
Department of Science and Technology Institutionen för teknik och naturvetenskap  
Linköping University Linköpings Universitet 
SE-601 74 Norrköping, Sweden 601 74 Norrköping 

Examensarbete 
LITH-ITN-ED-EX--02/17--SE 

 
 

 
 
 

 
Adhesion measurements of 

positive photoresist on sputtered 
aluminium surface 

 
 
 
 

Daniel Tomicic 
 

2002-02-08 



�

�

�

�

�

�

�������	�
�����
�	������

���������������������	����������

���
�	��
��������
�

�
���
�	���������������������	����������	�

������	����	������	�����������������
����������	��
�

�

��������������
�

�

�

�
�����������������������

��������������� ���!����

�

LITH-ITN-ED-EX--02/17--SE

Norrköping den 8/2 2002ng den 8/2 2002



 

  

Rapporttyp 
Report category 
 
       Licentiatavhandling  
   x  Examensarbete 
       C-uppsats 
       D-uppsats     
       Övrig rapport 
 
 
    _ ________________  

Språk 
Language 
 
       Svenska/Swedish 
   x  Engelska/English 
 
 
    _ ________________ 

Titel: Vidhäftningsmätning av positiv fotoresist på sputtrad aluminiumyta.  
Title: Adhesion measurements of positive photoresist on sputtered aluminium surface. 
 
 
 
 
 
 
 
Författare: Daniel Tomicic 
Author: Daniel Tomicic 

Sammanfattning: Rapporten behandlar olika metoder till förbättring av vidhäftningen mellan en aluminiumyta och en positiv fotoresist. Faktorer 
som kan tänkas styra vidhäftningen, olika sätt att mäta vidhäftning samt ytbehandlings-metoder har undersökts. Alla tester är gjorda i ett renrum 
av klass 1000. Fotoresisten som användes var MICROPOSIT S1818 SP16 som är en positiv resist tillverkad av Shipley. 
För att en yta ska generara tillräcklig vidhäftningsförmåga måste någon form av ytbehandling utföras. Idag används våt-kemisk behandling av 
aluminiumytan hos Strand Interconnect AB. Tre behandlingsmetoder tas upp i den här rapporten: syreplasma, våt-kemisk och primer. Vid 
behandling med syreplasma hölls temperatur, gasmängd och tryck konstanta medans effekt och tid ändrades. Vidhäftingen mättes med 
kontaktvinkelmetoden genom att droppa 50μl destilerat vatten på den sputtrade aluminiumytan. Sedan användes undercutmetoden för att verifiera 
resultatet från föregående mätmetod. Undercutmetoden mäter etsvätskan inverkan på interfacet mellan resisten och aluminiumytan. Lägsta 
vinkeln genererades med 200W syreplasma i 30s. Vinkeln var 2.99 grader som ska jämföras med 6.34 grader generad av metoden som används 
idag på Strand, våt-kemisk behandling. Syreplasma genererade även den lägsta undercut vilket korrelerar väl med kontaktvinkelmetoden. 
Resultatet av undercut på en 25μm bred ledare blev 1.41μm vilket är samma som en undercut konstant (ku) på 1410. Den våtkemiska 
behandlingen resulterade i en undercut på 1.60μm vilket är ekvivalent med ett ku på 1233. Liknande resultat erhölls för en 15μm bred ledare. 
 
Abstract This thesis deals with different methods to improve the adhesion between sputtered aluminium and positive photoresist. Factors 
controlling the adhesion and different ways to measure the adhesion have been investigated. Different surface treatments prior to resist disposition 
have been investigated as well. The investigated surface treatments and adhesion measurements are compatible with the available equipment and 
the existing process cycle at Strand Interconnect AB. All tests were made in class 1000 clean room. All tests in this thesis were performed with 
MICROPOSIT S1818 SP16, which is a commercial and commonly used positive resist manufactured by Shipley. 
To provide sufficient adhesion on the aluminium surface some kind of surface treatment must be used. Today a wet chemical treatment is used at 
Strand Interconnect. In this report methods to modify the surface properties and to measure the adhesion have been investigated. The three 
methods to modify the aluminium surface were oxygen plasma, wet chemicals and primers and were used in this thesis. The RF power and time 
duration of the oxygen plasma were varied, while the temperature, gas flow and pressure were fixed. The adhesion was determined indirectly from 
measuring contact angles of 50 μl DI water droplets on sputtered aluminium in the wettability test as well as directly from the undercut caused by 
the etch fluid at the interface between the photoresist and the aluminium surface. An oxygen plasma with 200 W power for 30 s resulted in the 
lowest measured contact angle, which means that the resist adheres well on the surface. The angle was 2.99 degrees compared to 6.34 degrees for 
the wet chemical treatment used today. The same treatment also resulted in the lowest undercut, which correlates well with the result from the 
contact angle measurements. The measured undercut for a 25 μm wide conductor was 1.41 μm, corresponding to an undercutting constant (ku) of 
1410. The wet chemical surface treatment used today resulted in an undercut of 1.60 μm, equivalent to a ku of 1233. Similar results were obtained 
for a 15 μm wide conductor. 
 

ISBN 
_____________________________________________________ 
ISRN  LITH-ITN-ED-EX--02/17--SE 
_________________________________________________________________ 
Serietitel och serienummer             ISSN 
Title of series, numbering                   ___________________________________ 

Nyckelord: Vidhäftning, aluminiumyta, fotoresist, kontaktvinkel, undercut, plasma 
Keyword: Adhesion, aluminium surface, photoresist, contact angle, undercut 

Datum 
Date 
 
 
2002-02-08 

URL för elektronisk version 

Avdelning, Institution 
Division, Department 
 
Institutionen för teknik och naturvetenskap 
 
Department of Science and Technology 

www.ep.liu.se/exjobb/itn/2001/ed/017/



 I 

Abstract 
This thesis deals with different methods to improve the adhesion between sputtered 
aluminium and positive photoresist. Factors controlling the adhesion and different ways to 
measure the adhesion have been investigated. Different surface treatments prior to resist 
disposition have been investigated as well. The investigated surface treatments and adhesion 
measurements are compatible with the available equipment and the existing process cycle at 
Strand Interconnect AB. All tests were made in class 1000 clean room. All tests in this thesis 
were performed with MICROPOSIT S1818 SP16, which is a commercial and commonly used 
positive resist manufactured by Shipley. 
 
To provide sufficient adhesion on the aluminium surface some kind of surface treatment must 
be used. Today a wet chemical treatment is used at Strand Interconnect. In this report methods 
to modify the surface properties and to measure the adhesion have been investigated. These 
three methods to modify the aluminium surface were oxygen plasma, wet chemicals and 
primers and were used in the tests in this thesis. The RF power and time duration of the 
oxygen plasma were varied, while the temperature, gas flow and pressure were fixed. The 
adhesion was determined indirectly from measuring contact angles of 50 μl DI water droplets 
on sputtered aluminium in the wettability test as well as directly from the undercut caused by 
the etch fluid at the interface between the photoresist and the aluminium surface.  
 
An oxygen plasma with 200 W power for 30 s resulted in the lowest measured contact angle, 
which means that the resist adheres well on the surface. The angle was 2.99 degrees compared 
to 6.34 degrees for the wet chemical treatment used today. The same treatment also resulted 
in the lowest undercut, which correlates well with the result from the contact angle 
measurements. The measured undercut for a 25 μm wide conductor was 1.41 μm, 
corresponding to an undercutting constant (ku) of 1410. The wet chemical surface treatment 
used today resulted in an undercut of 1.60 μm, equivalent to a ku of 1233. Similar results were 
obtained for a 15 μm wide conductor. The height of the sputtered aluminium during the tests 
was 3 μm.  
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1 Introduction 
A general problem when manufacturing products coated with a thin film of some kind is the 
adhesion between different materials. As the integration density of electronic microchip has 
increased, the problem of adhesion of photoresist patterns has arisen [1]. Photoresist is the 
most common used material for masking in high resolution thin film patterning and is an 
organic polymer whose solubility in certain solvents changes drastically as a result of 
exposure to UV light [1,2]. Various studies on the collapse of patterns due to lack of adhesion 
have been reported in earlier literature. This phenomenon has not been investigated for many 
years, but has lately emerged as an important issue in manufacturing [1]. In this study we will 
look at the adhesion between sputtered aluminium and photoresist manufactured by Shipley. 
 
When two solids with plane surfaces are brought together they make contact, on the 
molecular scale, only at rare points at their common interface. Mostly there is air between 
them. The introduction of a liquid to displace the air can create a situation in which real 
contact is made throughout the interface, not between solid and solid but between solid and 
liquid. If this liquid can solidify, the desired state of solid to solid contact is achieved although 
the solid to solid contains a plane of chemically different substance. This material used to 
bring about the change from occasional touch to intimate contact is called an adhesive [3]. A 
photoresist works as described above and is thus an adhesive. 
 
There exist many methods to study the adhesion between different materials. To know what 
method to choose depends on the application and the purpose of the study and what factors of 
interest influencing the adhesion. Even though some methods are more sophisticated than 
others they may not give more correct results concerning the adhesion. Adhesion tests that 
simulate real conditions can be at least as correct as more sophisticated tests. It is common to 
use more than one method to get the best knowledge regarding the adhesion. It is customary 
to use one method that gives information about the surface structure and one to measure the 
adhesion strength quantitatively [3].  
 
To enhance the adhesion between two surfaces, methods to alter the surface structure are 
often used. Two methods concerning surface modification are more used than others, 
electrical discharge also known as plasma treatment, and wet chemical treatment. Plasma 
surface treatment is the most common used surface treatment in thin film production [4].  
 
The aim of this study is to investigate what methods there exist to measure the adhesion 
between two surfaces and what parameters control the adhesion. The methods used for 
experimental evaluation should be chosen considering available equipment and material 
used in the production at Strand Interconnect AB. The parameters and variables should 
be chosen in a way that it is possible to alter them with ease and not demanding any new 
equipment. Methods for possible surface treatments should also be investigated. If 
possible the settings for the different parameters and variables should be specified.  
 
The thesis contains a literature study concerning factors influencing the adhesion, the 
composition of photoresist and commonly used measurement techniques. Two measurement 
techniques from the study together with trial planning have been used in the experimental 
work.  
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2 Thin film processing 
In this thesis different processes in thin film manufacturing are described and the section 
below shortly explains the workflow for pattering of a surface.  
 
Sputtering is a process for depositing material on a substrate. It takes place in vacuum and is a 
physical process. Inside the vacuum chamber there is a solid plate, called a target, which 
consists of the desired thin film material to be deposited. The target is electrically grounded. 
A gas, e.g. Argon, is introduced into the chamber and is ionised to a positive charge. The 
positively charged atoms are attracted to the grounded target and accelerate towards it. During 
acceleration they gain momentum and striking the target causes its atoms to scatter. This is 
sputtering [1]. 
 
When a substrate is being coated by sputtering the material from the target covers the whole 
surface area. That is why masking of the substrate is needed to create a certain pattern. In thin 
film manufacturing some kind of liquid photoresist, see section 4, is often used and is 
deposited by spinning. The spinning process is done in a spin coater. The photoresist is 
deposited in the center of the wafer forming a puddle. When the right amount of resist is put 
on the wafer the wafer is accelerated to a predetermined speed. The spin is typically  
1000-6000 revolutions per minute (rpm). During the acceleration centrifugal forces spread the 
resist leaving a thin uniform layer on the wafer. Although the acceleration is important, the 
spin speed and time are the most important factors influencing the final thickness. The resist 
is baked in a furnace to evaporate the solvent and the pattern in the resist is created by 
exposure of the resist through a glass plate with the desired pattern [2].  
 
The photoresist is then developed, leaving the sputtered material to be removed uncoated and 
ready to be etched by a suitable process. The remaining resist is then stripped of. Developing, 
etching and stripping can be done is an aqueous solution, determined by the substrate and thin 
film being used or with the help of a gas to create a chemical reaction. In thin film 
manufacturing processing can be done wafer by wafer or by processing of several wafers at 
the same time [2].   
 
The substrate now has the desired pattern in the desired thin film material.  
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3 Coating to surface interactions 
The durability of a relative fragile film is mainly dependent on the adhesion between the film 
and the substrate. Adhesion is related to the nature and the strength of the binding forces at 
the interfaces between the two materials in contact with each other. To study thin film 
adhesion therefore involves both fundamental and practical work. The adhesion between 
photoresist and a surface of some sort on a wafer is essentially determined by different kinds 
of chemical bonds. A chemical bond is a force that bind atoms together tightly within the 
molecules and is a covalent force [5-8].  
 
The adhesion between the surface and the photoresist is dependent of different interactions. 
The interactions can be divided in two major parts consisting of different type of bonds, 
dispersion and polar bonds. The dispersion-type, also called London interaction, is an 
intermolecular bond formed due to van der Waals force, see section 3.1. It is created between 
otherwise neutral atoms due to the constant motion of electrons in surrounding orbits. The 
overall energy of interaction due to the van der Waals force depends upon the polarisability of 
the involved molecules and the energy of oscillation of the atom surrounded by electrons  
[5-8].  
 
Polar bonds are divided into two parts, dipole moment and hydrogen bonds. The hydrogen 
bond (H-bond) gives the largest contribution to the adhesion. A H-bond is an intermolecular 
attraction in which a hydrogen atom (H) is covalently bonded to an electronegative atom such 
as an oxygen atom (O). The binding energy of an H-bond is higher than that of dispersion 
bond due to the small size of the hydrogen atom (r ~ 0.03 nm) that leads to strong Coulombic 
force. The H-bond plays an important role in room temperature reactions such as absorption 
of silane solutions on oxidised metal surface [7, 8].  

3.1 Van der Waals forces 
A random fluctuation in the charge distribution of one atom may result in a temporary dipole 
moment and an electric field. An electric dipole is the arrangement of a pair of equal and 
opposite charges separated by some distance. This field induces a dipole moment in an atom 
nearby, see figure 1. The second atom therefore experiences a force directed towards the first 
atom. The force of interaction varies, thus the nonuniformity of the fields due to these dipoles 
results in a net attractive force between the uncharged atoms. This is the van der Waals force. 
The van der Waals force is a weak form of bonding. This bond is derived from the interaction 
between induced dipoles in neutral atoms [9].  
 

 
Figure 1. The field due to one dipole (1) can induce a dipole in a nearby atom or molecule (2). The result is 

an attractive force between them [9]. 

(1) 

(2) 
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4 Photoresist 
A photoresist is basically an organic polymer whose solubility in certain solvents changes 
drastically as a result of exposure to ultra violet (UV) radiation [1]. Photoresist is the most 
used masking material when patterning a metal surface and is in itself an adhesive. All the 
different processes such as exposure and etching are fine-tuned to suit the applied photoresist 
and the desired results [2,10].  

4.1 Ingredients of photoresist 
Photoresists are tuned to respond to specific wavelengths of light and different exposing 
sources. There are four basic ingredients in photoresists: polymers, solvents, sensitises and 
additives [2].  
 

• Polymers: Photoresist has photosensitive properties, caused by light and energy- 
sensitive polymers. Polymers are a large group of molecules containing carbon, hydrogen 
and oxygen that are formed into a repeated pattern. There exist two kinds of resist: 
negative and positive. In a negative resist the polymers change from un-polymerised to 
polymerised after exposure to a light source and vice versa for a positive resist [2]. 
Negative photoresists become less soluble in the developing solution in the areas 
irradiated, thus producing a negative image of the original pattern, see figure 2B. Positive 
photoresists become more soluble in the developing solution in areas irradiated, thus 
producing a positive image of the original pattern, see figure 2C [1]. Physically the 
polymers form a cross-linked material that is etch-resistant [2]. Negative resists are 
generally tougher than positive resists and can usually withstand more rigorous etching 
processes [1].  

 
Exposure is carried out by placing a glass plate with the desired pattern in a solid material, 
such as photographic emulsion or chromium, and irradiating through the glass plate with 
the desired wavelength, often UV-light. See figure 2A [1].  
 

 

      
  
 (A) (B) (C) 
Figure 2. Image transfer through a glass plate (A) and the resulting image on a negative (B) and positive 

photoresist (C) [1]. 

  
• Solvents: The largest ingredient by volume in the photoresist is a solvent. This 
ingredient turns the resist into a liquid and allows it to be applied to a wafer surface by 
spin coating or spinning [2].  

 
• Sensitises: Chemical sensitises are added to the resist to cause or control certain 
reactions of the polymer. One reaction can be to either broaden or narrow the light 
response in to a specific wavelength range [2].  
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• Additives: Various additives are mixed in the resist to achieve particular results such 
as mix dye in the resist to achieve better resolution on highly reflective surfaces [2].   

 
Standing waves are a problem that occurs with optical exposure and positive resists on highly 
reflective surfaces. An ideal exposure situation is when the radiation waves are directed to the 
wafer surface at 90˚. As the radiation wave reflects off the surface and travels back up through 
the resist, it interferes constructively and destructively of varying energy depending on the 
energy used during exposure but mostly on how reflective the surface is. The result after 
development is a rippled sidewall and loss of resolution. A number of solutions are used to 
moderate standing waves, including dye in the resist and separate antireflective coatings 
directly on the wafer surface. One technique for minimizing the effect of standing waves is to 
bake the wafer after exposure, post exposure bake (PEB), before development of the resist [2].  
 
Baking can be done at different temperatures and time domains. The main task for the baking 
steps is to evaporate the solvent in the resist and to harden it. The first bake process is called 
softbake and is performed after spin coating and before exposure. Softbake is done to 
evaporate the solvent so the resist assumes a firm state. This is important since a correct 
viscosity and mixture is essential for the photoresist to adapt well with the subsequent process 
steps like exposure and developing of the resist pattern. If the softbake step is wrongly 
adjusted the result can be an error in the conductor width or bad developed resist pattern. 
Hardbake is the second heat process and the goal is to achieve improvement in adhesion of 
the resist to the wafer surface. The adhesion is improved by dehydration and polymerisation 
of the resist. Hardbake is done just prior to the etch step [2,10,11].  

4.2 Photoresist failure 
Adhesion depends on many different factors arising during the process steps. To control the 
adhesion, knowledge regarding the physics of the wafer surface such as the surface free 
energy and surface roughness must be obtained [7]. The elasticity of the photoresist film and 
the matching of inner stress between photoresist and substrate are important especially during 
the exposure process. When the photoresist is being exposed the photoactive compound 
(PAC) concentration in the photoresist generates nitrogen gas. If the generated amount of gas 
is larger than the release of gas, blisters will form. After the illumination to UV light the 
excess nitrogen gas pushes the resist away from the wafer surface. This peel formation is 
mainly caused by three factors: low adhesion energy of the photoresist to metal, strain energy 
of the photoresist generated from the nitrogen gas and transfer of irradiation energy by UV 
light to the photoresist film [12].  
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Sometimes photoresist/metal adhesion failure occurs over a large area of the interface. A 
portion of photoresist coating may be lifted completely from the surface. It may peel up either 
from the edges only or peel over the whole surface. These problems are usually due to 
different stress build-up in the layers between the metal to be patterned and photoresist 
because they have different thermal expansion coefficient. If stresses are build-up peeling or 
lifting can occur. These problems can be minimized by using a photoresist either with a 
similar coefficient of thermal expansion as the metal or with sufficient elasticity to conform 
more easily to the metal [1].   
 
If the etchant attacks the interface between the resist and the metal, the top edge of the 
patterned film can become sloped. This phenomenon is called undercutting, see figure 3. It is 
a common occurrence because chemical bonds of most photoresist and metal films are not 
sufficient. They relay on the van der Waals forces and H-bonds for interfacial adhesion, see 
section 3. These forces are strong enough to give adequate bond strength under ordinary 
conditions but species in the etching solutions also tend to form van der Waals bonds to the 
photoresist and substrate film surfaces. In some cases these interactions can be stronger than 
the photoresist-to-metal film bond, thus causing adhesion problem at the edges of the pattern. 
The etch resistance is increased by using primer, see section 5.1.3, because components in the 
etch fluid are then less attracted to the interface between substrate and photoresist, even 
though the van der Waals forces and hydrogen bonds in the interface may be smaller than 
without adhesion primer. It is desirable to create a small delineated pattern when etching a 
metal because it is easier to coat a sloped edge than a sharp edge when processing further, see 
figure 3 [1].  
 
 
 

 
Figure 3. Cross-section of a metal conductor on a surface. A small delineated pattern under the 

photoresist is desirable to attain better processing [1]. 

 
The prime requirement on the photoresist is to attain sufficient adhesion to the metal during 
etching or any other process [1,2].  
 
 

Delineated pattern 

Photoresist Undercut 
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5 Photoresist adhesion improvement 
Most, if not all, adherent surfaces require at least a minimum of cleaning before application of 
an adhesive. A clean surface is free from contaminations and particles. All metals usually 
require special treatment not just to clean the surface but also to ensure that the surface is 
suitable for the adhesive [3]. 

5.1 Surface altering 
An important objective of any surface treatment is to remove surface contaminations and to 
provide intimate contact between the two interacting materials on a molecular scale. Energies 
of molecular interactions across an interface decrease drastically with increasing inter-
molecular distance [4]. Several methods have been developed to improve adhesion between 
two surfaces and other important aspects regarding adhesion such as wettability, see section 
6.6 [13]. 
 
Oxide surfaces are found on all metals, precious metals excluded, and are surfaces of higher 
free energy than the metals themselves. Surfaces with high free energy are better to adhere 
liquids and contaminations resulting in a lowering of the surface free energy. If the surface 
area of a liquid is increased, more molecules are at the surface and work must be done to keep 
the molecules together. A surface therefore has an excess energy relative to the interior of the 
liquid. This energy is the surface free energy. The surface free energy can be determined by 
measuring the contact angle (see section 6.6) of the surface. A small contact angle indicates a 
high surface free energy thus produces better adhesion [3].  
 
Native oxide layers are irregular in thickness, composition and crystal structure. The purpose 
of most surface treatment is to remove the existing oxide layer and to replace it with one 
formed under carefully controlled conditions so that structure and thickness are those which 
experience has shown desirable. The composition of the surface is important to take in 
consideration when surface treatments are to be recommended [3].  
 
Hydrocarbon contamination that forms on the substrate surface may cause a decrease in the 
adhesion strength between the photoresist and surface. In order to remove such 
contamination, low pressure plasma treatment (see section 5.1.2) or wet chemical treatment 
(see section 5.1.1) can bee used [3,4].  

5.1.1 Wet-chemical treatment 
Wet-chemical treatment can be compared with light etching and is done in an aqueous 
solution suitable for the material to be cleaned, followed by a rinse and drying step. The 
wafers are immerged in the solution for a fixed period of time. When the surface comes in 
contact with the solution material is being removed. This can cause air bubbles that can get 
stuck on the surface thus resulting in partitions of the surface not being treated. If this happens 
uniformity problems occurs. To minimize the effect of the air bubbles the solution can be 
agitated which means that the solution is in continuous movement. This process keeps the 
surface free from air bubbles and the uniformity can be improved. The treatment removes 
undesired surface oxides and makes it easier for the adhesive to penetrate pits and holes by 
removing sharp edges [3].  
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5.1.2 Plasma treatment 
A plasma consists of positively charged particles and negatively charged electrons existing at 
almost the same electrical density. Plasma is overall electrically neutral and it was named 
plasma by the scientist Langmuir in 1928. The easiest way to obtain a plasma state is to 
induce an electrical discharge in some kind of gas [4,13,14].  
 
Plasma equipment mostly consists of 6 modules: pumping system, reactor chamber, gas 
supply, power supply and monitor, matching network, process logic. See figure 4. 
 

 
Figure 4. Modules in plasma equipment. 

The wafers are loaded in to the reactor chamber and the pressure inside is reduced to a preset 
vacuum pressure by the pumping system. After the preset pressure is established the gas 
supply fills the chamber with the desired gas mixture. For treatment of aluminium the gas is 
usually oxygen. The power supply generates a radio frequency (RF) field through electrodes 
in the chamber. The field energises the gas to a plasma state with a predetermined power. 
When the chamber is filled with the reactive gas and pumped down to the preset pressure the 
power is put on. The surface is now being bombarded with ions from the reactive gas 
removing the surface atoms, as seen in figure 5 [2].  
 

 

Figure 5. The reactor chamber is filled with reactive gas and the RF power is put on, thus the wafer 
surface is being bombarded with ions. These ions remove the non-desired surface atoms [1]. 
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Plasma is the most commonly used surface treatment in semiconductor industry. The most 
used technique for low temperature plasma is glow discharges at low pressure. The reason is 
that the mean free path of gas molecules is longer in vacuum and a greater distance between 
electrodes and the sample can be used. The mean free path is the distance a gas atom or 
molecule can travel before collision with another particle. Plasma is done with reduced gas 
pressure as described above. The range of the pressure is normally 101.0 ≤≤ P mbar near 
ambient temperature. There exist three categories of plasma treatment concerning material 
processing [4].  
1. Plasma etching: Like wet etching, a chemical process is carried out but it uses gases, such 

as tetra flour methane (CF4), and the plasma energy to cause the chemical reaction for 
removal of material from the surface being treated [2]. 

2. Surface modification: specific properties such as adhesion can be altered here and it 
involves little or no removal of material from the surface. The bond strength to polymers 
can be improved with great effect using plasma. Measuring of the contact angle (see 
section 6.6) is a good way to estimate the improved adhesion [4,13].  

3. Deposition of thin films: plasma-chemical reaction of one kind or more gives rise to a 
solid reaction product usually being an oxide or nitride of some kind depending on the 
reactive gas and surface material [4,13].  

 
To ensure a high quality plasma process a number of parameters must be controlled with care. 
The most important parameters an operator of a modern plasma system must select and 
control are [4]: 

• The reactive gas and gas mixture. 
• Process pressure and flow rate. 
• The discharge power. 

5.1.3 Surface primers 
As with painting so with adhesives, some surfaces require priming, tie coat or under-layer 
before the principal adhesive is applied. Surface primers are frequently recommended for 
many reasons when photoresist or any other adhesive coats metals. A newly prepared surface 
has a high free energy. The immediate coating of such a surface with a primer protects the 
surface from damage, moisture and contamination. The surface with high free energy is 
exchanged with one of moderate surface energy but highly compatible with the adhesive to be 
used and not so easily contaminated. By applying an adhesive in solution, the problem of 
intimate wetting and penetration into the complexities of a roughened surface is bypassed. 
Where the adhesive itself would not be absorbed, a reactive primer can act as a chemical tie 
between the metal surface and the adhesive giving a more durable bond during etching [3].  
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6 Adhesion measurement 
Simple attempts to measure adhesion can use either the “scotch tape” method by Strong, or 
some method of abrasion testing. The tape method uses an adhesive tape to lift the film off the 
substrate. This method gives only qualitative results and no numerical results. Abrasion 
testing gives results that depend on both the hardness and the adhesion of the films and are 
affected by the burnishing action of the abrasive head. A direct measure of adhesion may be 
obtained by applying a force normal to the interface between film and metal, see figure 6. The 
techniques to apply the forces give inconsistent results of the adhesion due to the interface 
morphology [5,7].  

 
Figure 6. A force F is applied at the interface between photoresist and metal 

In this chapter a number of available tests are described. The most suitable method to use 
depends on what adhesion parameters to measure, film- and substrate materials used and 
application. The methods used in this thesis are contact angle measurement and undercut test. 
The prime reason is availability of equipment but also the possibility to conduct tests during 
production. 

6.1 Scratch test 
The scratch test uses a smoothly rounded point, which is drawn across the surface of the film, 
see figure 7. A vertical load is applied to the point and is gradually increased until a critical 
value is reached. When the critical value is reached the film is stripped from the substrate 
leaving a clear channel [7]. The critical value is taken as a measure of the adhesion of the 
film. The stripping of the film can be observed in a microscope. For dielectric films on a 
metal surface an electrical contact between the stylus and the metallic substrate may be 
conveniently used to indicate the occurrence of stripping [3].  

 
Figure 7. In a scratch test a smoothly rounded point is drawn across the surface of the film. The critical 

load when film delamination begins is measured [7]. 
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If  W is the critical load on the point of radius r, F the shearing force per unit area due to the 
deformation of the surface, a the radius of the circle of contact, and P the indentation hardness 
of the substrate material the shearing force F would be [5,7]:  
 

 
22 ar

aPF
−

=       (1)   

 
where a  is calculated as  PWa π= . 
 
This sheared force is a direct measure of adhesion.  

6.2 Peel test 
A typical peel test is when the peel force P is measured while a strip of film, a few mm wide, 
is peeled of at slow uniform speed, see figure 8. The test can be done by hand but is best done 
in an automatic test machine. In practice, this test is often implemented by coating the thin 
film of interest with a stripe of metal some 10 µm thick using a simple deposition mask. The 
test is quantitatively understood and reproducible, but practical problems may arise in 
obtaining reliable adhesion between the metal strip and the resist when measuring the 
adhesion between the substrate and the photoresist. The metal strip must have better adhesion 
to the photoresist than the photoresist to the under-laying material. That is why some users of 
this test claims that it is a qualitative test [7].  
 

 

Figure 8. In a peel test the photoresist is removed from the substrate by applying the peel force P [7]. 
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6.3 Pin Pull test 
The pin pull test is commonly used when controlling processes with large problems in 
reproducibility. A metal pin is glued to the test surface and a force is applied in the direction 
normal to the test surface, see figure 9. The force is increased to a critical value detaching the 
film from the substrate. The adhesion is then the quantity AF  where A  is the contact area of 
the pin. It is not realistic to assume that the interface fracture takes place at all points of the 
pin at the same time. That is why the division with the contact area seems questionable and 
the test can only be regarded as a qualitative test. If only the force F is used when measuring 
adhesion, the test can be quantitative [7].   

 
Figure 9. The pin pull test is conducted by applying a force F to the glued pin and increased until the resist 

cracks [7]. 

6.4 Blister test 
The adhesion of thin films to substrates can be quantified using the “blister test”, which 
measures the crack extension force (G) required to propagate a crack along the film/substrate 
interface. [15] 
 
Pumping fluid into the cavity below the film pressurises a freestanding window of a thin film, 
bonded to its substrate at the window edges, see figure 10. As pressure (P) increases, the film 
will either break or start to de-bond from the substrate, forming a circular “blister” which 
grows outward. The energy used to de-bond the film per unit area (the critical crack extension 
force GC) can be determined from the applied pressure and the height of the blister. The 
amount of work performed by the pressurising liquid during the growth is greater than the 
increase in the film’s strain energy. The difference between these two is the crack extension 
force (G), thus the amount of energy necessary to propagate the interface crack. The force G 
is a quantitative measure of the adhesion [15]. 
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Figure 10. In a blister test fluid is pumped into the cavity below the film and pressurises a freestanding 

window of a thin film bonded to its substrate at the window edges [7]. 

The “blister equation” is: 
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With equation 2 the crack extension can be calculate at any point in a blister test [15].  

6.5 Indentation de-bonding test 
De-bonding test is conducted with an indenter, a small conical pointed tip, that is pressed into 
the thin film normal to the surface with a known force. The thin film will separate from the 
substrate when the stress exceeds the bond strength between the thin film and substrate, see 
figure 12. The de-bonding phenomenon is observed by the appearance of Newton’s rings 
[16,17], see figure 11.  

 
 
 (A) (B) 
Figure 11.  In an indentation de-bonding test the light interference can be seen as Newton’s rings. (A) 

shows circular Newton’s rings caused by the indenter. (B) shows an example of non-circular 
Newton’s rings [18].  
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Newton’s rings originate from interference of light that is reflected from the de-bonded film 
and the metal surface. Analysis of the de-bonded film is based on two observations, the thin 
ring-shaped area confined by the crater of the indentation, distance (a) above, and the edge of 
the de-bonded area, distance (b) above [16-18]. 

 
 (A) (B) (C) 
Figure 12. The indenter is pressed against the thin film from the normal direction (A). As the force P 

increase, the indenter penetrates the substrate underneath (B).  The stress forces the thin film 
to leave the substrate surface (C). The distances a and b are the parameters measured in the 
test [18]. 

The film departs form the crater made by the indenter at radius ar =  and it rejoins with the 
substrate at radius .br =  The pressure applied to the indenter and the shape of the indenter 
can cause no further separation beyond .br >  Most often circular Newton’s rings appear but 
if there exist a dissimilarity in adhesion, non-circular Newton’s rings may be observed. If this 
occurs, the mean radius of br =  must be calculated and used when calculating the bond 
strength [16,17].  
 
By using the polar symmetrical linear plate theory the bond strength cσ  can be calculated. 
The derivation of the expression is given in references [16-18]. The bond strength is 
expressed as 
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where v  is Poisson’s ratio and E  is Young’s elastic modulus of the thin film, h is the 
thickness of the thin film, Θ is the slope at the inner edge of the de-bonded film.  

φπ −=Θ 2   , whereφ  is the half cone angle of the indenter as seen in figure 13. The 
parameter x is the ratio of ba where a is the indentation crater radius and b the radius of the 
de-bonded area. Poissons ratio is the ratio of contractile lateral strain to the tensile axial strain. 
Most common materials possess a positive value for Poissons ratio. This means that when 
they are subject to a tensile loading, their dimension will increase in the direction parallel to 
the load, but decrease in the direction perpendicular to the load [16-18]. 



 15 

Φ
Θ

Φ
Θ

 
Figure 13. Angles used in the calculation of the bond strength. Θ is the slope at the inner edge of the 

 de-bonded film, φ  is the half cone angle of the indenter [18]. 

6.6 Contact Angle measurement 
Contact angle measurement is a wettability test and it indicates how well the surface adheres a 
liquid. When a drop of liquid is placed on the surface of a solid it forms a droplet. The shape 
of the droplet reflects the interaction between the liquid and the solid. When contact between 
liquid and surface is achieved the liquid forms a circle and the drop transforms from nearly a 
sphere to a cap of a sphere [3], see figure 14.  
 
Some liquids spread from a drop to the state where the surface of the liquid becomes planar 
on a planar surface. The contact angle is zero and the liquid is said to perfectly wet the solid. 
When wetting is less than perfect it may be measured by the cosine of the contact angle. The 
angle is measured by a goniometer [3]. 
 
 

 
Figure 14. Vertical section of a liquid on a solid surface explaining the three interactions: vapour, liquid 

and solid [3]. 

The contact angle is a function of the balance between three attractions: vapour, liquid and 
solid as seen in figure 14 [3].  
 
The work of adhesion, WA, of a liquid to a solid surface is defined in terms of surface free 
energies by the Dupré equation [19,20]. 
 
 SllSAW γγγ −+=  (4) 
 
where lS γγ ,  is the surface free energy of solid and liquid against their saturated vapor.  

Slγ  is the surface free energy of the interface between solid and liquid.  
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By applying the formula derived by Owens [19,20]: 
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SlSl γγγ += , dγ is the surface free energy due to the dispersion interaction, see 
section 3. hγ is the surface free energy due to the polar interaction induced by dipole moments 
and hydrogen bonds [19,20]. The work of adhesion can then be written as: 
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The four parameters: d
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l

h
S γγ , are determined by measuring the contact angles 

between the substrate and liquid [19].  
 
Because of the difficulty in determine the surface free energy of a solid, it is customary to 
eliminate this term by using the Young’s equation. Equation 7 connects surface tension and 
the contact angle of the liquid on a solid [3,19].  
 
 The contact angle is related to the surface tension by Young’s equation [19]: 
 
 SllS γθγγ += cos  (7) 
 
where θ  is the contact angle between solid and liquid [19].  
 
Another method to determine the contact angle is measuring the diameter of a droplet put on a 
surface. The test can be carried out if the following approximation is made: the shape of a 
drop on a flat surface is that of a truncated sphere, which have been verified by many tests 
[20]. The volume of a truncated sphere [21] is 
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where a is the radius of the drop and h  is the height of the truncated sphere which can be 
described as 
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where θ  is the desired contact angle. Substitution of equation 9 in 8 gives 
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and using trigonometric formulas [21] equation 10 can be described as 
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Using a mathematical program the angles for different radius can be calculated [20]. 

6.7 Undercut test 
The undercut test differs from other methods because it simulates real conditions. The 
undercut method measures how much the etchant attacks the photoresist. The etchant 
normally dissolves the metal that is not masked by the photoresist. If the etchant breaks down 
the adhesive bonds holding the resist to the metal then newly exposed areas of metal reacts 
with the etch fluid [6]. This can be seen in figure 15.  
 

 

 
Figure 15. Etchant undercutting at interface between photoresist and metal [6]. 

The rates of undercutting can be measured rather easily by observing the etched metal by an 
optical microscope [6]. 
 
 

 
Figure 16. A conductor in cross-section after Al etch and photoresist strip. The part where the resist is 

undercut is calculated by (A-B)/2 which is the X parameter in equation 12.  

Since the slopes of the etched oxide areas are not linear, see figure 16, a simple first-order 
dependence of undercutting rate on time cannot be hypothesized.  
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The following logarithmic equation fits the undercutting rate, 
 

 ( )tx
ku 1ln

1
+

=  (12) 

   
 where 

=uk Undercutting constant  
t  = Etch time 

=x Lateral distance undercut to a chosen spot on pattern 
 
A small value for undercutting constant, uk , correspond to insufficient adhesion between 
photoresist and metal [6].  
 
It is important to emphasize that the results of the undercutting test may not correlate well 
with actual adhesion bond strengths between photoresist and metal as would be measured in 
more sophisticated test. Resistance to etchant undercutting involves factors such as chemical 
reactivity and hydrophobicity, which are probably unrelated or related in a different manner to 
classical adhesion strength, however since the test simulates real conditions the adhesion 
measured in this test is more likely to be a useful parameter when processing with photoresist 
to metal than a true adhesion strength measurement [6]. 
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7 Quality improvement methods 

7.1 Ishakawa diagram 
When working with a project or manufacturing a product there always exist quality problems. 
It can be that the project group is not functioning together or some problem with the product 
during manufacturing.  The first and often the most difficult task is to find what causes the 
quality problem. When utilising a team approach to problem solving, there are often many 
opinions to the problems root cause. One way to capture these different ideas and stimulate 
the teams brainstorming on root causes is the cause and effect diagram, commonly called a 
fishbone or Ishakawa diagram. The fishbone will help to visually display the many potential 
causes for a specific problem or effect. It is particularly useful for situations in which little 
quantitative data is available for analysis. Causes are arranged according to their level of 
importance or detail, resulting in a depiction of relationships and hierarchy of events, see 
figure 17. This can help when searching for root causes, identifying areas where there may be 
problems, and compare the relative importance of different causes [22]. The cause and effect 
diagram below shows an example of the different ideas when an adhesion problem related to 
photoresist coated on an aluminium surface.   

 
 
Figure 18. Causes in the Ishakawa diagram are arranged according to their level of importance. This 

diagram shows the different ideas when an adhesion problem in thin film manufacturing is to 
be solved. [22].    

Aluminum 

Purity 

Composition Surface treatment 

Adhesion 

Bake 

Time 

Temperature 

Exposure 

Wavelength 

Time 

Etching 

Time 

Primer 

Etch fluid 

Ph 

Fluid composition 

Photoresist 

Storage 

Equipment 

Coating 

Resist thickness 

Spinn time  
Figure 17 

 

Spinn speed 

Intencity 



 20 

7.2 Trial planning 
To increase the knowledge about the product and the manufacturing processes performing of 
constant experimental work are needed. If an experiment is well planed it can give valuable 
knowledge on how the different parameters should be set to produce a product that has a high 
quality. With a full-scale trial all the interplays between the parameters are taken into 
consideration. Each parameter, Fn, is debited a low and a high value, which are the extreme 
values for the different parameters [22]. This can bee seen in table 1. 
 

Table 1. High and low values of parameters 
Scale Symbol Fn 
Low - -Fn 
High + +Fn 

 
The test matrix is set up with regards to these extreme values and the signs for each interplay 
is calculated. Table 2 is a matrix where a test with three parameters is being carried out. X is 
the parameter to be measured [22]. 
 

Table 2. Example of a test matrix using three parameters 

Parameters and interplay 
Attempts F1 F2 F3 F1xF2 F1xF3 F2xF3 F1xF2xF3 X 

1 - - - + + + -  
2 + - - - - + +  
3 - + - - + - +  
4 + + - + - - -  
5 - - + + - - +  
6 + - + - + - -  
7 - + + - - + -  
8 + + + + + + +  

Estimated 
Effects, E 

       =X  

Order of 
rank, r 

        

 
 
The estimated effects (Ek) are calculated with  
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where n is the number of attempts and k is the number of effects. To know in what order the 
estimated effects are to be plotted the order of rank (r) must be calculated,  
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where kj →= 1 . The smallest value from equation 13 is plotted against the smallest value 
from equation 14 on a normal distribution paper.  



 21 

The x-axis contains the estimated effects and the y-axis the order of rank and the standard 
deviation, see appendix B1 and B2. When all points have been plotted a straight line must be 
adapted to the points. The line must go through the point where the value of the estimated 
effects and standard deviation is zero, or order of rang 0.50. The reason is that the non-active 
effects are estimated from a normal distribution with zero in average and zero standard 
deviation, which means that they don’t have any influence on the result. When the adapted 
line has been drawn, two vertical lines must be drawn from where the adapted line crosses the 
3σ border. The plot over the estimated effect in the normal distribution paper yields if any 
parameters are active. The active parameters are those outside the two vertical lines, see 
Appendix B1 and B2. Since the adapted line is an approximation to the estimated effects the 
points inside the two vertical lines are estimated to have zero in average and zero standard 
deviation but the points outside doesn’t. It is the deviation of the estimated effects that sets the 
active effects. The active parameters are put in an estimated model, which shows how the 
active parameters should be set to achieve the best result [22]. The model can look like  
 

 n
k FEXX

2
ˆ +=   (15)

  
where X is the mean value of X and kE is the estimated effect of the active parameter. 
The same  test matrix and calculations are used for the standard deviation (S) but S is 
calculated with the power of 2, S2 [22]. This is done with regards to the formula of S, see 
equation 16.  
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8 Experimental details 
In the manufacturing of the samples, standard processes for the manufacturing of multichip 
substrates at Strand Interconnect were employed. This included deposition of aluminium by 
sputtering, spin coating of photoresist, patterning of the resist by a standard lithographic 
process, wet chemical etching and removing of the resist. All samples were made in a clean 
room of class 1000, maximum 1000 particles (>5 μm) per cubic feet of air with relative 
humidity of 45 ± 5% and temperature 21 ± 2ºC. In order to improve adhesion of photoresist to 
the sputtered aluminium surface, various surface treatments were performed. The surface 
treatments used were evaluated by wettability test to verify the lowest contact angle and 
undercut test to verify the results from the wettability test.   

8.1 Wettability test 
The wafers were sputtered with aluminium (99.5 % Al and 0.5 % Cu with 99.9995% purity) 
of 3 µm thickness on a 200 mm (Si) wafer in a CLC200 system from Unaxis. After the 
aluminium was deposited various surface treatments were made. The contact angle 
measurements took place 0.5 h, 5 h, 24 h, 48 h and 72 h after the aluminium had been treated. 
Due to difficulties in attaining the surface energy of the photoresist used no WA (see section 
6.6) has been calculated. 
 
The different surface treatments were: 
1. Oxygen plasma for 30 s with 200 W power 0.5 h after aluminium deposition. 
2. Oxygen plasma for 30 s with 200 W power 72 h after aluminium deposition. 
3. Oxygen plasma for 120 s with 400 W power 0.5 h after aluminium deposition. 
4. Oxygen plasma for 120 s with 400 W power 72 h after aluminium deposition. 
5. Wet chemical treatment in MICROPOSIT 351 Developer 0.5 h after aluminium 

deposition, which is the surface treatment used at Strand today. 
 
A wafer with no treatment was also tested. 
 
The oxygen plasma was performed in a DSE Partner 2000 system and the wet chemical 
treatment in a custom made wet bench. 
 
As mentioned above the test was made to investigate how the aluminium surface should be 
prepared to achieve the smallest contact angle before the photoresist were being coated. 
According to the literature oxygen plasma has proven to increase the adhesion, thus becoming 
the prime treatment to investigate. 
 
The pressure and the oxygen gas flow were held constant during the plasma treatments and 
were respectively set to 0.3 mbar and 200 standard cubic centimetres per minute (sccm). 
These settings are the ones used today at Strand and altering with these can cause different 
problems for example cooling of the wafer when processing. 
 
To choose the optimal oxygen plasma condition a test using trial planning, see section 7.2 was 
used. Three parameters were relevant to investigate:  
1. Time between sputtering and plasma treatment (TS)  
2. Oxygen plasma RF power and time duration (PL)      
3. Time between oxygen plasma treatment and contact angle measurement (TP) 
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Table 3 shows how the three parameters are set in the wettability test.  
Table 3. High and low values in wettability test 

Scale Symbol TS PL TP 
Low - 0.5 h 200 W, 30 s 0.5 h 
High + 72 h 400 W,120 s 72 h 

 
These parameters were put in a test matrix, see table 4, which renders all interplay. 
 

Table 4. Test matrix used in wettability test. 

Parameters and interplay 
Attempts TS PL TP TSxPL TSxTP PLxTP TSxPLxTP Ø θ  

1 - - - + + + -   
2 + - - - - + +   
3 - + - - + - +   
4 + + - + - - -   
5 - - + + - - +   
6 + - + - + - -   
7 - + + - - + -   
8 + + + + + + +   

Estimated 
Effects, E 

        =θ  
 

Order of 
rank, r 

         

 
A droplet of 50 μl distilled (DI) water with a resistivity of 18 MΩcm was put on the wafer 
with a pipette at five different locations for each treatment, see figure 18. This was done 0.5 h, 
5 h, 24 h, 48 h and 72 h after the aluminium had been treated. The diameter was then 
measured with a compass and a ruler with a subdivision of 0.5 mm. The pipette used was 
controlled/calibrated against a “Finn pipette” with the range 20-200 μl by putting 50 μl drops 
and then measuring the weight of the drop. With a “Finn pipette” you can preset the volume 
you want to dispense. The pipette used in this test was a 1 ml pipette with a subdivision of 10 
μl. 
 
The standard deviation (Sn) was then calculated for the two pipettes 
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The “Finn pipette” hade a mean value of 0,05036 grams and a standard deviation of 0,000552. 
The pipette used in the test hade a mean value of 0,05213 grams and a standard deviation of 
0,002502 and is estimated to be accurate enough to be used in the study. It is important that 
the same person that does the control/calibration also does the tests, to minimize errors. 
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Figure 19. 50 μl droplets of DI water were put on five locations on the wafer.  The diameter of the drops 
was then measured and the contact angle calculated. 

8.2 Undercut test 
The photoresist MICROPOSIT S1818 SP16 used in this study is an ordinary commercial 
available positive photoresist manufactured by Shipley. 
  
The photoresist has good coating properties, which is essential to achieve sufficient adhesion. 
It provides uniform defect-free coatings over a wide range of film thickness. The best 
uniformity is typically attained between the spin speeds of 3500 rpm and 5500 rpm. The resist 
is a positive dyed resist and is used in advanced integrated circuits fabrication. One feature is 
that it maintains line width when processing on highly reflective substrates. The photoresist 
should be exposed in the spectral wavelength range of 350 nm – 450 nm and is optimised for 
use at 436 nm [10]. 
 
The wafers were sputtered with aluminium (99.5 % Al and 0.5 % Cu with 99.9995% purity) 
of 3 µm thickness on a 200 mm Si wafer in a CLC200 system from Unaxis. The resist in this 
study was coated at 1500 rpm for 25 s, with an ACS200 spinner from Karl Süss, resulting in a 
film thickness of 2 μm. The resist-coated wafers were softbaked in a hotplate furnace at 
115˚C for 60 s during nitrogen purging and then put in a cold plate at 20˚C for 10 s. These 
two steps were also conducted in the ACS200. The coldplate step is done to get a better 
control over the cooling of the resist and wafer. The photoresist pattern was then obtained by 
exposure at a wavelength of 365 nm, in a MA200 mask aligner from Karl Süss, using a mask 
from Terapixel with a grating period from 2-50 μm. The photoresist pattern was developed in 
MICROPOSIT 351 Developer manufactured by Shipley. All the wafers were etched in a 
phosphor acid (77% phosphor acid, 19% acetic acid and 4% saltpetre nitric acid) from Merck 
for 510 s and then rinsed. The photoresist was then stripped in MICROPOSIT 1165 Remover 
from Shipley. To measure the undercut as described in section 5.7, a LEICA INM100 
microscope and LEICA DC100 software were used.  
 
A total amount of 16 wafers were used in the test and processed according to the test matrix in 
table 5. Four different surface treatments were tested to determine the undercut: 200 W 
oxygen plasma for 30 s, 400 W oxygen plasma for 120 s, wet chemical treatment and no 
surface treatment. The surface treatments were performed 0.5 h after sputtering and the resist 
spin-coated 0.5 h after the different treatments of the aluminium surface according to the 
results from the wettability test. Before the resist was coated, two wafers, each with different 
surface treatments were coated with MICROPOSIT Primer manufactured by Shipley. Before 
the etch process one of the two wafers were hardbaked for 30 minutes in 110˚C in a  
MEMERT ULE500 furnace according to the test matrix in table 5, which was used for all the 
four surface treatments tested. 
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Table 5. Test matrix in undercut test.  
Wafer 1 No primer No hardbake 
Wafer 2 Primer No hardbake 
Wafer 3 No primer Hardbake 
Wafer 4 Primer Hardbake 

 
These parameters were held constant during the tests: 
1. Spin speed and spin time when coating photoresist. 
2. Softbake time and temperature. 
3. Exposure intensity. 
4. Development time. 
5. Hardbake time and temperature. 
6. Etch time and etch fluid. 
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9 Results and discussion 

9.1 Wettability test 
Five 50 μl droplets were put on the wafers and the diameter (Ø) for each droplet was 
measured and the mean value calculated. Eight attempts were made to cover all possible 
interplays as seen in table 6. The contact angle ( )θ  for the different surface treatments was 
then calculated according to equation 11 in section 5.6. From table 6 the estimated effects and 
rank are calculated and plotted on a normal distribution paper, see Appendix B1. 
 

Table 6. Parameters and interplay for the diameter and contact angle in the wettability test. 

Parameters and interplay 
Attempts TS PL TP TSxPL TSxTP PLxTP TSxPLxTP Ø θ  

1 - - - + + + - 21,23 3,07 
2 + - - - - + + 21,45 2,99 
3 - + - - + - + 21,77 3,172 
4 + + - + - - - 19,70 3,90 
5 - - + + - - + 14,75 9,08 
6 + - + - + - - 10,86 22,25 
7 - + + - - + - 9,58 31,76 
8 + + + + + + + 9,65 30,96 

Estimated 
Effects, E 

3,25 
(E4) 

8,10 
(E6) 

20,23 
(E7) 

-3,29 
(E2) 

2,93 
(E3) 

7,60 
(E5) 

-3,70 
(E1) 

 =θ 13,40 
 

Order of 
rank, r 

0,5 0,75 0,875 0,25 0,375 0,625 0,125   

 
The active effects from the normal distribution plot in Appendix B1 are the interplay between 
PL (Oxygen plasma RF power and time duration) and TP (Time between oxygen plasma 
treatment and contact angle measurement) and the main parameters PL and TP, which 
renders the following contact angle model,  
 

( ) TPEPLETPPLE
222

ˆ 765 ++×+= θθ  (17) 

 
The rest of the parameters and interplays are not active, thus they give no contribution to the 
result. The contact angle should be as small as possible and the smallest value of equation 17 
is achieved when both main parameters, PL and TP, are at their low value. The smallest 
contact angle is 2.99 degrees using oxygen plasma with 200 W power for 30 s and coating the 
resist within 0.5 h after treatment. This treatment should provide the best adhesion in this 
experiment between the photoresist and the aluminium surface during processing. The contact 
angle should be compared to the surface treatment used today, wet chemical treatment, which 
yields a contact angle of 6.34 degrees 0.5 h after treatment. The result from Appendix B1 
showed that TS (Time between sputtering and plasma treatment) is non-active but figure 19 
shows that time after sputtering increases the contact angle and hence decreases the adhesion. 
That should be taken in consideration when processing. 
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Results from the measurement of all surfaces can be seen in Appendix A1-A6. Even if the 
time after sputter exceeds 0.5 h the oxygen plasma surface still provides better adhesion than 
the other surfaces.  
 
From table 7 the estimated effects and rank for S are calculated and plotted on a normal 
distribution paper. 
 

Table 7. Parameters and interplay for the standard deviation for the contact angle. 
Attempts TS PL TP TSxPL TSxTP PLxTP TSxPLxTP 2S  

1 - - - + + + - 0,14 
2 + - - - - + + 0,18 
3 - + - - + - + 0,15 
4 + + - + - - - 0,71 
5 - - + + - - + 0,45 
6 + - + - + - - 1,96 
7 - + + - - + - 16,9 
8 + + + + + + + 3,6 

Estimated 
Effects, 
Es 

-2,80 
(E4) 

4,66 
(E6) 

5,43 
(E7) 

-3,57 
(E2) 

-3,10 
(E3) 

4,39 
(E5) 

-3,83 
(E1) 

 
=2S 3,01 
 

Order of 
rank, r 

0,50 0,75 0,875 0,25 0,375 0,625 0,125  

 
  
The active effect for S is TP, see Appendix B2, and the model is 
 

TPEsSS
2

ˆ 722 +=  (18) 

The smallest value of equation 18 is achieved when TP is at its low value, which is the same 
as for the model of the contact angle. When viewing the results in figure 19 the standard 
deviation from the different measurements must be taken in consideration, see  
Appendix A1-A6. 
 
To be able to optimise the plasma process, more tests were conducted with different plasma 
times close to 30 s, respectively 15 s and 45 s, keeping the plasma power at 200W, this to see 
if the contact angle decreases. 
 
The experiment showed no decrease in contact angle thus showing that the plasma time is 
rather insensitive around 30 s and the plasma process should still be conducted with 200 W 
for 30 s. The test results can be seen in Appendix A7 and A8. 
 
The result from an oxygen plasma treatment is a surface free from carbon compounds and a 
well adhered aluminium oxide, which is a benefit for the adhesion [16, 23]. When looking at 
the results in this study the contact angle increases if the surface is left in ambient conditions 
for a couple of days, see figure 19. The reason for this is that airborne carbon compounds are 
contaminating the surface. The increase in contact angle for 200 W oxygen plasma is not as 
steep as for the other surfaces and after 3 days the increase of the contact angle is 
insignificant. The surface can be restored by applying a second oxygen plasma treatment [23]. 
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The other surfaces have a steeper increase of the contact angle and after 3 days it still 
increases.  
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Figure 20. The contact angle increases rapidly within a few hours. TS is time after sputter, TP is time after 

surface treatment and PL is the plasma power and time. The results can be seen in Appendix 
A1-A8. 

One other benefit to chose low power plasma is that the re-deposition from the material being 
removed is very small. When using higher power more material is removed. If the pumping 
system doesn’t manage to pump out the removed material re-deposition occurs thus leaving a 
surface with unknown structure. To increase the knowledge about the surface characteristics 
analysis methods, such as atomic force microscope (AFM) and scanning electron microscope 
(SEM), can be used. Normally oxygen plasma at higher power yields a decrease of the contact 
angle [23] but that was not the scenario in this test. The result when using 400 W for 120 s 
was an increase of the contact angle by 65-75 % compared to 200 W for 30 s and the reason 
could be that re-deposition occurs as discussed above. The increase was 10-20 % compared to 
wet chemical treatment.  
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9.2 Undercut test 
The undercut on two conductors with different width was measured on five locations on each 
wafer. The results from the wettability test were used, choosing a time between sputter and 
oxygen plasma of 0.5 h and a time between oxygen plasma and resist deposition to 0.5 h. 
These settings should provide the best adhesion and should primarily be compared with wet 
chemical treatment used today. The mean and standard deviation was calculated for each 
width and used when calculating the undercutting constant ku. The conductor width on the 
mask was 25 μm and 15 μm resulting in a final width on wafer of 17.50-19 μm and 7.50-9 μm 
after etching, which is an expected decrease. The conductor width decreases during different 
process steps and the decrease rate is calculated with respect to the processes and equipment 
used such as lithographic and etch equipment.  
 
The thickness of the aluminium and photoresist was measured in a DEKKTAK profilometer 
and were respectively 2.98-3.01 μm and 1.8-2 μm. The undercutting constant is calculated 
with equation 12 in section 6.7.  
 
As assumed, there is a difference in the ku value for the different surfaces, see figure 20. It can 
be seen that for the two surfaces that generates the best adhesion, 200 W oxygen plasma and 
wet chemical, the hardbake and primer are the process steps that contributes most to the 
adhesion. The same result was achieved for 400 W oxygen plasma and the surface with no 
treatment. 
  
The result for the 25 μm conductor was a maximum ku of 1410.36 using 200 W oxygen 
plasma for 30 s. That represents an undercut of 1.41 μm with a standard deviation of 0.12. 
The surface treatment used today, wet chemical, generates a maximum ku of 1233.50 or an 
undercut of 1.60 μm and a standard deviation of 0.11. The undercut is hence decreased by 
12%. All the results can be seen in Appendix C1, C3, C5 and C7. 
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Figure 21. The results from the different surfaces and test matrix with a conductor width on the mask of 
25 μm. The 200 W oxygen plasma has the highest ku value. For results see Appendix C1-C8. 
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When analysing the 15 μm conductor width, the surface treatment with 200 W oxygen plasma 
provides the best surface from an adhesion point of view. The parameter that contributes most 
to the adhesion in this case is the use of a primer, see figure 21. The same result can be seen 
for the surface treated with 400 W oxygen plasma. The ku value increases when primer is 
used and when only hardbake is applied the increase is smaller. For the surface treated with 
wet chemicals and the surface with no treatment the ku increases when hardbake is performed. 
The reason can be that the surfaces have more pits and holes, which makes it harder for the 
resist to adhere thus decreasing the surface adhesion. The hardbake helps the resist to adhere 
on the points of the surface where the resist have made contact. When primer is coated and 
hardbake performed ku decreases for these two surfaces. This could be that stresses occur in 
the resist during hardbake creating insufficient adhesion to the substrate [14]. There are still 
questions regarding this. If the decrease is caused by stress why did it not occur when only 
hardbake was performed? 
 
The result for the 15 μm conductor was a maximum ku of 1559.14 using the surface treatment 
with 200 W oxygen plasma. This represents an undercut of 1.28 μm with a standard deviation 
of 0.2. The surface treatment used today, wet chemical, generates a maximum ku of 1341.91 
or an undercut of 1.47 μm and a standard deviation of 0.11. The undercut is decreased by 12% 
using oxygen plasma surface treatment. All the results can be seen in Appendix C2, C4, C6 
and C8. 
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Figure 22.  ku values for a conductor width on the mask of 15 μm. It can be seen that the ku value is at its 
highest mark for the surface treated with 200 W oxygen plasma when primer is used. For 
results see Appendix C1-C8. 

It has to be noted that in theory there is no difference in undercut on different conductor 
wideness. This can be seen if the results from 25- and 15 μm conductors are plotted and the 
standard deviation is taken into consideration. The standard deviation from the different 
measurements, see Appendix C1-C8, must always be taken into consideration when viewing 
the charts in this thesis.  
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The plasma treatment generates a better surface geometry for further processing than wet 
chemical treatment. When the wafers are treated by wet chemicals, grain fractures from the 
surface structure and are removed thus creating a sharp edge on existing eruptions and 
cavities. The result can be seen in figure 22 B where the conductor surface is full of small 
dots in comparison with figure 22 A or C. The dots are cavities in the aluminium and the 
surface is not as smooth as the conductors treated with plasma. Figure 22 D shows a 
conductor on a surface that had not been treated in any way and severe undercut around the 
corners can be seen. This phenomenon was not seen after a hardbake.  
 
 

       
 A B C D 
Figure 23.  Conductors treated by Plasma 200 W, 30 s (A), Wet chemical etching (B), Plasma 400 W, 120 s 

(C), No surface treatment (D). The conductors are white and the black stripes on the edges are 
where the conductor has been undercut. 

During the rinse and dry process residual strain arises in the photoresist film [24] and the 
resist can be peeled of from the metal as seen in figure 23. This phenomenon was only 
observed when primer was not used or no hardbake was performed.  
 

 
Figure 24. The resist has been lifted or peeled of from the substrate.   

It can be concluded that the peeling has occurred during the rinse and dry process and not 
during development or etching because the conductor width is the same as the non-peeled 
conductor. If the peeling hade occurred during etching the conductor width would be smaller 
or non visible.  

The photoresist 
has been peeled 
of. 

Corner effects 
from undercutting. 

The conductor has 
been undercut. 
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9.3 Conclusions 
A series of contact angle and undercut measurements were conducted on different treated Al 
surfaces. The most important goal from an adhesion point of view is to choose a surface 
treatment that generates a surface that is smooth and can adhere liquids well. The following 
conclusion may be drawn from the experimental data. 
 
1. An oxygen plasma with 200 W power for 30 s provides a surface with the highest 

adhesion to the photoresist used. The oxygen plasma should be performed as soon as 
possible after the aluminium has been deposited. 

 
2. The resist should be coated within 0.5 h after the surface has been treated to maintain the 

highest adhesion. 
 
3. A primer should be used to improve the adhesion and etch resistance.  
 
4. Hardbake improves the adhesion in some cases but more tests must be made to evaluate 

the tension created in the resist.   
 
5. To learn more about the result of a surface treatment, analysis methods such as AFM or 

SEM can be used to study the morphology of the Al surface. 
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Appendix A1: Results of contact angle measurement in wettability 
test on wafer with no surface treatment  

 

No treatment TS (h)             
Wafer 1 0.5 Ø (mm) Mean Stddev θ Mean Stddev 

    13,9 14,3 0,5148 10,8 9,986 1,0318 
    13,9    10,8     
    14     10,57     
    15     8,61     

    14,7     9,15     
                
  5 Ø Mean Stddev θ Mean Stddev 
    11,2 10,82 0,4087 20,33 22,576 2,4654 
    10,3    25,8     
    10,5     24,44     
    11,2     20,33     

    10,9     21,98     
                
  24 Ø Mean Stddev θ Mean Stddev 
    10,5 11 0,6605 24,44 21,728 3,6903 
    11,75    17,7     
    11,6     18,37     
    10,9     21,98     

    10,25     26,15     
                
  48 Ø Mean Stddev θ Mean Stddev 
    11,2 10,44 0,493 20,33 25,05 3,1884 
    10,5    24,44     
    10     28,02     
    10,5     24,44     

    10     28,02     
                
  72 Ø Mean Stddev θ Mean Stddev 
    10,25 10,18 0,4932 26,15 26,898 3,7038 
    9,9    28,8     
    10,75     22,87     
    10,5     24,44     
    9,5     32,23     
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Appendix A2: Results of contact angle measurement in wettability 
test on wafer treated with 200 W oxygen plasma 
for 30 s 0.5 h after sputter  

 
  TS (h)  PL   TP (h)             

Wafer 2 0.5 200W, 30s 0.5 Ø (mm) Mean Stddev θ Mean Stddev 
Attempts        21,25 21,23 0,8438 3,04 3,072 0,3774 
1 and 5       22,3    2,63     

        20     3,65     
        21     3,15     

        21,6     2,89     
                    
  0.5 200W, 30s 5 Ø Mean Stddev θ Mean Stddev 
        19,5 19,36 1,3831 3,93 4,132 1,03 
        17    5,93     
        20,5     3,39     
        20,2     3,54     

        19,6     3,87     
                    
  0.5 200W, 30s 24 Ø Mean Stddev θ Mean Stddev 
        14,9 15,07 0,295 8,79 8,512 0,4885 
        15,5    7,81     
        14,9     8,79     
        14,8     8,97     

        15,25     8,2     
                    
  0.5 200W, 30s 48 Ø Mean Stddev θ Mean Stddev 
        14,75 15,01 0,6436 9,06 8,67 1,066 
        14,25    10,03     
        16     7,11     
        15,15     8,36     

        14,9     8,79     
                    
  0.5 200W, 30s 72 Ø Mean Stddev θ Mean Stddev 
        14,25 14,75 0,3606 10,03 9,082 0,6721 
        15,1    8,45     
        14,9     8,79     
        14,5     9,53     
        15     8,61     
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Appendix A3: Results of contact angle measurement in wettability 
test on wafer treated with 200 W oxygen plasma 
for 30 s 72 h after sputter 

 
  TS (h)  PL   TP (h)             

Wafer 4 72 200W, 30s 0.5 Ø Mean Stddev θ Mean Stddev 
Attempts        22,75 21,45 0,9906 2,48 2,99 0,4252 
2 and 6       21,75    2,84     

        21,5     2,94     
        21,25     3,04     

        20     3,65     
                    
  72 200W, 30s 5 Ø Mean Stddev θ Mean Stddev 
        16,5 17,9 1,1538 6,48 5,184 1,0063 
        17    5,93     
        18,75     4,42     
        19,25     4,09     

        18     5     
                    
  72 200W, 30s 24 Ø Mean Stddev θ Mean Stddev 
        13 13,6 0,4243 13,17 11,58 1,0873 
        13,9    10,8     
        14,1     10,35     
        13,5     11,78     

        13,5     11,78     
                    
  72 200W, 30s 48 Ø Mean Stddev θ Mean Stddev 
        11,5 11,15 0,3354 18,84 20,67 1,7771 
        11    21,41     
        11     21,41     
        11,5     18,84     

        10,75     22,87     
                    
  72 200W, 30s 72 Ø Mean Stddev θ Mean Stddev 
        10,5 10,86 0,2329 24,44 22,25 1,3985 
        11    21,41     
        10,75     22,87     
        11     21,41     
        11,05     21,14     
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Appendix A4: Results of contact angle measurement in wettability 
test on wafer treated with 400 W oxygen plasma 
for 120 s 0.5 h after sputter 

 
  TS (h)  PL   TP (h)             

Wafer 3 0.5 400W, 120s 0.5 Ø Mean Stddev θ Mean Stddev 
Attempts        21,6 21,01 0,9209 2,89 3,172 0,453 
3 and 7       20,75    3,26     

        19,5     3,93     
        21,6     2,89     

        21,6     2,89     
                    
  0.5 400W, 120s 5 Ø Mean Stddev θ Mean Stddev 
        13,25 13,52 0,5057 12,45 11,78 1,234 

        13,2    12,59     
        13,5     11,78     
        13,25     12,45     

        14,4     9,65     
                    
  0.5 400W, 120s 24 Ø Mean Stddev θ Mean Stddev 
        9,9 9,73 0,743 28,8 30,82 6,2607 
        9    37,21     
        9     37,21     
        10     28,02     

        10,75     22,87     
                    
  0.5 400W, 120s 48 Ø Mean Stddev θ Mean Stddev 
        9 9,4 0,3791 37,21 33,34 3,4557 
        9,5    32,24     
        10     28,02     
        9,25     34,62     

        9,25     34,62     
                    
  0.5 400W, 120s 72 Ø Mean Stddev θ Mean Stddev 
        9 9,58 0,455 37,21 31,76 4,1114 
        9,75    30,04     
        10,15     26,88     
        9,25     34,62     
        9,75     30,04     
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Appendix A5: Results of contact angle measurement in wettability 
test on wafer treated with 400 W oxygen plasma 
for 120 s 72 h after sputter 

 
  TS (h)  PL   TP (h)             

Wafer 5 72 400W, 120s 0.5 Ø Mean Stddev θ Mean Stddev 
Attempts        18 19,7 1,3624 5 3,904 0,8403 
4 and 8       20,25    3,51     

        18,5     4,6     
        21     3,15     

        20,75     3,26     
                    
  72 400W, 120s 5 Ø Mean Stddev θ Mean Stddev 
        12,25 13,05 0,6471 15,68 13,16 1,8788 
        13,25    12,45     
        14     10,58     
        12,75     13,94     
        13     13,17     
                    
  72 400W, 120s 24 Ø Mean Stddev θ Mean Stddev 
        10,5 10,4 0,285 24,44 25,18 1,9645 
        10    28,02     
        10,25     26,15     
        10,75     22,87     

        10,5     24,44     
                    
  72 400W, 120s 48 Ø Mean Stddev θ Mean Stddev 
        9,5 9,78 0,2928 32,24 29,88 2,4302 
        10    28,02     
        9,5     32,24     
        9,75     30,04     

        10,15     26,88     
                    
  72 400W, 120s 72 Ø Mean Stddev θ Mean Stddev 
        9,5 9,65 0,2236 32,24 30,96 1,8977 
        9,5    32,24     
        9,75     30,04     
        9,5     32,24     
        10     28,02     
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Appendix A6: Results of contact angle measurement in wettability 
test on wafer treated with wet chemicals 0.5 h 
after sputter 

 
 

Wet Chem.     TS (h)             
Wafer 6     0,5 Ø Mean Stddev θ Mean Stddev 

        17 16,7 0,8909 5,93 6,342 1,0311 
        15,75     7,45     

        17,5     5,44     
        15,75     7,45     

        17,5     5,44     
                    
      5 Ø Mean Stddev θ Mean Stddev 
        14,5 14,85 0,4183 9,53 8,908 0,7231 
        14,5     9,53     
        15,5     7,81     
        14,75     9,06     
        15     8,61     
                    
      24 Ø Mean Stddev θ Mean Stddev 
        10 10,45 0,326 28,02 24,87 2,2218 
        10,75     22,87     
        10,75     22,87     
        10,25     26,15     

        10,5     24,44     
                    
      48 Ø Mean Stddev θ Mean Stddev 
        10,5 10,1 0,285 24,44 27,33 2,1237 
        10     28,02     
        10     28,02     
        9,75     30,04     

        10,25     26,15     
                    
      72 Ø Mean Stddev θ Mean Stddev 
        9,75 9,95 0,2092 30,04 28,46 1,6342 
        10     28,02     
        10     28,06     
        9,75     30,04     
        10,25     26,15     
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Appendix A7: Results of contact angle measurement in wettability 
test on wafer treated with 200 W oxygen plasma 
for 15 s 0.5 h after sputter 

 
  PT (s)  PL   TP (h)             

Wafer 1 15 200 0.5 Ø Mean Stddev θ Mean Stddev 
        20,75 19,8 0,541987 3,26 3,768 0,290379 
        19,75     3,79     

        19,5     3,93     
        19,5     3,93     

        19,5     3,93     
                    
      5 Ø Mean Stddev θ Mean Stddev 
        17,5 17,25 0,25 5,44 5,684 0,24501 
        17     5,93     
        17     5,93     
        17,25     5,68     

        17,5     5,44     
                    
      24 Ø Mean Stddev θ Mean Stddev 
        11 11,05 0,209165 21,41 21,166 1,164594 
        11,25     20,07     
        11,25     20,07     
        11     21,41     

        10,75     22,87     
                    
      48 Ø Mean Stddev θ Mean Stddev 
        11,25 11,6 0,285044 20,07 18,42 1,296784 
        11,5     18,84     
        11,75     17,7     
        11,5     18,84     

        12     16,65     
                    
      72 Ø Mean Stddev θ Mean Stddev 
        11,75 11,75 0,25 17,7 17,736 1,095185 
        11,5     18,84     
        12     16,65     
        11,5     18,84     
        12     16,65     
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Appendix A8: Results of contact angle measurement in wettability 
test on wafer treated with 200 W oxygen plasma 
for 45 s 0.5 h after sputter 

 
  PT (s)  PL   TP (h)             

Wafer 2 45 200 0.5 Ø Mean Stddev θ Mean Stddev 
        18 18 0,395285 5 5,01 0,330606 
        17,5     5,44     

        18,5     4,6     
        18,25     4,8     

        17,75     5,21     
                    
      5 Ø Mean Stddev θ Mean Stddev 
        17 17,5 0,5 5,93 5,46 0,465134 

        18     5     
        18     5     
        17     5,93     

        17,5     5,44     
                    
      24 Ø Mean Stddev θ Mean Stddev 
        13 12,95 0,209165 13,17 12,218 1,018293 
        13,25     12,45     
        12,75     11,15     
        12,75     11,15     

        13     13,17     
                    
      48 Ø Mean Stddev θ Mean Stddev 
        12 12,8 0,596867 16,65 13,36 2,292422 
        13,5     11,78     
        12,75     11,15     
        12,5     14,77     

        13,25     12,45     
                    
      72 Ø Mean Stddev θ Mean Stddev 
        10,75 10,6 0,285044 22,87 23,862 1,795792 
        11     21,41     
        10,25     26,15     
        10,5     24,44     
        10,5     24,44     
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Appendix B1: Plot of rank versus estimated effects on normal 
distribution paper of contact angle of plasma test 
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Appendix B2: Plot of rank versus estimated effects on normal 
distribution paper of standard deviation of plasma 
test 
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Appendix C1: Results from undercut measurements of 200 W 
oxygen plasma, mask width of 25 μm 

  

 

 

  O2 Plasma                  
  200 W 30 s       t=510s Height 3 um       
        Width=25 um           

Wafer 1 No Primer Bottom Top X Mean Stddev k Mean Stddev 
  No HB 19,31 16,05 1,63 1,495 0,095459415 1202,936 1315,875495 84,64122 
    18,22 15,5 1,36     1441,754     
    18,22 15,23 1,495     1311,562     
    18,77 15,78 1,495     1311,562     
    17,68 14,69 1,495     1311,562     
                    

Wafer 2 Primer                 
  No HB 18,5 15,23 1,635 1,443 0,183732142 1199,257 1376,532885 174,3455 
    17,95 15,23 1,36     1441,754     
    18,22 15,5 1,36     1441,754     
    18,5 15,23 1,635     1199,257     
    18,77 16,32 1,225     1600,641     
                    

Wafer 3 No Primer                 
   HB 17,95 15 1,475 1,409 0,116801113 1329,346 1399,853534 124,3739 
    17,68 15,23 1,225     1600,641     
    17,68 14,96 1,36     1441,754     
    17,68 14,7 1,49     1315,964     
    17,68 14,69 1,495     1311,562     
                    

Wafer 4 Primer                 
   HB 17,68 14,42 1,63 1,414 0,207225722 1202,936 1410,358042 202,193 
    17,68 14,96 1,36     1441,754     
    16,86 14,42 1,22     1607,201     
    17,41 14,96 1,225     1600,641     
    18,5 15,23 1,635     1199,257     
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Appendix C2: Results from undercut measurements of 200 W 
oxygen plasma, mask width of 15 μm  

 
  O2 Plasma                  
  200 W 30 s       t=510 Height 3 um       
        Width=15 um           

Wafer 1 No Primer Bottom Top X Mean Stddev k Mean Stddev 
  No HB 9,79 6,77 1,51 1,412 0,093648278 1298,533639 1393,839 97,78367 
    9 6,2 1,4     1400,561205     
    8,5 5,98 1,26     1556,179007     
    8,98 6,1 1,44     1361,656754     
    8,8 5,9 1,45     1352,266024     
                    

Wafer 2 Primer                 
  No HB 8,7 6,26 1,22 1,282 0,200642717 1607,201238 1559,137 237,3628 
    8,16 5,98 1,09     1798,885672     
    8,48 6,26 1,11     1766,473335     
    8,43 5,44 1,495     1311,562394     
    9,25 6,26 1,495     1311,562394     
                    

Wafer 3 No Primer                 
   HB 7,89 5,17 1,36 1,36 0,095459415 1441,754152 1447,493 102,5065 
    8,43 5,71 1,36     1441,754152     
    7,89 5,44 1,225     1600,641236     
    8,43 5,44 1,495     1311,562394     
    8,16 5,44 1,36     1441,754152     
                    

Wafer 4 Primer                 
   HB 7,89 4,9 1,495 1,306 0,120747671 1311,562394 1511,048 131,0315 
    7,89 5,17 1,36     1441,754152     
    7,89 5,44 1,225     1600,641236     
    7,89 5,44 1,225     1600,641236     
    8,43 5,98 1,225     1600,641236     
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Appendix C3: Results from undercut measurements of wet 
chemical treatment, mask width of 25 μm 

 

  Wet Chem.       t=510 Height 3 um       
        Width=25 um           

Wafer 5 No Primer Bottom Top X Mean Stddev k Mean Stddev 
  No HB 17,41 13,6 1,905 1,706 0,188560335 1029,284 1160,517333 126,5329 
    17,95 14,96 1,495     1311,562     
    17,41 14,14 1,635     1199,257     
    17,41 13,6 1,905     1029,284     
    17,14 13,96 1,59     1233,199     
                    

Wafer 6 Primer                 
  No HB 17,95 14,69 1,63 1,687 0,121891345 1202,936 1166,73425 76,85899 
    17,41 14,14 1,635     1199,257     
    17,68 13,87 1,905     1029,284     
    17,14 13,87 1,635     1199,257     
    17,68 14,42 1,63     1202,936     
                    

Wafer 7 No Primer                 
   HB 17,38 14,14 1,62 1,603 0,113114986 1210,362 1227,967891 84,62249 
    17,95 14,96 1,495     1311,562     
    18,22 14,96 1,63     1202,936     
    17,14 14,14 1,5     1307,191     
    17,41 13,87 1,77     1107,789     
                    

Wafer 8 Primer                 
   HB 17,14 14,14 1,5 1,606 0,177566889 1307,191 1233,491655 142,6016 
    17,68 14,42 1,63     1202,936     
    17,68 14,14 1,77     1107,789     
    17,68 14,14 1,77     1107,789     
    16,86 14,14 1,36     1441,754     
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Appendix C4: Results from undercut measurements of wet 
chemical treatment, mask width of 15 μm 

 
 

  Wet Chem.       t=510 Height 3 um       
        Width=15 um           

Wafer 5 No Primer Bottom Top X Mean Stddev k Mean Stddev 
  No HB 7,62 4,08 1,77 1,632 0,135027775 1107,788728 1208,081 100,0687 
    8,7 5,17 1,765     1110,926937     
    7,62 4,62 1,5     1307,190523     
    8,16 4,9 1,63     1202,936142     
    7,34 4,35 1,495     1311,562394     
                    

Wafer 6 Primer                 
  No HB 8,16 4,9 1,63 1,497 0,095498691 1202,936142 1314,127 84,78635 
    7,62 4,63 1,495     1311,562394     
    7,34 4,62 1,36     1441,754152     
    7,62 4,62 1,5     1307,190523     
    7,62 4,62 1,5     1307,190523     
                    

Wafer 7 No Primer                 
   HB 7,89 4,9 1,495 1,468 0,112949104 1311,562394 1341,914 101,3575 
    8,43 5,71 1,36     1441,754152     
    8,43 5,17 1,63     1202,936142     
    7,62 4,9 1,36     1441,754152     
    7,34 4,35 1,495     1311,562394     
                    

Wafer 8 Primer                 
   HB 7,62 4,92 1,35 1,494 0,091268834 1452,433805 1316,564 84,43996 
    8,16 5,1 1,53     1281,559355     
    7,62 4,5 1,56     1256,914002     
    7,34 4,2 1,57     1248,908187     
    7,07 4,15 1,46     1343,003935     
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Appendix C5: Results from undercut measurements of 400 W 
oxygen plasma, mask width of 25 μm 

 

  O2 Plasma                  
  400 W 120 s       t=510 Height 3 um       
        Width=25 um           

Wafer 9 No Primer     X (um) Mean Stddev k Mean Stddev 
  No HB 18,77 14,69 2,04 1,767 0,215829794 961,1698 1123,175864 138,801 
    17,95 14,69 1,63     1202,936     
    17,95 14,42 1,765     1110,927     
    18,22 15,23 1,495     1311,562     
    17,95 14,14 1,905     1029,284     
                    

Wafer 10 Primer                 
  No HB 18,22 14,42 1,9 1,768 0,093714993 1031,993 1111,550912 59,26769 
    18,5 14,96 1,77     1107,789     
    18,22 14,69 1,765     1110,927     
    18,5 14,96 1,77     1107,789     
    18,5 15,23 1,635     1199,257     
                    

Wafer 11 No Primer                 
   HB 17,14 13,87 1,635 1,742 0,223203943 1199,257 1140,106225 142,0341 
    17,14 13,87 1,635     1199,257     
    17,95 13,87 2,04     961,1698     
    17,95 14,14 1,905     1029,284     
    17,41 14,42 1,495     1311,562     
                    

Wafer 12 Primer                 
   HB 17,68 14,42 1,63 1,631 0,097236824 1202,936 1205,63191 72,13937 
    17,68 14,42 1,63     1202,936     
    17,41 14,42 1,495     1311,562     
    17,68 14,14 1,77     1107,789     
    17,95 14,69 1,63     1202,936     
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Appendix C6: Results from undercut measurements of 400 W 
oxygen plasma, mask width of 15 μm 

 

  O2 Plasma                  
  400 W 120 s       t=510 Height 3 um       
        Width=15 um           

Wafer 9 No Primer     X Mean Stddev k Mean Stddev 
  No HB 8,43 4,9 1,765 1,659 0,113874931 1110,926937 1186,494 83,6365 
    8,98 5,44 1,77     1107,788728     
    8,16 4,9 1,63     1202,936142     
    8,98 5,71 1,635     1199,257441     
    7,89 4,9 1,495     1311,562394     
                    

Wafer 10 Primer                 
  No HB 8,16 4,9 1,63 1,494 0,255915025 1202,936142 1349,085 270,1552 
    9,52 5,98 1,77     1107,788728     
    8,43 6,26 1,085     1807,175463     
    8,7 5,72 1,49     1315,963607     
    8,7 5,71 1,495     1311,562394     
                    

Wafer 11 No Primer                 
   HB 17,68 14,42 1,63 1,577 0,122709005 1202,936142 1249,082 91,93017 
    17,68 14,69 1,495     1311,562394     
    17,41 14,42 1,495     1311,562394     
    17,68 14,14 1,77     1107,788728     
    17,95 14,96 1,495     1311,562394     
                    

Wafer 12 Primer                 
   HB 7,62 4,35 1,635 1,523 0,114159975 1199,257441 1293,415 99,6434 
    8,16 5,44 1,36     1441,754152     
    7,89 4,9 1,495     1311,562394     
    8,16 4,9 1,63     1202,936142     
    8,16 5,17 1,495     1311,562394     
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Appendix C7: Results from undercut measurements with no 
surface treatment, mask width of 25 μm 

 

  No treatment       t=510 Height 3 um       
        Width=25 um           

Wafer 13 No Primer     X Mean Stddev k Mean Stddev 
  No HB 17,68 13,6 2,04 2,067 0,060373835 961,1698 949,2380112 26,6802 
    17,95 13,6 2,175     901,511     
    17,68 13,6 2,04     961,1698     
    17,68 13,6 2,04     961,1698     
    18,22 14,14 2,04     961,1698     
                    

Wafer 14 Primer                 
  No HB 18,77 14,69 2,04 2,012 0,062609903 961,1698 975,3343542 31,67299 
    18,22 14,14 2,04     961,1698     
    18,22 14,42 1,9     1031,993     
    17,95 13,87 2,04     961,1698     
    17,14 13,06 2,04     961,1698     
                    

Wafer 15 No Primer                 
   HB 17,14 13,6 1,77 1,823 0,072594766 1107,789 1076,928599 42,26782 
    17,14 13,6 1,77     1107,789     
    16,86 13,06 1,9     1031,993     
    17,95 14,14 1,905     1029,284     
    17,41 13,87 1,77     1107,789     
                    

Wafer 16 Primer                 
   HB 17,95 14,14 1,905 1,768 0,136271787 1029,284 1114,337738 85,93735 
    17,95 14,42 1,765     1110,927     
    17,14 13,87 1,635     1199,257     
    17,68 14,42 1,63     1202,936     
    17,68 13,87 1,905     1029,284     
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Appendix C8: Results from undercut measurements with no 
surface treatment, mask width of 15 μm 

 

  No treatment       t=510 Height 3 um       
        Width=15 um           

Wafer 13 No Primer     X Mean Stddev k Mean Stddev 
  No HB 8,98 4,35 2,315 1,932 0,295563022 846,9920447 1033,403 151,6184 
    8,16 4,62 1,77     1107,788728     
    8,16 4,9 1,63     1202,936142     
    7,62 4,08 1,77     1107,788728     
    8,7 4,35 2,175     901,5110096     
                    

Wafer 14 Primer       Mean Stddev       
  No HB 8,98 5,17 1,905 1,85 0,154596248 1029,284085 1065,984 91,46238 
    9,25 5,17 2,04     961,1697616     
    7,89 4,62 1,635     1199,257441     
    8,43 4,62 1,905     1029,284085     
    7,34 3,81 1,765     1110,926937     
                    

Wafer 15 No Primer       Mean Stddev       
   HB 7,62 4,35 1,635 1,524 0,178514705 1199,257441 1300,423 147,8306 
    7,34 4,62 1,36     1441,754152     
    7,89 4,35 1,77     1107,788728     
    7,89 4,9 1,495     1311,562394     
    7,34 4,62 1,36     1441,754152     
                    

Wafer 16 Primer       Mean Stddev       
   HB 8,16 4,9 1,63 1,633 0,136271787 1202,936142 1207,453 100,8373 
    8,43 5,44 1,495     1311,562394     
    7,62 4,08 1,77     1107,788728     
    7,89 4,35 1,77     1107,788728     
    7,62 4,62 1,5     1307,190523     

 


