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Chapter 4: Manufacturing of the master electrode  
 

4.1. Introduction 

A key component in the EHDIP process is the fabrication of the master electrode, the 

pattern of which is to be transferred to the target polymer via interfacial electrostatic 

pressure. This chapter outlines the manufacturing methods used in the creation of such a 

master. 

 

In chapter 3, a vacuum chuck was presented that aimed to suspend the master above the 

polymer surface. The metallic nature of the chuck enabled a good electrical connection to 

any potential master. The requirements of the design of the master can be summarised as 

follows: 

 

 The top and bottom surfaces of the master must be electrically conductive.  

 A voltage must be sustained at the interface between the master and the vacuum 

chuck. 

 Similarly the master must be able to maintain an electric field at the air/polymer 

interface. The distribution of the field should be controllable in terms of both 

spatial configuration and intensity.  

 The master must be capable of being held flat by the chuck preventing thereby the 

creation of any unintended slant or tilt which would compromise the parallelism 

of the whole setup. 

 

 

4.2. Fabrication process of the nickel mask 

 

From the simulation work, the master outlined above provides the right structure to 

generate the necessary contoured electric field to induce an interfacial instability. In 

order to manufacture this structure, the electroplating process was employed whereby 

metal deposits itself inside a resist mould, which has been photolithographically 

patterned. 
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In the electrodeposition process, the part to be plated is the cathode of an electrical 

circuit. The anode is made of the metal to be plated on the part. Both components are 

immersed in an electrolyte solution containing one or more dissolved metal salts as well 

as other ions that permit the flow of electricity. A power supply supplies a direct current 

to the anode, oxidizing the metal atoms constituting the anode and allowing their 

dissolution in the aqueous solution. At the cathode, the dissolved metal ions in the 

electrolyte solution are reduced at the interface between the solution and the cathode, 

such that they "plate out" onto the cathode. The rate at which the anode is dissolved is 

equal to the rate at which the cathode is plated. In this manner, the ions in the electrolyte 

bath are continuously replenished by the anode [76]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the EHDIP application, a nickel-based electrolyte solution was chosen. The basic 

fabrication process flow is shown schematically in Figure 4-2 and is described below. 

Firstly a 3” glass wafer is cleaned in three steps, using acetone, IPA and finally DI water 

in an ultrasonic bath to remove as many particles and organic matter from the wafer 

surface as possible. This is necessary prior to depositing the seed layers of metal on the 

wafer surface, which are to act as a cathode in the electroplating process. The seed layers 

are deposited using the electron beam (E-beam) evaporation process. Two and a half 

hours of vacuum pumping was necessary to bring the deposition chamber to a vacuum 

pressure of around 10
-5 

mbar. The evaporator is capable of loading four 3” wafers at a 

time, although nominally it could accomodate five wafers. One slot was left empty and 

 

Figure 4-1:  Typical electrogalvanic cell  [76] 

 

http://en.wikipedia.org/wiki/Cathode
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http://en.wikipedia.org/wiki/Power_supply
http://en.wikipedia.org/wiki/Direct_current
http://en.wikipedia.org/wiki/Anode
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exposed to the target, so that when the electron beam was first directed at its target, the 

uneven evaporation and deposition induced immediately after heating was not impacting 

any wafer but the empty slot only. For this application a layer of titanium was first laid 

down on the wafer to provide good adhesion of subsequent layers to the glass surface. 

This was followed by the deposition of a copper layer, which gives far better electrical 

conductivity. The exact value of the overall thickness of the metal seed layers was not 

too important, and the wafers were brought under the evaporating material for 

approximately one minute per pass, resulting in a layer around 100 nm thick each for 

titanium and copper. 

The next step is the spinning of the AZ9260 positive photoresist onto the seed conductive 

layers previously deposited on the wafer surface.  

 

 

 

 

 

 

 

Due to its adequate resolution, ease of removal and wide availability, the AZ positive 

resist was chosen against the negative photoresist SU8. As the intention was to 

manufacture relatively high aspect ratio patterns, resist was spun at a relatively low 

velocity – around 1500 rpm - for 60s to obtain a 30 µm thick resist layer. In order to 

realize electrode heights of more than 60 to 100 µm, the spinning of a second layer of 

resist was necessary.  To achieve this, after removal of the wafer from the chuck, the 

spun on resist film was left to relax for a couple of minutes, as immediate heating after 

spinning would cause intrinsic stresses in the thick resist to deform the film. The first 

resist film was then soft baked for a minute at 90
o
C. The wafer was then returned to the 

Figure 4-2: Process flow for electroplated nickel masks 
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spinner and a second film was added with the same spin parameters as before and soft 

baked at 90
o
C for 30 minutes to allow solvents to evaporate from the polymer layers.  

The next step is the exposure of the resist to UV radiation under a suitable mask. A dark 

field mask, previously used by Yu [36], was used as the illuminated parts of the resist 

need to be removed to expose the seed layer for subsequent electrodeposition. The mask 

has already a series of lines that allows the formation of 3D ridges although the outlay of 

the ridges was more complex than simply parallel lines, making subsequent comparison 

with our models slightly more complex. Nevertheless this represented the best available 

design at the time. In order to expose the material to a depth of 30 to 40 µm, the wafer 

was placed in the UV-exposure equipment Tamarack and exposed to 3600 mJ of energy. 

The use of AZ9260 obviated the need for a post exposure bake. The resist was developed 

in standard AZ400K developer for 5 minutes. The illuminated resist was not developed 

down to the base copper layer and a clean room wipe doused with acetone was needed to 

expose the underlying seed conductive layer. Finally, the resist was hard baked at 105
o
C 

for 15 minutes to remove any remaining solvent and to protect the integrity of the 

exposed structure from softening in the electroplating rig.  

 

 

 

 

 

 

 

 

 

Figure 4-3: Electroplating process to create Ni master electrode 

 

In order to electroform the nickel master, a nickel sulfate electrolyte solution was used. 

For a fixed voltage and by varying the current it is possible to change the rate at which 

nickel ions migrate into the mould. We employed a process called overplating – by 

allowing the deposited nickel not only to fill in the grooves in the mould but also to 

create a nickel mesas that forms outside the grooves as shown in Figure 4-3. By doing 

this the mesas eventually join up, forming one continuous base plate structure. The 

resulting base plate allows electrical connection to the vacuum chuck while the grooves 
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allow for a non-uniform E-field distribution to develop over the surface of the target 

polymer. 

Nickel plating produces a relatively smooth and levelled back surface. In that respect, a 

good vacuum seal can be obtained on the chuck, which prevents the detachment of the 

master during the EHDIP process. As the surface is level, the master electrode is also 

kept parallel to the polymer surface during the process. The nickel electroplating bath 

was however in heavy demand at the time and it was decided to use of the iron 

electroplating bath. The resulting structures were found to have very rough back surfaces 

that required planarization using a polishing rig so that a decent vacuum seal could be 

made. The final step is to release the structure, by immersing the wafer in acetone until 

the electrode is released as shown in figure 4-4 [77]. 

The large surface area to volume of these electrodes can cause deformation of the 

electroformed substrate after release if high levels of residual stress are present in the 

deposited material. This effect can render the structure useless since the limited suction 

power of the vacuum pump might not be enough to force the mask to sit flush on the 

chuck. Any deformation is also deleterious to the parallelism of the master with respect 

to the target polymer, which might induce non-uniformity in the finished polymer 

structure. 

The three most common variable parameters in electroplating are the solution 

temperature, ion concentration and current density. All three factors have a proportional 

effect on the overall plating rate that gives rise to intrinsic stress seen after release. Metal 

ions migrating into the mould have grain sizes that depend on the relaxation time of the 

ions prior to coalescence with the neighbouring metal atoms [78]. A high plating rate 

does not allow for sufficient relaxation time for the ions, which leads to a fine grain size 

and low density in the overall material - each grain does more work to stay in contact 

with its neighbours, increasing the intrinsic stress. A lower plating rate leads to a denser 

deposited material of volume mass density closer to bulk nickel. Changing the process 

temperature was very difficult and only nickel sulfate solution was available. Only the 

current density could be adjusted by changing the current limit on the power supply. 
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A low current density of 0.15 mAm
-2

 was first used but demands for a low stress plate 

required a much lower current density, which would have resulted in a duration of the 

electroplating process of 48 hours. It was found that the 0.15 mAm
-2

 current density gave 

variable results, with some plates adequately flat, while others had pronounced 

curvatures. Thus the yield was typically only 25%-33% from each  run to create a new 

set of masks, which given their fragility, and the robust nature of the experiments, meant 

that we had a high turnover in usable masks. However, we were able to fabricate an 

adequate supply of useable masks for our experiments. 

 

4.3. Capacitor type master electrode 

 

The capacitor type master has many advantages over the first prototype. As demonstrated 

in the modelling chapter this design is based on a perforated parallel plate capacitor 

where the perforated plate is used to modulate the electric field generated in the dielectric 

from the non-perforated plate. The manufacturing time is less as the process relies on a 

lamination method. Residual stress can be minimised as subtractive manufacturing 

method such as laser ablation can be used to pattern the apertures at the bottom plate. 

Moreover, as the metal plates need only be thin, the stresses accumulated during the 

manufacturing of these plates should be small if an additive process is employed. The 

Figure 4-1: Bottom side of vacuum chuck and several iterations of electrodeposited 

corrugation type masks. Note the deep channels milled into the chuck to achieve a better 

vacuum and hold the masks flatter. 
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dielectric, which should also be as thin as possible to maximise the applied electric field, 

could easily also be a laminated sheet. 

 

4.3.1.  Manufacturing of the master electrode 

 

A proof of principle demonstrator was assembled based on readily available parts found 

in MISEC. A thin metal foil was used as a primary plate, and a cut out from a stencil 

produced by the company Microstencil Ltd and previously used for solder bumping was 

used for the secondary plate. The second plate has an overlap with respect to the first 

plate in order to allow the fixing of an electrical contact for the creation of a potential. 

The two plates were glued together with an epoxy resin, which doubled up as the 

dielectric material. This first attempt did not work as the resin expanded through the 

holes on the secondary plate, leading to dielectrics in unwanted regions. Moreover the 

secondary plate fabricated via a LIGA process [97] had substantial residual stresses, 

which created a substantial bow in the area cut out for our structure.  

 

Copper clad Liquid Crystal Polymer (LCP) was used for the fabrication of a second proof 

of concept demonstrator as shown in Figure 4-5 [80]. Typically LCPs have a high 

mechanical strength at high temperatures, extreme chemical resistance, inherent flame 

retardancy and good weather-ability. LCPs come in a variety of forms from sinterable 

high temperature to injection moldable compounds. They are used in microwave 

engineering as substrates for various strip line filter and transmission line applications for 

their electrical properties including high dielectric constants which would stop electric 

field lines from transmitting into the air around the microwave circuit and their sintering 

ability – this meant that such films could be stacked and fired to form multilayer 

substrates. They are also available with copper cladding on both sides with thickness as 

low as 25 µm and dielectric strength of 3.5 [81].  

The patterning process was carried out using standard PCB etching technology. 

Linewidths of more than 100 microns were chosen from the design exercise and for the 

feature sizes in order to keep it within resolution of the PCB resist. Two masks were 

drawn on the software package Solidworks
TM

, one for the top and one for the bottom 

sides. The bottom side acetate photolithographic mask was obtained using a high 

resolution 64,000 dpi printer from the company JD Phototools. The upper side mask was 

relatively simple and produced in house using a standard inkjet printer.  

http://en.wikipedia.org/wiki/Strength_of_materials
http://en.wikipedia.org/wiki/Sintering
http://en.wikipedia.org/wiki/Injection_molding
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Figure 4-5: Schematic of the LCP electrode 

 

The patterning of this mask is to provide electrical connections to both sides of the 

structure. The copper clad LCP was patterned and etched on both sides to provide the 

necessary structures. The design as transferred to the copper clad LCP via toner with the 

top and bottom masks carefully aligned, a UV light box then carried out the exposure 

before being etched using a standard chloride solution. The LCP vias from top plate to 

bottom plate were created using laser system to burn out the very thin via holes. This 

system was available in the laser processing group [82].  

 

In order to fit the mask to the vacuum chuck but still provide room to electrically connect 

the secondary side of the mask, the mask was made large enough so that the central 

pattern on the upper side, connected wholly to the chuck, provided the high E-field 

potential while allowing the outer ring as seen in Figure 4-6 to provide the lower 

potential so that no short circuit would occur. Unfortunately, due to the thinness of the 

master, this led to the outer ring part of the structure bending down towards the polymer. 

concept fix was found for this by using. Kapton
TM

 tape was used as a support to hold the 

mask above the air-polymer interface as in the early experiments. A larger vacuum chuck 

designed to adhere to the entirety of the mask while allowing for electrical isolation 

between the inner and outer rings would be a more permanent solution.The secondary 

plate is shown in Figure 4-7. 
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Two mask designs were also constructed forthe capacitive type mask, a square grid 

pattern and a parallel set of lines pattern as shown in figure 4-8. Dimensions for all the 

masks are given in Table 4-1. 

 

 

 

 

 

Figure 4-6: Top side of the design. Note the ablated via holes in the top right mask and the outer 

ring of copper, electrically isolated from the primary voltage plate. This is put in to provide 

electrical connection, using the via hole, to the secondary plate on the other side 

Figure 4-7: Secondary plate side of the design. Arrays of circular and rectangular holes were 

patterned as well as a series of slits designed to mimic the corrugation type masks used in previous 

experiments. 
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Table 4-1: Dimensions of all the masks manufactured 

Mask type Length (in m) Width (in m) Distance between 

perforations (m) 

Parallel lines 200 200 200 

Square grid 3,000 300 300 

 

 

4.4 Conclusions 

 

Fabrication of useable master electrodes for generating non uniform E-fields is vitally 

important to this work. Work began with an established LIGA type process for 

generating nickel masters. This process was time consuming and offered a low yield. 

Moreover the manufactured parts were not very robust. A new manufacturing process 

based on etching copper clad LCP films was derived from a design of a perforated 

capacitor for non-uniform E-fields. This process proved viable in terms of producing a 

low cost electrode solution, which could be produced quickly and with many different 

patterns for transfer into the polymer. The resulting EHDIP processed structures from 

these mask types are presented in chapter 6. 

Figure 4-8: The two perforated electrode designs for the capacitive type master 

 


