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Chapter 7 Process characterisation 
 

7.1. Introduction 

 Chapter 3 described the experimental set up that allowed the parallel alignment of the 

master electrode with respect to the polymer film. Small variations in the gap across the 

master electrode were shown to have large effects on the growth in the polymer 

structures, as the electrostatic pressure exerted at the polymer-air interface strongly 

depends on the electrostatic field, itself a function of the air gap. Using the experimental 

rig described in chapter 3, we demonstrated the parallel alignment of the mask with 

respect to the polymer surface at an accuracy of 100 nanometres This chapter presents a 

systematic characterisation of the growth process using Design of Experiments (DoE), a 

methodology used commonly in manufacturing. This methodology is explained in the 

context of the EHDIP process and key process parameters are singled out by the DoE.  

 

7.2 LCP mask experiments 

 

7.2.1 A note on AZ9260 

 

AZ9260 photoresist is used throughout these experiments. While it was noted that this 

process is compatible with any number of thermoplastics or UV activated polymers, it 

was decided to limit these experiments to one polymer to limit the number of variable 

parameters that drive the process. Different polymers with different mechanical and 

electrical characteristics, as well as different curing profiles would not aid in this 

objective. However, there is an argument for repeating this work with other polymers, 

possibly of non thermos-curing typesand it would be of interest to tune the process to 

different polymers this work was more focussed on the general operational variables that 

drive the process. AZ9260 is commonly used in lithography and has a moderate thermal 

curing profile, making it perfect for these experiments. 

 



95 
 

7.2.2 LCP experiment 

Experiments carried out using this mask arrangement showed EHDIP formation under 

the aperture areas where the E-field was highest, as predicted by the electrostatic 

modelling (fig 7-1)The setup for these experiments removed much of the control 

previously established over the process but was sufficient to prove the concept that the 

mask would work. For these experiments two power supplies were used: a 500V voltage 

DC source and a 20V DC source. The separation was set at 10µm gap. A 3” Glass wafer 

was deposited with a Ti-Cu-Ti thin film and a standard spun on layer of AZ9260 24 µm 

thick. This wafer was subsequently heated to 85
o
C for periods of 30 minutes.  

 

 

Figure 7-1 Profilometer results. The spacing between features is the same as that of the apertures on 

the mask. 

 

Experimental results showed that there was growth in some parts of the affected zone, 

although the height of the raised features was low – only several hundred nanometres for 

apertures of square grid pattern of 400 m length as demonstrated in Table 4-1. The 

patterns were only visible only over small areas of the polymer under the mask structure. 
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The air gap between the polymer surface and the master electrode was in the order of 10 

µm.  

The small height and lack of uniformity have several causes. As the modelling shows 

quite clearly, the capacitor type structure has a reduced E-field for the same applied 

voltage compared to electroplated structure. The lack of uniformity is due to the variable 

thickness of the tape and the sinking of the tape once the polymer material goes above its 

glass transition temperature as described previously. The flexibility of the mask and the 

fact that it exceeded the dimensions of the vacuum chuck meant also that it was harder to 

guarantee flatness over the area as free to move sections bent down towards or warped up 

and away from the polymer surface.  

Very little movement of the viscous polymer in the areas adjacent to the growth was 

witnessed unlike in the electroplated master experiments. In these experiments sub-

micron growth is seen while the material around the grown areas is only very slightly 

disturbed; this is particularly prevalent in the second set of results where there is only a 

very slight moat around the grown point structure. The growth and moat together 

represent the pitch of the mask, as the voltage backs off towards the nominal 5V of the 

secondary mask side. The surrounding material remains undisturbed and the growth of 

the structure is therefore limited to what can be redistributed from the moat to the centre 

of the structure. The material outside of masked areas appears to play only a slight role in 

redistributing the polymeric material.  

 

The difference in the two voltages applied to the capacitor type mask, essentially a 250V 

source applied to the top electrode and a 5V source applied to the bottom electrode 

would be the equivalent of a very high aspect ratio in a electroplated type mask. The 

gradient between high field points and low field points would clearly be very steep. We 

believe this would cause the initial rupturing of the liquid bridge at the edge of each high 

field – low field point to happen very quickly. The initial growth would thus be sped up 

in the experiment and would explain why the initial growth appears to be further 

advanced at an early stage with respect to the electroplated structure.  
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There is also a second order effect. In the case of a large aspect ratio master there is a 

vastly lower field strength over a large percentage of the affected area. Because of this 

the instabilities over much of the surface are lower due to the overall lower interfacial 

pressures. There is therefore less flow of liquid in those areas not in the high E-field 

zones, which rely on liquid from other areas of the interface to flow in and keep the 

growth moving. An overall more stable system as we might expect here will not grow as 

rapid as one where the field is more uniform over the whole surface. This raises the 

notion that a high aspect ratio mask will be less successful in replicating a structure using 

the EHDIP process. 

 

 

7.3.  Maximum process separation 

For this experiment an LCP master using a 150 x 150 m square grid pattern (Table 4-1), 

a 3” diameter glass wafer coated with a 24µm thick AZ9260 film and an applied 

potential difference of 250V have been used. The wafer is set at a gap of 10 µm, and 

progressively increased until the polymer growth is considered negligible. The 

experiment was carried out at 85
o
C with the gap set at each position for 30 minutes (figs 

7-2 to 7-5). As the distance increases, the growth in the polymer decreases as measured 

by the white light phase shifting Zygo profilometer. This observation is supported by the 

modelling work described in Chapter 4.  As the master is progressively removed away 

from the polymer surface, the E-field distribution looks more uniform at the wafer level. 

At a distance a factor of 500 µm no replica of the master structure is observable. At this 

point any instabilities in the polymer surface due to electrohydrodynamics will be 

confined to packed hexagonal clusters, although this was beyond the capability of the 

profilometer to observe.  
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Figure 7-2: Polymeric patterns with airgap set at 10um 

 

 

 

 

 

 

 

 

 

 

Figure 7-3: Polymeric patterns with airgap set at 50um 
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Figure 7-4: Polymeric patterns with airgap set at 200um 

 

 

 

 

 

 

 

 

 

Figure 7-5: Polymeric patterns with airgap set at 500um 
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Fig 7-6: Growth of polymer structures over constant voltage, temperature, time and film thickness. 

The air gap is increased from 10, 50, 200 to 500m, respectively. 

 

From the profilometry measurements, as the air gap increases, the polymeric patterns 

become less pronounced and their height decreases. At 500 m the only observable 

pattern in the polymer is an artefact left behind by a microscope slide that had been 

sitting in the polymer surface, adjacent to the area under the electrode. In order to 

maximise the utility of subsequent factorial experiments, it was decided to concentrate on 

smaller air gap separations, to maximise the size of the features and therefore to 

minimise measurement error when assessing various experimental factors. 

 

7.4. Maximum height of replicated structures 

Consider a periodic grating of N protrusions on the master electrode of length L. Each 

protrusion has a width D and is spaced from one another by a distance W. The air gap is 

assumed to be small enough such that growth of the patterns is taking place with the 

entire volume of the resist being redistributed in the patterns as shown in Fig.7-7. If T is 

the original thickness of the polymer film deposited on the wafer, the maximum feature 

size of the patterns, T’, that can be created is given by the equation: 

𝑇′ = (1 +
𝑊

𝐷
) 𝑇      (1) 
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This equation assumes that the features are reproduced uniformly in the vertical 

direction. The height over width aspect ratio of the features on the master electrode plays 

a negligible role provided that the salient features of the electrode are the main source of 

the electrostatic field distribution pattern. In the equation above, the reduction of volume 

of polymer due to the evaporation of the solvents present in the polymer has not been 

taken into account. 

 

 

 

 

 

 

 

 

 

 

Fig 7-7 Theoretical lateral distribution of material 

In practice it is difficult to achieve full redistribution of the volume of polymer material 

during the EHDIP process. On the basis of the various experiments carried out during 

this thesis, less than 60% of the original total film thickness in terms of material can be 

redistributed. This is due (1) to the topology of the mask used which is not strictly a 

simple set of ridges and (2) the surface tension of the material. A typical example is 

given in Fig. 7-6 where only 4 µm high patterns were obtained out of a 15 µm thick film 

of AZ9260.  
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Fig 7-8 Profilometry image of a structure made in AZ9260 

On the other hand, different types of polymers lead to different results. Early experiments 

carried out by Yu [34] using the low surface tension material PDMS achieved heights 

larger than the original thickness deposited as shown in Fig.7-9.  

 

 

 

 

 

Fig 7-9 Profilometric picture of structure obtained with the low surface tension material PDMS. 85 

µm high channels were obtained out of an initial 50 µm thick film  

 

In Chapter 5, modelling results of the electrostatic field distribution for the capacitor type 

structure presented areas with no or very low electrostatic potential adjacent to exposed 

dielectric regions, which had a high voltage potential applied. These low potential areas 

do not contribute significantly to the growth of the patterns. Moreover, as more material 

flows from these areas into areas of high electrostatic pressure the distance between the 

polymer surface in these areas and the patterned master electrode increases, decreasing 

further the overall electrostatic pressure. A second limiting factor is the nature of the 
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polymer used in this experiment. The thermosetting plastic AZ9260 resist needs to be 

brought above glass temperature to become less viscous but sustained heating of this 

material causes substantial evaporation of the solvent making it more viscous. It becomes 

harder to redistribute the material under the applied E-field. Moreover as material drains 

away from areas under low E-field then the volume to surface ratio decreases, and areas 

will lose solvent at a faster rate than those grown structures under high E-field areas. 

Therefore we have a situation where the thinning material in low E-field areas hardens 

quicker the thinner it gets, again limiting the amount of material available for 

redistribution. 

 

7.5.  Time evolution of the patterns 

Using the real time capacitive measurement system described in Chapter 3, the evolution 

of the growth profile of the polymer was measured in real-time. For many different 

process parameters such as temperature, voltage, film thickness and air gap height, the 

growth of the patterns obeys the same type of exponential curve as shown in fig.7-10 

 

Fig 7-10: Time evolution of the growth of the polymer in terms of capacitive values. 
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The growth of the structure obeys an exponential curve and depends on the applied 

electric field. Increased values of capacitance can be translated into a reduction of the 

gap between the polymer and the master electrode, which is kept at a given height with 

respect to the base of the wafer. Before each measurement the polymer is discharged to 

the electrical ground in order to remove charge build up. At higher E-field strengths there 

is still considerable changes in volume even after 15 minutes. At lower E-field 

concentrations this volume change has stabilised largely after 5 minutes. Using this we 

set the factorial experimental time limit at 15 minutes. 

 

7.6.  Design of Experiments 

7.6.1.  Introduction and parameters used for the DoE 

A Design of Experiments (DoE) was carried out to determine which parameters (factors) 

influence significantly the process [91]. A 2 x 4 factorial experiment, with 4 parameters 

taken to a two-levels, high and low, was chosen to test the various factors together in 

order to isolate the most significant parameter interactions. The following factors were 

investigated: applied potential, air gap, film thickness and applied temperature since 

these parameters could change the applied electrostatic pressure. Whereas the change of 

applied potential has an obvious effect on the electrostatic pressure, the other factors do 

exert an influence as well. For example the ratio of capacitances between the air and the 

polymer contributes significantly to the electrostatic pressure. These capacitances are 

function of the air gap and the polymer thickness. The interfacial pressure due to the 

thermal energy is also a function of this ratio. A thicker film will exhibit a greater 

thermal resistance and there will consequently be less heat flow through to the interface.  

All experiments were carried out using 3” diameter glass wafers with a two-layer coating 

of copper and titanium so as to maintain the same flow of heat through the substrate in 

each case. Table 7-1 indicates the chosen parameters. 
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Table 7-1 Factors and levels under study 

Parameter [factor] High (2) Low (1) 

Voltage (V) [A] 400 250 

Air gap (µm) [B] 32 16 

Film thickness (µm) [C] 22 10 

Applied temperature (
o
C) [D] 95 85 

 

These factors were chosen in order to provide clear differentiation between high and low 

levels while fitting within the practical limitations of the setup. The high level of the 

applied voltage was capped at 400V in order to make sure that there would be no arcing 

due to breakdown voltage over the course of the experiment. The lower level of 250V 

was chosen based on previous results demonstrating that this value was able to induce the 

necessary instability at the polymer surface. The levels for the film thickness were based 

primarily on the easiest recipes to spin the AZ9260 resist, these thicknesses being the 

natural consequence of spinning one polymer at twice the rate of another. The air gap 

was similarly based on previous experimental data (fig 7-6) showing that airgaps in the 

tens of microns could be expected to produce easily measurable EHDIP growths, and 

both were suited to maintain a high field strength in areas adjacent to those parts 

expected to grow. The low level of the applied temperature was chosen to be just above 

the glass transition temperature and then the higher factor below 110
o
C, temperature at 

which we would expect the AZ9260 to outgas all its solvent in a shorter time frame than 

the 15 minutes that was judged from previous experiments to represent the optimal time 

for growth. Finally we randomised the order in which the experiments were carried out 

as indicated in Table 7-2. This was done since the implementation of the full factorial 

would take place over several days and we wished to minimize or remove any 

environmental factors such as ambient air pressure that might contribute to the growth of 

the polymer.  

Two outcomes were chosen for the experiment: structure growth rate and uniformity. 

Measurements were taken from seven points on the final structure: the four corners of the 

affected area plus three equidistant points around the middle of the Ni mask.  Results of 

each experiment were derived as an average of the measurements obtained at the seven 

points. 
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Table 7-2 Matrix of factors for a 4 parameter, 2 level full factorial model 

 A1 A2 

B1 B2 B1 B2 

C1 D1 1 2 5 6 

D2 3 4 7 8 

C2 D1 13 14 9 10 

D2 15 16 11 12 

 

In the first instance we wished to ascertain which factors induced the fastest growth rate. 

Intuitively an experiment where all factors are tuned to give the absolute highest 

interfacial pressure is likely to provide this type of growth rate. In the final analysis we 

elected to measure the average growth based on the corner of the structure and the 

middle of the structure. 

 

7.6.2.  Factors affecting growth rate in the middle of the structure 

Factors affecting growth rate in the middle of the structure were first examined as shown 

in Fig. 7-11 
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In the main effect plot the Y-axis is a normalised measure of growth rate – the larger the 

number, the faster the growth rate.  We are looking for main effects that change the 

growth rate, thus the X-axis in the main effects plot shows the two levels of each factor. 

A diagonal line suggests an effect at work, the higher the gradient of the line, the greater 

the effect of changing that factor. A straight line across the two levels would suggest that 

the factor has no significant effect on the output under consideration. 

The second plot is the interactions plot. This is a matrix of plots that allows the user to 

compare the effects of one factor on another, to show if there are products of two factors 

that are statistically significant. In the above case, for example, the applied voltage on the 

Figure 7-11: Main effects and interaction plots for increasing uniformity in the 

EHDIP process 
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top left, and read along how film thickness, air gap and applied temperature affect growth 

rate with respect to the two applied voltage levels. 

From Fig. 7-11, a higher mean, that is a higher average growth rate, is achieved where 

the applied voltage and film thickness are at maximum as expected, and the thermal 

gradient and air gap are minimised. The need for a small thermal gradient is slightly 

surprising as such a value would reduce the energy in the film, and thus its instability. 

Fig.7-11 provides a better understanding of the interactions between these factors. 

Interactions between the air gap and film thickness have the most significant effects on 

the growth rate. Such variations are more pronounced in experiments carried out at lower 

temperature. A direct correlation exists also between film thickness and air gap, and 

shows that thickness is a more important factor when the air gap is smaller. Applied 

voltage is the easiest factor to assess as a higher voltage gives a higher mean at smaller 

air gaps and thicker films. Again a lower temperature provides a higher means. The film 

thickness appears to play a more important role than the magnitude of the applied 

voltage, and is arguably the single most important factor at work here, although the 

factors are heavily interdependent.  

 

7.6.3.  Growth rate in the corner 

    Again, the film thickness produces the steepest change in means. Interestingly, the 

trends with thermal gradient and air gap size are reversed. From Fig 6-11, the near 

independence in interactions between the thermal gradient, film thickness and air gap 

length for the lower applied voltage are observed, although the higher voltage range 

shows an appreciable change in means. This suggests an effect beyond the normal 

interactions of the EHDIP process. The higher temperature effects are particularly 

interesting: there is a steeper change in means, and thus in growth rate, where the air gap 

is wider, as well as a more pronounced gradient where film thickness is a maximum.  
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Whereas the differences between the growth rates at the middle and corner of the 

structure would be expected to be the same, the growth rate at the corner far outstrips that 

at the middle where the air gap is widest and the temperature is highest. This is evidence 

of increased air flow through the gap. More air flows over the liquid polymer and thus 

material is redistributed quicker to these affected regions. This effect seems to be 

localised rather than uniform and seems based on environmental factors – i.e. a pressure 

differential greater in one area than the other. 

 

 

 

 

 

 Figure 7-12 Main effects and interactions plot for growth rate at corner of 

structure 
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7.6.4. Effect on the uniformity of structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unlike the previous two plots, the means for the uniformity, shown in Figure 7-13, is 

based on attaining the lowest deviation from the mean value. A correlation between the 

uniformity and the plots for the growth rate at the middle of the structure is observed, but 

is less than that of the average growth rate at the corner. Again, the relationship between 

the film thickness and the air gap stands out. On the other hand, the thermal gradient 

shows as a very weak effect while the applied voltage gradient is much the same as the 

previous plots. The interaction plot shows that the film thickness has a significant effect 

with respect to the applied voltage and the air gap, the uniformity getting better at greater 

film thicknesses, lower air gaps and lower voltages. Although it appears that the 

 

 

Figure 7-13  Main effects and interactions for uniformity of structure 
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influence of the air gap distance is more important for thicker films than for thinner ones. 

With respect to the temperature there are paradoxical results with respect to the applied 

voltage and the film thickness. In the former case, the mean is the same for both 250 and 

400V, while diverging in their effects at higher temperatures. In the latter case a lower 

temperature and greater film thickness gives a better uniformity, while the thinner film 

seems to give a better uniformity at higher temperature. 

 

7.6.5. Analysis of the results 

In the majority of cases, thicker polymer film surfaces performed better in terms of 

overall growth rates and uniformity in the middle of the wafer, where the disruptive 

airflow was less pronounced. There are several reasons for this. Primarily thicker films 

with respect to a constant air gap induce a stronger electric field strength at the air/liquid 

boundary, quickening the growth rate. Two effects provide better uniformity in thicker 

films. For thermosetting polymers, the volume of liquid available is directly proportional 

to the volume of solvent available. While some of this is undoubtedly due to a weaker 

electric field and less solvent to keep the polymer in a viscous state, the volume of liquid 

immediately available for redistribution is thought to be an issue as well. There is no 

evidence that the viscous medium surrounding the master electrode has been pulled into 

the zone under electrostatic pressure. Structures seem to be formed only from material 

under the area affected by the electric field. A thicker film has a higher volume of liquid 

to form shapes, and will find it easier to form into higher structures. This effect depends 

on the feature size dimensions of the master: a thinner film will give better results if the 

feature size of the master is finer. We have previously observed differences in growth 

rate between different feature sizes with similar experimental setups. 

    A higher applied voltage will contribute towards a higher electric field and thus a 

higher growth rate. However, there are some limitations. The lower limit is the 

breakdown voltage that dominates any attempt to raise the potential beyond a certain 

value. The higher limit is on the resolution of the electric field at long distances for any 

given voltage. Previous modelling indicates that the electric field contours matches that 

of the nickel master at short distances but becomes more uniform the farther away from 

the structure. At higher distances, typically around 50 m at 250V, the polymer does not 

replicate the features of the master.  
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    Overall the more uniform and faster growing regimes occur when there is a thicker 

film, lower temperature, low air gap and higher voltage for a process time of around 3 to 

5 minutes. However, for thermosetting polymers the quickest process times leave the 

final product fairly soft. This is a drawback when trying to measure and monitor the 

height of the structure for manufacturing purposes.   

One immediate outcome of our experiment was observed in the potential aspect ratio of 

our devices, and indeed the maximum height that could be achieved. When the air gap is 

set low the maximum height of the structures is restricted if there is no active control of 

the master in the vertical direction. We had already witnessed that the ratio of height to 

film thickness cannot be more than 60% and that some of the film thickness is always left 

in the bottom of the wafer. Thus we could conclude that the overall height and aspect 

ratios of any EHDIP structure were limited fundamentally by the need to keep the air gap 

low and by the upper limit on how much film could be redistributed by the process 

before reaching an equilibrium. 

The parameter space with the best uniformity favours a slower approach, with smaller 

applied voltage and lower temperature. Maximising the film-to-air-gap ratio requires a 

higher E-field at the interface. The crucial parameter here is in minimising the potential 

chaotic air flow over the polymer and in increasing the processing time. There are still 

significant problems with the overall uniformity. While the relative difference between 

heights is small for these structures, this difference is still in the region of one or two 

microns, which can be significant for a practical application for the process. One way 

around this was observed in some earlier experiments in allowing the growing structure 

to contact the mask. Although this will collapse the electrostatic field, with our optimised 

parameter space we can rely upon the thermal interfacial pressure to continue reducing 

the surface tension of the film and bridge the last micron or two of difference using the 

mask as a hard stop to the process. This approach relies heavily on making sure the mask 

has a low surface tension to avoid any damage to the patterned features when the 

polymer is released from the wafer after the experiment.  
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7.7. Conclusions 

In conclusion a Design of Experiments was devised to characterise the formation of 

structures during the EHDIP process. It was shown how the polymer growth rate varies 

over time and explained qualitatively the observed behaviour noting that several hundred 

nanometres of growth can be achieved over a 15 minute time scale using air gaps in the 

10 to 30 m range. It was further shown how the cross section of the polymer varies as it 

grows. In the most comprehensive  experiment the objective was to optimise the growth 

rate and uniformity of the EHDIP structures and it was concluded that maintaining a 

thick film and low air gap height was important in making the structure more uniform in 

terms of height across the mask area,while the rate of growth – as a result of the higher 

E-field – is also influenced by the gap ratio but also by the applied votlage and have also 

indicated the limitations on the EHDIP process in terms of its aspect ratio and structural 

height. 

 


