion as high as 100%, depending on the amount of GBL in the resist. Up 

to 33 weight% of GBL can react with SU-8 during the curing and excess GBL beyond 

that remains unreacted in the cured SU-8-GBL system which can be removed by 

vacuum baking.  

The network properties of cured SU-8 are affected by curing conditions. At constant 

GBL content, high epoxy conversion leads to high Tg and low Mc value indicating dense 

cross-link density. Vitrification of SU-8 occurs at 55% epoxy conversion. Beyond 

vitrification, both Mc and Tg do not change significantly. The presence of GBL during 

the curing of SU-8 leads to long chains between cross-links, low cross-link density and 

Tg lowering.

Thermal degradation of cured SU-8 was also investigated. Kinetic studies show that the 

network properties of cured SU-8 strongly affect the degradability. The thermal 

degradation activation energy of SU-8 (Ea)decreases exponentially with increase of Mc

in the low Mc range (high cross-link density, after vitrification) but does not change 

significantly in the high Mc range (low cross-link density, before vitrification). The 

presence of GBL gives easier degradability of cured SU-8 because GBL results in long 

chains between crosslinks, low cross-link density and ester structural units with easily 

degradable C-O bond. 13C NMR spectrum and GC/MS results showed that the network 

of cured SU-8 was broken into water soluble fragments by sulfuric acid dissolution and 

the fragments contained carbonyl, aromatic, alkyl and other groups 
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7.4 SU-8 mold for copper electroforming and UV embossing 
using the copper mold 

SU-8 is intrinsically hydrophobic. Unpatterned SU-8 has a water contact angle of 

73.1 2.8  and surface energy of 45.5 0.3 mJ/m2. Dense micropatterns further make the 

surface super-hydrophobic. When electroforming from SU-8 surfaces patterned with 

VHAR and dense microchannels, the electrolyte cannot contact the seed layer at the 

bottom and the electroforming circuit is mostly open even with agitation - the process 

cannot proceed. In order to overcome the hydrophobicity and consequent low 

wettability of polymeric surfaces, surface treatment is essential. We developed a simple 

but effective method of increasing the wettability of hydrophobic SU-8 grating. Argon 

plasma treatment oxidizes and roughens the surface leading to increased surface energy. 

An argon plasma time of 180s at RF power of 200W, resulting in an actual surface 

energy of 55.7 0.3 mJ/m2, enabled the electrolyte to fill the narrow and VHAR (15.3) 

microchannels in SU-8, contacting the seed layer and completing the electroforming 

circuit. A large area VHAR and dense copper grating with alternate microwalls and 

microchannels of aspect ratios of 15.3 and 9.2 respectively over the entire 100mm-

diameter area was fabricated by copper electroforming from a plasma treated SU-8 

master. This copper mold was used as a mold for UV embossing, demonstrating the 

feasibility of this technique for the creation of durable molds for mass replication. 

7.5 Recommendations for future works 
Although there have been many achievements in this research, there is much potential 

work that could be done to enhance this research.  Four key areas of research are 

suggested.

The first concerns plasma treatment and electroforming. Dense copper gratings with 

very high aspect ratio were successfully fabricated via photolithography and 
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electroforming. Nickel provides much better properties (such as higher hardness, better 

anti-corrosion property) for using as mold in replication than copper does. It is worth 

further extending the plasma treatment and electroforming to the fabrication of nickel 

molds.  

The second concers methods for large-scale polymeric replication and patterning with 

sub-micro and nano level dimension are suggested. Since the resolution of SU-8 resist is 

micro scale, it is not suitable to fabricate the master with nano scale structure. E-beam 

lithography or focus ion beam (FIB) writing, which are able to fabricate nano-scale 

structures, can be employed to fabricate the master.    

The third area of further research relates to embossing. UV embossing is an attractive 

patterning technique for many diverse biomedical applications. UV embossing resins 

have a wide range of properties so that micro-patterned properties can be easily tailored. 

Versatile micropatterns including both high and low aspect ratio microstructures can be 

readily fabricated [43]. The embossed film is foldable and can be used for foldable 

devices like e-paper. Micro devices with high aspect ratio structures on foldable 

substrates can be UV embossed. 

The final area of further research concerns biological applications of the VHAR channel. 

Biological applications of microstructures are rapidly increasing. Further research on 

the high aspect ratio pattern in bio- and chemical application, such as biosensor, is 

worthy doing.  
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Surface morphology of SU-8 subjected to Ar plasma 
treatment

Figure B.1 plasma time= 0 sec

Figure B.2 Plasma time=30 sec 
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Figure B.3 plasma time=5 min 

Figure B.4 plasma time=10 min 
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Figure B. 5 plasma time=30 min
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Appendix C 

Surface morphology of side wall of deep channels in 
SU-8 resist 

Figure C.1 SEM photograph of SU-8side wall (100 m SU-8, exposed for 60 sec) 

Figure C.2 OP result of the side wall roughness (100 m SU-8, exposed for 60 sec)
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Appendix D 

FTIR spectra of SU-8 with different processing parameters 

800 1000 1200 1400 1600 1800 2000

910 cm-1

60 min

30 min

10 min

5 min

3 min

1 min

soft bake
time=0 min

unprocessed
 SU-8 100

re
fle

ct
an

ce
 (%

)

waven umber (cm-1)

Figure D.1 FTIR spectra of SU-8 subjected to different softbake time at 95 C
(100 m thick SU-8 100, exposed for 70s, PEB 10 min at 95 C, no hard bake) 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendix E 

____________________________________________________________________________________ 
D2

3000 2500 2000 1500 1000
40

45

50

55

60

65

70

75

80

85

90

95

100

910

910

910
R

ef
le

ct
an

ce
 (%

)

Wave number  (cm-1)

without UV exposure

UV exposed for 25 s

UV exposed for 90s

400 um thick SU-8

Figure DC.2 FTIR spectra of SU-8 subjected to different exposure time
(100 m thick SU-8 100, softbake 30 min at 95 C, PEB 10 min at 95 C, no hardbake) 
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Figure D.3 FTIR spectra of SU-8 subjected to different PEB time at 95 C
(100 m thick SU-8 100, softbake 30 min at 95 C, exposed for 70 sec, no hardbake) 
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Figure D.4 FTIR spectrum of SU-8 films subject to different hard bake time at 150 C
(100 m thick SU-8 100, softbake 30 min at 95 C, exposed for 70 sec, PEB 10 min 
at 95 C)
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Program code for diffraction refraction and reflection 
model calculation 
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Appendix F 

Basic introduction to NMR and CPMAS P
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        NMR spectroscopy is frequently used to investigate the structure of molecules and 

materials. The power of NMR lies in its ability to probe physical properties of materials 

in a nondestructive manner and over a wide variety of conditions (primarily temperature 

and state). Particularly important to this experiment is NMR’s utility in determining the 

structure and dynamics in solid-state crystalline and amorphous materials. 

F.1.1 Nuclear spin and magnets 
TElectrons, neutrons and protons, the three particles which constitute an atom, have 

an intrinsic property called spin. This spin is defined by the fourth quantum number for 

any given wave function obtained by solving relativistic form of the Schrödinger 

equation (SE). It represents a general property of particles which we can describe using 

the properties of electrons. Electrons flowing around a coil generate a magnetic field in 

a given direction; this property is what makes electric motors work. In much the same 

way electrons in atoms circulate around the nucleus, generating a magnetic field. This 

generated field has an angular momentum associated with it. It so turns out that there is 

also an angular momentum with the electron particle itself, denoted the spin, and this 

gives rise to the spin quantum number, sm T.

        Spin angular momentum is quantized and can take different integer or half-integer 

values depending on what system is under study. Like the electron, protons and 

neutrons also have a spin angular momentum which can take values of + ½ and –½. In 
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the atomic nucleus, protons can pair with other antiparallel protons, much in the same 

way electrons pair in a chemical bond. Neutrons do the same. Paired particles, with one 

positive and one negative spin, thus have a net spin of zero "0". We can see that a 

nucleus with unpaired protons and neutrons wilTl have an overall spin, with the number 

unpaired contributing 1/2 to the overall nuclear spin quantum number, I. When this is 

larger than zero, a nucleus will have a spin angular momentum and an associated 

magnetic moment, , dependent on the direction of the spin. It is this magnetic moment 

that we manipulate in modern NMR experiments. 

        It is worth noting here that nuclei can have more than one unpaired proton and one 

unpaired neutron, much in the same way electronic structure in transition metals can 

have many unpaired spins. For example P

27
PAl has an overall spin I=5/2. 

F.1.2 Values of spin angular momentum 
        The spin angular momentum of a nucleus can take ranges from +I to –I in integral 

steps. This value is known as the magnetic quantum number, m. For any given nucleus, 

there is a total (2I+1) angular momentum states. Spin angular momentum is a vector 

quantity. The z component of which, denoted IBz B, is quantised: 

I BzB = mh/2  (F.1) 

where h is Planck's constant. 

        The resultant magnetic moment of this nucleus is intrinsically connected with its 

spin angular momentum. In the absence of any external effects the magnetic moment of 

a spin ½ nuclei lies approximately 52.3° from the angular momentum axis or 127.7° for 

the opposing spin. This magnetic moment is intrinsically related to I with a 

proportionality constant , called the gyromagnetic ratio 

= I  (F.2) 

F.1.3 Spin behavior in a magnetic field 
        If we take the case of nuclei which have a spin of a half like P

1
PH, P

13
PC or P

19
PF. The 

nucleus thus has two possible magnetic moments it could take, often referred to as up or 

down, +0.5 -0.5, or to be more in tune with physicists...  and . The energies of each 

state are degenerate - that is to say that they are the same. The effect is that the number 

of atoms (population) in the up or  state is the same as the number of atoms in the 

state. If we place a nucleus in a magnetic field the angular momentum axis coincides 

with the field direction. The resultant magnetic momenta, space quantised from the 
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angular momentum axis, no longer have the same energy since one states has a z-

component aligned with an external field and are lower in energy (positive I values) and 

the other opposes the external field and is higher in energy. This causes a population 

bias toward the lower energy states. 

        The energy of a magnetic moment  when in a magnetic field BB0 B (the zero 

subscript is used to distinguish this magnetic field from any other applied field) is the 

negative scalar product of the vectors: 

E = - Bz BBB0                                               B  (F.3) 

We've already defined Bz B= IBz B. So placing this in the above equation we get: 

E = -mh BB0 B / 2                      (F.4) 

F.1.4 Resonance
        The energy gap between  and  states is (h BB0 B)/2 . We get resonance between the 

states, there for equalising populations, if we apply a radiofrequency with the same 

energy as the energy difference E between the spin states. The energy of a photon is 

E=h , where  is its frequency. 

E = h BB0B / 2  (F.5) 

i.e. the frequency of electromagnetic radiation required to produce resonance of an 

specific nucleus in a field B is: 

 = BB0B / 2                           (F.6) 

It is this frequency that we are concerned with, and detect in NMR. And it is this 

frequency which describes the sample we are observing. But importantly: it is this 

resonance that gives rise to the NMR spectrum 

F.1.5 Nuclear shielding 
        It would appear from the above equation that all nuclei of the same isotope, which 

take the same the gyromagnetic ratio, resonate at the same frequency. This of course is 

not the case. Since the gyromagnetic ratio of a given isotope does not change we can 

only rationalise this by stating that the effect of the external magnetic field is different 

for different nuclei. Local effects of other nuclei, especially spin-active nuclei, and local 

electron effects shield each nucleus differently from the main external field. 

        It was stated that the energy of a Tspin stateT is defined by E= - Bz BBB0 B. We can see that 

by shielding the strength of the magnetic field, the experienced effect, or effective 
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magnetic field at the nucleus is lower: BBeffectiveB < BB0B. Thus the energy gap is different, 

and hence the frequency required to achieve resonance deviates from the expected value.

These differences due to nuclear shielding give rise to many peaks (frequencies) in an 

NMR spectrum.

F.1.6 Relaxation
        The nuclear relaxation back to the thermal equilibrium distribution is a product of 

several distinct relaxation mechanisms. The simplest of these is spin-lattice relaxation; 

the energized nuclei lose their energy to the surrounding crystal lattice by stimulated 

emission. This exponential relaxation is quantifiable and labeled T1, the longitudinal 

relaxation time. 

        T1 relaxation manifests itself in the NMR signal as a dampening parameter, 

resulting in a gradual decrease in amplitude of the signal. The exponential decay of the 

demodulated NMR signal is referred to as the Free Induction Decay (FID). The spin-

spin relaxation (T2) is a catchall for the several causes of the broadening of a line-shape 

as well as increasing the dampening of the Free Induction Decay. In practice, usually T2 

dominates T1 in determining the FID decay time. One phenomenon that affects T2 is 

the presence of slight inhomogeneities in the static magnetic field. These 

inhomogeneities shift the Larmor frequency slightly for different nuclei, depending on 

the exact local value of B0. Immediately after the initial RF pulse, all the nuclei are 

precessing precisely in phase with one another. Due to slightly varied precession rates, 

they gradually begin to dephase, resulting in destructive interference of the 

magnetization vectors. This manifests itself in two different ways. First, the destructive 

interference increases the dampening of the observed FID. Second, due to the varying 

Larmor frequencies, there is a broadening effect on the theoretical delta function line-

shape. Another factor contributing to the spin-spin relaxation time is the dipole-dipole 

coupling between nuclei. In a solid crystalline structure or a molecule (i.e. not just an 

isolated proton), the magnetic dipole of a nucleus causes significant changes to the 

magnetic moment of a neighboring nucleus. This variation is random with respect to the 

orientation of B0, so it produces a random distribution of magnetic fields at the nucleus, 

and dephasing can occur between nuclei experiencing different local magnetic fields. In 

this manner, the dipole-dipole interactions also significantly broaden a line-shape, 

contributing to the observed spin-spin relaxation time. TB1 TB is always larger (slower) than 

TTB2 B.
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F.1.7 Chemical Shift 
        When an atom is placed in a magnetic field, its electrons circulate about the 

direction of the applied magnetic field. This circulation causes a small magnetic field at 

the nucleus which opposes the externally applied field. The magnetic field at the 

nucleus (the effective field) is therefore generally less than the applied field by a 

fraction .

B B  (F.7)

        The electron density around each nucleus in a molecule varies according to the 

types of nuclei and bonds in the molecule. The opposing field and therefore the 

effective field at each nucleus will vary. This is called the chemical shift phenomenon.  

The chemical shift of a nucleus is the difference between the resonance frequency of the 

nucleus and a standard, relative to the standard. This quantity is reported in ppm and 

given the symbol delta, .

Bref B x P

P

Bref             B  (F.8)

        In NMR spectroscopy, this standard is often tetramethylsilane, Si(CH B3 B) B4B,

abbreviated TMS. The chemical shift is a very precise metric of the chemical 

environment around a nucleus. For example, the hydrogen chemical shift of a CHB2 B

hydrogen next to a Cl will be different than that of a CHB3 B next to the same Cl. It is 

therefore difficult to give a detailed list of chemical shifts in a limited space. The 

animation window displays a chart of selected hydrogen chemical shifts of pure liquids 

and some gasses.  

 NMR spectrometer 
        In its most basic form NMR spectroscopy takes advantage of the magnetic 

properties of nuclei with non-zero angular momentum. By placing nuclei in a static 

magnetic field and irradiating them with a radio-frequency (RF) pulse it is possible to 

change their spin orientation. After the perturbation, the nuclei gradually return to their 

equilibrium state; during this “relaxation time”, the nuclear spin vectors precess around 

the direction of the static magnetic field with certain discrete energies, depending on the 

spin orientation. This precession can be detected as an induced voltage in a RF coil 

placed perpendicular to the static field. By carefully selecting the energy (which is 

determined by the frequency) of the incident RF radiation, recording the RF 

subsequently radiated by the nuclei, and analyzing the signals in both time and 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendix F 

____________________________________________________________________________________ 
F6

frequency space, it is possible to determine the characteristic spectrum of energy levels 

of the nuclei. 

        The basic arrangement of an NMR spectrometer is shown in Figure G.1.  The 

sample is positioned in the magnetic field and excited via pulsations in the radio 

frequency input circuit. The realigned magnetic fields induce a radio signal in the output 

circuit which is used to generate the output signal.  Fourier analysis of the complex 

output produces the actual spectrum. The pulse is repeated as many times as necessary 

to allow the signals to be identified from the background noise. The NMR experimental 

is carried out by placing the sample in solution in a glass tube between the poles of the 

magnet. The tube is spun rapidly to minimize any magnetic anisotropy.TPF

9
FPT

Figure F.1 schematic drawing of NMR spectrometer 

 Solid state NMR and CPMAS P

13
PC TP PTNMRTP F

10
FPTP

-13
P

Despite the success of solution NMR, there remain fundamental limits on the size 

and physical state of molecules amenable to study with solution-state NMR. In any 

condensed phase a nuclear spin experiences a great number of interactions. This should 

in general lead to a very broad and featureless signal. However, in liquids, e.g. a 

solution of an organic compound, most of these interactions will average out because 

the molecule occurs in a great many different orientations and can rotate around freely. 

Orientational averaging causes the signal to become much narrower, so that it is able to 

                                                          
TP

9
PT Brian S. Furniss, Antony J. Hannaford, Peter W. G. Smith and Austin R. Tatchell, Vogel’s Textbook of 

Practical Organic Chemistry, 5P

th
P edition, Prentice Hall, 1996 

TP

10
PT D. Campbell, R. A. Pethrick, and J. R. White, Polymer Characterization: Physical techniques, 2nd 

edition, Stanley Thornes (Publishers), UK, 2000.
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reveal information in great detail. In solids, however, this narrowing does not happen. 

For a long time NMR on solids was considered a rather impossible task. High-

resolution solid-state NMR methods have no inherent molecular weight limit, and have 

for many years been used to determine details of molecular structure for high molecular 

weight systems TPF

11
FPT.

  Technically, the differences between liquid- and solid-state NMR are 

predominantly due to the strong anisotropic interactions present in solid materialsTPF

12
FPT TPF

13
FPT.

In solution NMR, spectra consist of a series of very sharp transitions, due to averaging 

of anisotropic NMR interactions by rapid random tumbling. By contrast, solid-state 

NMR spectra are very broad, as the full effects of anisotropic or orientation-dependent

interactions are observed in the spectrum.  Original NMR experiments focused on 1H 

and 19F NMR, for reasons of sensitivity. However, anisotropies in the local fields of the 

protons broadened the 1H NMR spectra such that no spectral lines could be resolved. 

The only cases where useful spectra could be obtained was for isolated homonuclear 

spin pairs (e.g., in H2O), or for fast moving methyl groups. Much of the original solid 

state NMR in the literature focuses only upon the measurement of 1H spin-lattice 

relaxation times as a function of temperature in order to investigate methyl group 

rotations or motion in solid polymer chains. The situation changed when it was shown 

by E.R. AndrewTPF

14
FPT and I.J. Lowe TPF

15
FPT that anisotropic dipolar interactions could be 

suppressed by introducing artificial motions on the solid - this technique involved 

rotating the sample about an axis oriented at 54.74º  with respect to the external 

magnetic field. This became known as magic-angle spinning (MAS). With a number of 

special techniques/equipment, including magic-angle spinning, cross polarization, 

special 2D experiments, enhanced probe electronics, etc. solid state NMR spectra can 

provide the same type of information that is available from corresponding solution 

                                                          
TP

11
PT C. M. Rienstra, L. Tucker-Kellogg, C. P. Jaroniec, M. Hohwy, B. Reif, M. T. McMahon, B. Tidor, T. 

Lozano-Perez, and R. G. Griffin, De novo determination of peptide structure with solid-state magic-angle 
spinning NMR spectroscopy. Proccedings of the national Academy of Sciences of the United States of 
America, 2002. 99: p. 10260-10265. 
TP

12
PT M. Mehring, Principles of High Resolution NMR in Solids, Springer, Berlin. 1983. 

TP

13
PT K. Schmidt-Rohr and H.W. Spiess, Multidimensional Solid State NMR and Polymers, Academic Press, 

New York. 1994. 
TP

14
PT E. R. Andrew, A. Bradbury, and R. G. Eades, Nuclear magnetic resonance spectra from a crystal 

rotated at high speed. Nature Materials, 1958. 182: p. 1659. 
TP

15
PT I. J. Lowe, Free induction decays of rotating solids. Physical Review Letters, 1959. 2: p. 285. 
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NMR spectra. Solid-state CPMAS NMR (Cross Polarization Magic-Angle Spinning 

NMR) is widely used to study polymorphism either qualitatively or quantitativelyTPF

16
FPT TPF

17
FPT.

F.1.8  Magic Angle Spinning (MAS) 
Magic angle spinning (MAS) is commonly employed in solid-state NMR 

spectroscopy. This is a trick that is used to narrow the otherwise broad line-shapes of 

solid samples. Several factors contribute to line-shape broadening in solids, including 

dipole-dipole interactions and chemical shift anisotropies.  

Figure F.2  dipolar coupling 

Nuclear spins exhibit a dipole moment, which interacts with the dipole moment 

of other nuclei (dipolar coupling). The magnitude of the interaction is dependent on the 

spin species, the internuclear distance, and the orientation of the vector connecting the 

two nuclear spins with respect to the external magnetic field B (see figure). The 

maximum dipolar coupling is given by the dipolar coupling constant d,

 (F.9) 

where r is the distance between the nuclei,  

B1 B and B2 B are the gyromagnetic ratios of the nuclei.  

In a strong magnetic field, the dipolar coupling depends on the orientation of the 

internuclear vector with the external magnetic field by PX

14
X

,
X

15
XP

 (F.10) 

where  is the angle between the nuclear magnetization vector and the static magnetic 

field (B0). 

                                                          
TP

16
PT S. R. Byrn, R. R. Pfeiffer, and J. G. Stowell, Solid state chemistry of drugs. West Lafayette: SSCI. 

1999. 
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17
PT T. L. Threlfall, Analysis of organic polymorphs, a review. Analyst, 1995. 120: p. 2435-2460. 
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This factor goes to zero as approaches 54.74° (the so-called “magic angle”). 

Rotating the sample rapidly around some axis z’ effectively averages components of the 

nuclear  magnetization vectors such that the net magnetization vector points only in the 

z’  direction. So the sample is rotated about an axis, which is aligned at the magic angle 

with respect to the B0 field. This causes all forms of the internuclear vector containing 

the factor cos P

P ) to vanish, greatly reducing the line-width of solid-state spectra. 

F.1.9  Cross Polarization X

8X

Cross polarization is a double-resonance experiment in which the energy levels 

of 1 H and 13C spins are matched to Hartman-Hahn condition. The low abundance of 

P

13
PC leads to poor absorption of the RF pulse in a NMR experiment. This limitation can 

be over come by exciting the protons in a sample followed by a sequence of two series 

of long-time pulses which make the P

13
PC and P

1
PH nuclei resonate at the same frequency. 

The latter is called the "Hartman-Hahn" condition and the process is called "cross-

polarization" and the time of cross polarization is called the "contact time" or "spin-lock 

time". This cross polarization acts as a strong pulse for the carbon 13 nuclei. Under this 

condition, energy may be exchanged between the two coupled spin systems. The result 

is growth of the 13 C magnetization at the expense of the 1H magnetization. Cross 

polarization requires that nuclei are dipolar coupled to one another, and surprisingly, it 

even works while samples are being spun rapidly at the magic angle (though not if the 

spinning rate is greater than the anisotropic interaction). Hence the acronym CPMAS 

NMR (Cross Polarization Magic-Angle Spinning NMR). When combined with MAS, 

polarization from abundant nuclei like 1H, 19F and 31P can be transferred to dilute or 

rare nuclei like 13C, 15N, 29Si in order to enhance signal to noise and reduce waiting 

time between successive experiments. 

Solid state P

13
PC-NMR with CP and MAS is particularly useful for the 

investigation of polymer systems. 
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Appendix G   Basic introduction to Gas 

Chromatography/Mass Spectrometry (GC/MS) PX

8
X

,
TF

18
FT

,
TF

19
FTP

The combination of gas chromatography and mass spectrometry (GC-MS) is a very 

powerful technique for analyzing organic materials which can be vaporized at or below 

250° C and is particularly suitable for the analysis of mixtures of volatile and low 

relative molecular mass compounds (< 800). In the simplest terms the GC/MS 

instrument represents a device that separates chemical mixtures (the GC component) 

and a very sensitive detector (the MS component) with a data collector (the computer 

component).  GC is used to separate the mixture of compounds into its individual 

component.  The mass spectrum of each individual component can be obtained using 

MS and is searched against the library mass spectra. A mixture of compounds to be 

analysed is initially injected into the GC where the mixture is vaporized in a heated 

chamber. The gas mixture travels through a GC column, where the compounds become 

separated as they interact with the column. Those separated compounds then 

immediately enter the mass spectrometer. The combination of GC-MS can provide 

complete chemical information about the unknown mixture, such as molecular weight, 

chemical formula and molecular structure. 

This section provides some basic principles of GC/MS. 

G.1 Gas chromatography (GC) 
        In gas chromatography a mixture of gaseous or semi-volatile compounds (analytes) 

are passed through a column in a carrier gas stream (helium is frequently used, the 

carrier gas itself should be inert). The inner walls of the column are coated with a solid 

substrate. The time required for a given compound to elute from the column depends on 

                                                          
TP

18
PT Daniel C. Harris, Quantitative Chemical analysis, 6th edition, W. H. Freeman and Company, New York, 

2003 
TP

19
PT Marvin C. McMaster, Christopher McMaster,T GC/MS: A Practical User's Guide, TWiley, 1998. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Appendix G 

____________________________________________________________________________________ 
G2

the level of interaction that occurs between the compound and the solid substrate (the 

stationary phase). Compounds that interact little with the stationary phase will exist 

mostly in the carrier gas stream (the mobile phase) and will pass through the column 

quickly. The level of interaction of the compound with the stationary phase depends on 

several properties of the compound itself, but as a general rule heavier molecules 

require more time to elute.  

G1.1 The separation process in gas chromatography 
        The analytes after sampling are placed in the inlet/injector port of the GC where 

they are vaporized and injected onto the head of the chromatographic column. The 

injector port is a self sealing, heated body that allows vaporization of the sample and 

then transfer to the capillary column. A glass liner is used in the port to allow for 

cleaning and to give a surface suitable for the vaporization of the analyte of interest. A 

system in the injection port for allowing all or some of the analytes through to the 

column is called the split/splitless injector. The split injector mode allows for the 

expansion of the volatilized sample in the case of liquid injections and prevents 

overloading of the column. The splitless mode is used for trace analysis and SPME 

fibres where the analytes are pre-concentrated onto a fibre and overloading of the 

column is unusual. 

        The sample is transported through the column by the flow of an inert, gaseous 

mobile phase, the carrier gas. The carrier gas used must be chemically inert to prevent 

interaction with the analytes; commonly used gases include nitrogen, helium. The 

column itself contains a liquid stationary phase which is adsorbed onto the surface of a 

thin fused-silica (purified silicate glass) capillary tube. 

G.1.2 GC oven and GC column 
        The GC oven is a programmable oven designed to run a GC column. The oven 

temperatures can be programmed to provide a linear ramp which will allow the analytes 

to achieve separation at different rates thus providing the mass spectrometer with the 

pure sample for analysis.GC ovens usually require an operating range from about 5˚C to 

about 400˚C although the majority of GC analyses are carried out between temperatures 

of 75˚C and 200˚C. Temperature programming is an essential feature of all GC column 

ovens and is necessary to handle a sufficiently wide molecular and polarity range of 

samples. Linear programming is the most common although other functions of time are 

often available. The temperature program can be controlled by a microprocessor 
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incorporated in the programmer or can be controlled from a central computer that 

governs the operation of the whole instrument.  

        The column is used to contain the stationary phase. Columns may be made of glass, 

stainless steel, plastic and many other materials. Packed GC columns are usually made 

of stainless steel or glass and open tubular column almost exclusively fused quartz. The 

GC column can be a packed or open tubular.  It is a very long thin tube. Typical lengths 

for a GC column are 10-100 meters, while the inside diameter of the columns are on the 

order of 200-530 micrometers. The column itself resides inside of the GC oven. In a 

typical run the oven will begin at a temperature close to ambient for several minutes. 

The oven temperature is then slowly increased to a final temperature of 200-250 C for 

several minutes, for a total run time of 20-40 minutes. These numbers are all general, 

with actual values depending on many factors. 

G.2 Mass Spectrometer (MS)
        Mass spectrometry is a technique for separating ions by their mass-to-charge (m/z) 

ratios. It allows the detection of compounds by separating ions by their unique mass.  A 

mass spectrometer is a device used for mass spectrometry, and produces a mass 

spectrum of a sample to find its composition. This is normally achieved by ionizing the 

sample and separating ions of differing masses and recording their relative abundance 

by measuring intensities of ion flux.  All mass spectrometers consist of three distinct 

regions: 1)  Ionizer   2)  Ion Analyzer   3)  Detector

G.2.1 Ionizer 
        Ionizer is used to product ions. Two potential methods exist for ion production. 

The most frequently used method is electron ionisation (EI) and the occasionally used 

alternative is chemical ionisation (CI).  

        EI is the classic method for MS ionization and was the dominant technique for 

many years. In EI the molecules are volatilized with heat. A electron beam (typically 

70eV) ionize the sample molecules by electron ejection or electron attachment, resulting 

in the loss of one electron. A molecule with one electron missing is called the molecular 

ion and is represented by MP

+.
P (a radical cation). When the resulting peak from this ion is 

seen in a mass spectrum, it gives the molecular weight of the compound. Due to the 

large amount of energy imparted to the molecular ion it usually fragments producing 

further smaller ions with characteristic relative abundances that provide a 'fingerprint' 
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for that molecular structure. This information may be then used to identify compounds 

of interest and help elucidate the structure of unknown components of mixtures.  

        EI has high sensitivity and yields a long-lasting stable ion current. Because of the 

extensive use of EI, standard spectral catalogues are available for comparison and 

identification purposes. The limitations of EI are primarily the requirement that the 

sample be vaporized by heating, thus higher mass and thermally labile compoundas 

may not be amenable to analysis. 

        CI is based on the use of reagent gas at “high” pressure which softly ionizes a 

gaseous sample by proton transfer or charge transfer. In CI, the reagent gas at a pressure 

(about 1 Torr) is subjected to a closed EI source which is of high electron energy (250-

500eV rather than 70 eV in EI). If methane is the reagent gas, 4CH  then encounters a 

neutral gas molecule. Since the methane is at 1 Torr and the sample gas pressure is at 

about 10 P

-5
P-10 P

-6
P Torr, the most likely encounter is another methane molecule. This 

encounter produces a reaction that creates 5CH  ions and 3CH radicals. The primary 

reactant is usually 5CH , which protonates any gas phase sample molecule more basic 

than methane, thus ionize the sample molecule to produce molecular ions. CI is a less 

energetic way of ionizing a molecule hence less fragmentation occurs with CI than with 

EI, hence CI yields less information about the detailed structure of the molecule, but 

does yield the molecular ion; sometimes the molecular ion cannot be detected using EI, 

hence the two methods complement one another. Once ionised a small positive is used 

to repel the ions out of the ionisation chamber. 

G.2.2 Ion Analyzer  
        Molecular ions and fragment ions are accelerated by manipulation of the charged 

particles through the mass spectrometer.   Uncharged molecules and fragments are 

pumped away.  The ion analyzer separates ions according to the mass/charge (m/z) ratio. 

the type of ion analyzer used determines the mass resolution and the dependence of the 

resolution on mass. Several types of ion analyzers are used in MS including, such as  

magnetic sector, quadrupole analyzer, tim-of-flight (TOF), and ion trap 

        The magnetic sector instrument was the basis of MS spectrometry for  many years, 

it is based on the principle that ionize substances moving through a magnetic field do so 

in curved paths. Due to momentum characteristics, heavier substances will curve less 

than lighter ones. Cycling the strength of the magnetic field causes the ions of different 

masses to strike a detector at different times in the cycle. 
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        A quadrupole analyzer is a mass filter that creates a quadrupole electric or negative 

field with a direct current component and a radio-frequency (RF) component in such a 

manner to allow transmission only of ions having a selected mass-to-charge ratio. The 

system consists of four rods which form the parallel sides of a rectangular tube. Th 

erods have charges of the same type opposing each other. A DC voltage superimposed 

on a RF field connected to the quadrupole creates an electric field between the poles. 

Ions of a known mass will pass through this field and are detected. Variation of the field 

allows different ions to be detected. 

G.2.3 Detector 
        There are many types of detectors, but most work by producing an electronic 

signal when struck by an ion.  Timing mechanisms which integrate those signals with 

the scanning voltages allow the instrument to report which m/z strikes the detector.  The 

mass analyzer sorts the ions according to m/z and the detector records the abundance of 

each m/z.  Regular calibration of the m/z scale is necessary to maintain accuracy in the 

instrument.  Calibration is performed by introducing a well known compound into the 

instrument and "tweaking" the circuits so that the compound's molecular ion and 

fragment ions are reported accurately. 

F.3 GC/MS 
        Gas chromatography-mass spectrometry (GC/MS) combines the fine separating 

power of GC with the uniquely powerful detection capabilities of MS. Figure H.1 

shows the sketch drawing of GC/MS. It is able to separate a mixture of compounds and 

identify them accurately leading to an extremely powerful tool particularly when 

dealing with unknown compounds. 

        Once the sample solution is introduced into the GC inlet through the sample 

injector it is vaporized immediately because of the high temperature (250 degrees C) 

and swept onto the column by the carrier gas. The sample flows through the column 

experiencing the normal separation processes. As the various sample components 

emerge from the column opening, they flow into the capillary column interface. This 

device is the connection between the GC column and the MS. Some interfaces are 

separators and concentrate the sample via removal of the helium carrier. The sample 

then enters the ionization chamber. Some of the molecular ions fragment into smaller 

daughter ions and neutral fragments in the ionization chamber. Both positive and 

negative ions are formed but only positively charged species will be detected. The next 
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component is a mass analyzer (filter), which separates the positively charged particles 

according to their mass. After the ions are separated according to their masses, they 

enter a detector and then on to an amplifier to boost the signal. 

Carrier gas

Sample injector

Column oven

A-Interface between GC and MS
B-Ionizer
C-Ion analyzer
D-Detector
E-Vacuum pump

gas

Figure G.1 Schematic of GC/MS 
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