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Summary
This thesis proposes a process to realize aluminium patterns on a vertical cavity sidewall. The
possibility to create metal electrodes opposite each other on the cavity sidewall is a very
attractive way to accurately determine liquid volume in such cavities, as often required in
microfluidic systems. Conventional IC technology methods and equipment, in particular a
simple contact aligner for the exposure, are used to maintain compatibility with standard IC
processes.
To define the aluminium patterns SU8 is used instead of conventional photoresists. When
coating cavities with SU8, cavity filling and step coverage become important issues. To
ensure good cavity filling a low viscosity SU8 type should be used, while good step coverage
can be achieved with a high viscosity type. Experiments showed that a multiple coating
process using both a low viscosity SU8 type (SU8 2002) and a high viscosity type (SU8 2025)
gives optimal coating results.
As this coating process fills the cavities, a conventional contact aligner can be used to expose
the SU8. The exposure time however has to be chosen carefully, as the SU8 layer will have a
varying thickness. An optimal exposure time was found and the minimum achievable spacing
between the SU8 structures was determined.
The aluminium on the cavity sidewalls can only be removed with an isotropic etching method,
making wet etching the obvious choice. Inspection done after SU8 removal however showed
a large amount of underetch. Several possible causes are discussed, such as stress in the SU8
layer, loss of adhesion and the shape of the sidewall. Experiments to evaluate suitable ways to
overcome these problems were carried out and the results discussed.
SEM inspection of fabricated structures showed that it is possible to create 20 µm wide
aluminium lines with a minimal spacing of 20 µm on a vertical cavity sidewall. To further
validate the process, resistance measurement structures were designed and fabricated. A
number of successful measurements were done, showing that it is indeed possible to create a
connection from one side of a cavity to the other. The measurements also showed a large
difference in measured resistances, which is due to the experienced underetch of the
aluminium on the sidewall.
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1 Introduction
There is an increasing demand on integrated devices that offer more than just electronic
functions. Due to remarkable advances in IC technology, it is nowadays possible to integrate
more functionalities on the same silicon chips. This gives several advantages, such as faster
measurements, increased accuracy and performance and potential cost reduction.
Fluidic systems used in applications ranging from chemical to biological are a good example
of this approach. An important quantity in almost ever fluidic system that needs to be
measured or controlled is the liquid volume. Measuring the impedance over an electrode
couple (see figure 1.1) is a very attractive way to determine this. Accurate measurements can
be done when the electrodes are placed opposite each other.
In this thesis a fabrication process to create metal electrodes opposite each other on a vertical
sidewall is proposed.
The idea for this project came from a project on micro dispensing units, [1] carried out at
DIMES TUDelft. The aim of that project is to create a liquid volume measuring sensor inside
the nozzle of a micro dispenser, and to use this information in a feedback loop to create a
more efficient dispenser. The possibility to have an alternative approach to realize vertical
electrodes in the nozzle is investigated and presented in this thesis.

Figure 1.1. Electrodes placed on the vertical sidewall of fluidic channels.

1.1

Previous research

Conventionally pattern transfer is done by a photosensitive layer, with UV light illumination
perpendicular to the substrate surface, implying a horizontal orientation. So when electrodes
have to be made inside a channel, they are usually made on the bottom of the channel (figure
1.2.a) [2, 3, 4].

Figure 1.2. Different methods to create electrodes inside a cavity, (a) an electrode on the bottom of a
surface micromachined cavity, (b) electrodes on sloped sidewalls with an angle θ of 3 to 5 °.

However more accurate results can be achieved when the electrodes are placed on the
(vertical) sidewall of the cavities. The simplest solution would be to use a slightly sloped
sidewall, as the slope makes it possible to use a more conventional pattern transfer method.
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This technique is used in [5] to create metal lines across a 5 µm deep channel, the sidewalls
had an angle θ of 3-5° (figure 1.2.b).
In some experiments, vertical sidewalls are preferred, because they will provide more design
freedom and more accurate measurement results. A method has to be found to coat and
expose photoresist on a vertical sidewall. One proposed method is to add a diffraction pattern
on the mask, which will bend the light to the vertical sidewall [6]. Using this method, 100 µm
wide lines with a spacing of 100 µm, and 400 µm deep could be made.
Instead of using metal, (doped) silicon could also be used to create acceptable electrodes. The
electrodes can be made from the substrate silicon which is an advantage. Isolation of the
electrodes poses some problems, an isolation layer has to be made as thick as the electrode
height. Using a 50 µm deep silicon oxide layer as isolation, 25 um deep electrodes were made
[1].

1.2

The approach proposed in this thesis

The methods mentioned before have some drawbacks, such as limits on the maximal channel
size imposed by the selected process; the need of special (diffraction) patterns on the mask, or
a very long (and thus costly) process. If a thick layer of photoresist, completely filling the
cavities, can be used, a conventional exposure could be done. There are several photoresists
like AZ-4620 [7] and SU8 that can be used to create thick layers. In this project SU8 will be
used to create electrodes on a vertical cavity sidewall. A dimension range (10 to 80 µm)
which is a range commonly used in microfluidics [1] will be used for both electrodes and
cavities.
SU8 is not a widely know photoresist, so a description of its main use and properties will be
given in the second chapter. In the same chapter a schematic description of the main process
steps will be given. Chapter 3 will describe the mask, which was designed and used in the
experiments. The following chapters will describe the challenges that were encountered
during the process, and the experiments that were done to overcome them. In chapter 7 some
preliminary electrical measurements are reported. The equipment used, the measurement
techniques employed and a description of the optimal process flow can be found in the
appendices.
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2 SU8 photosensitive polymer
The photosensitive SU8 polymer is not widely known, but its use in MEMS technology is
constantly increasing. This chapter gives a short description of the SU8 polymer, its main
properties, and the applications for which it is often used. The second section of this chapter
presents a schematic description of the process steps required to realize metal patterns on
vertical channels sidewalls and discusses the role SU8 plays in this process.

2.1

What is SU8 and its main use

SU8 is a photoresist developed by IBM as a thin layer high resolution resist [8]. It is made by
dissolving the EPON® Resin SU8 in the organic solvent gamma-butyrolacton, together with a
photoinitiator, a triaryl sulfonium salt. The resulting solution is generally called SU8 followed
by a number indicating the type. The amount of solvent determines the layer thickness that
can be achieved: less solvent gives thicker layers. The photoinitiating salt is added because
the EPON in itself is not sensitive to light. During exposure the salt decomposes and
generates a strong acid which polymerizes the SU8 when heated [9, 10, 11 and 12].

Figure 2.1. Chemical composition of the SU8 molecule.

The SU8 molecule (see Fig.2.1) has a low molecular weight, providing high contrast, good
solubility and planarizing capabilities. Due to its good solubility, SU8 solutions can be made
containing up to 85% solid mass, allowing layers with a thickness up to 750 µm to be made
using a single spin coating step. Multiple coatings can be used to achieve even thicker layers
[8, 11].
Although SU8 has a low molecular weight, the molecule contains eight epoxy groups,
providing high sensitivity to light in the near UV region (350 to 400 nm wavelength). A bit
contradictory is that SU8 is also relatively transparent to light in this region (46%
transparency at 365 nm for a 100 μm film [13]). The combination of these properties makes
that thick layers can be uniformly exposed, yielding high aspect ratio structures. Aspect ratios
of 18 with a structure height of 80 to 1200 µm have been reported [10, 12].
After polymerization the SU8 molecules form a highly cross-linked matrix, making the resist
thermally and chemically stable. These properties make SU8 suitable for use in prolonged
reactive ion etching processes and in electroplating [13]. According to [11, 14], SU8 has good
mechanical properties, and can be used as a photoplastic material to create mechanical
structures.
Table 2.1 shows the process steps that are generally done to realize SU8 structures on a
silicon wafer. In the last column of the table some parameters are shown that were used in our
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lab to successfully create 30 µm high SU8 structures [15]. These parameters were taken as a
starting point for the experiments described in this thesis.
Table 2.1. General SU8 process description.

Process step

Description

Parameters used in [15]

1

Substrate pre-treatment

To remove contaminations and
improve adhesion before coating

Dehydration bake:
5 min at 200 °C

2

Spin coating

To apply the SU8 layer and
control its final thickness

Final spinning rate to create 30
µm thick layers: 2650 rpm

3

Prebake

To remove the solvent from the
SU8 layer

60 minutes at 65 °C

4

Exposure

To transfer mask pattern into
SU8 layer

Hard contact, exposure time:
30 seconds

5

Post exposure bake

To polymerize the SU8

4 hours at 65 °C

Development

To remove unexposed SU8 and
complete pattern transfer

SU8 developer: 10 min
Wash with fresh developer
Rinse IPA, Blow-dry with
nitrogen

6

To improve temperature and chemical stability, a so-called hard bake can be done at a
temperature in the range of 100 to 200°C. The specific value is determined by the temperature
used in the further process. In case the exposed SU8 structures have to be removed from the
wafer an oxidizing acid, plasma ash or reactive ion etching can be used.
At this point it must be mentioned that SU8 has proven to be very sensitive to variations in
processing variables [16]. Some of the parameters need to be changed for this process when
working in a different laboratory.

2.2

Main fabrication steps

In this section a schematic description of the process steps needed to create metal electrodes
on a vertical sidewall are given.
The fabrication of the electrodes roughly consists of two parts, cavity preparation and
aluminium patterning using SU8. Cavity preparation mainly consists of DRIE cavity etching
and aluminium sputtering, while aluminium patterning includes SU8 coating, patterning,
aluminium etching and SU8 removal. The process is carried out in DIMES (Delft Institute of
Microsystems and Nanoelectronics). The equipment that was used will be shortly described in
the relevant chapters, a more detailed description will be given in appendix A.
First the cavities are etched into the silicon substrate (Figure 2.2.a) A Deep Reactive Ion
Etching (DRIE) process is used with a 3 µm photoresist mask, because it can give vertical
sidewalls independently of the silicon crystal structure. It is assumed that the reader is familiar
with the DRIE process, so it will not be discussed here. Information about DRIE etching can,
for example, be found in [17].
After etching the cavities, the aluminium, which will be later used to create the electrodes can
be deposited on the wafer (figure 2.2.b). Aluminium is chosen because it is compatible to
most IC technologies. RF-sputtering is used as the deposition method because it gives good
sidewall coverage, although due to shadowing effects the aluminium layer on the sidewall and
bottom of the cavities will be thinner than on the surface of the wafer. As for the DRIE
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etching, it is assumed that the reader is familiar with rf-sputtering and it will not be discussed
here. Some information on sputtering can be found in [17, 18 and 19]
The wafer is then coated with SU8 (see figure 2.2.c). In view of simplicity, conventional spin
coating is used to coat the SU8 on the wafer. However due to the presence of cavities, the
coating step is then a difficult challenge. Some special steps are required to create an uniform
layer that completely fills the cavities. After coating, a baking step (prebake) is done to
remove the solvent from the layer. If multiple coatings are used, a baking step may be
necessary after each coating step.

Figure 2.2. Schematic process flow, (a) DRIE etching, (b) Al deposition, (c) SU8 coating.

Exposure (figure 2.3.a) will be done by using a contact aligner. Due to the presence of
cavities, there are different SU8 layer thicknesses on the wafer, the exposure time has to be
selected carefully.
After exposure the wafer is baked again (post exposure bake). During this baking step the
acid, which is formed from the photoinitiator salt, polymerizes the SU8 molecules. When the
wafer is then developed, by using a SU8 developing fluid like PGMEA, the unexposed SU8
is removed, figure 2.3.b. A rinse with IPA followed by nitrogen blow-drying is needed to
clean the wafer.
When the SU8 structures are made, and the aluminium can be etched, leaving the parts that
are protected by the SU8. The etching process should have isotropic properties, thus making
wet etching a first choice.
The last step will be the removal of the SU8 (figure 2.3.c), which is another challenge because
SU8 is resistant to most organic solvents. The easiest way would be to ash it in a furnace at
600 °C, but this will give problems with the aluminium. Alternatives are a wet method that
uses an oxidizing acid, like nitric acid or piranha etch and a dry method that relies on an
oxygen plasma (with some added fluorine containing gas).

Figure 2.3. Schematic process flow, (a) exposure, (b) SU8 developing, (c) Al etching and SU8 removal.
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Measurements and characterisations

During the experiments, some parameters have to be measured. The most relevant one would
be the SU8 layer thickness, although the step coverage and surface uniformity are also
important. The methods used to measure these characteristics are briefly discussed here, while
characteristics of the equipment used are reported in appendix A.
2.3.1
Optical microscope
An optical microscope, or just microscope for short, can be used to inspect cavity filling and
adhesion. SU8 is transparent to light. Air bubbles that are trapped beneath the SU8 will appear
as black dots. It is possible that during development some of the structures (partly) lose there
adhesion with the substrate, and this can be observed with the microscope. The eyepiece of
the microscope contains a ruler, thus measurements down to a micrometer can be done. After
aluminium etching, the ruler can be used to get a rough estimation of the underetch.
2.3.2
Scanning electron microscope (SEM)
The SEM has a larger magnification than the optical microscope, and is capable of revealing
the 3D image of the microstructures. This makes the SEM a very useful tool to inspect the 3D
structures in between fabrication steps. It is for example used to inspect the cavity filling
during coating experiments. Inspection is also done during exposure experiments after
developing, after aluminium etching and SU8 removal. The SEM pictures can be digitized
with the analysis software program, thus information about the scale of the picture can be
imported, so that structure dimensions can be measured. This method is mainly used to
measure the thickness of the SU8 layer.
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3 Test structures design
To demonstrate the potential of SU8 for pattern transfer on vertical sidewalls, several test structures
were designed and fabricated. In order to identify an estimation to the limit of the process, several
geometries need to be tested first. This is done by using a DRIE test mask which contains square,
circular and rectangular structures with dimensions ranging from 1 to 200 µm. Based on the
results of this first test, specific patterns are designed, fabricated and finally electrically tested.

3.1

DRIE test mask

The DRIE test mask contains many lines, circles and some squares of different size and
spacing. Both the cavities and the SU8 structures are patterned using this mask. When
exposing the SU8, the mask was rotated 90° with respect to the DRIE patterns, in order to
have SU8 lines crossing trenches.

Figure 3.1. DRIE test mask layout, cavities patterns are in green, SU8 patterns in blue.

Table 3.1 lists the various structures present on the mask, with their dimension and spacing
range. To make sure that the DRIE holes can be seen when taking a cross-section, there is a
slight shift in the rows of circles. A more elaborate description of the mask design will be
given in appendix B.1.
Table 3.1. DRIE test mask structure dimension range.

Structure type

Width or diameter

Spacing

lines

1 to 200

10 to 600

circles

3 to 50

9 to 150

squares

10 and 50

10 and 50

This mask was used in several experiments to investigate cavity filling, adhesion and
exposure time. A description of the filling and adhesion experiments can be found in chapter
4, the exposure time experiments are described in chapter 5.

3.2

Vertical electrode design

From experiments using the DRIE test mask it was found that SU8 structures of 5 µm or
larger with a spacing around 10 µm can be made. Although optimization of process
parameters could further reduce both, it was decided to use 5 µm as a minimal structure size
with a minimal spacing of 5 µm. This section will give a description of the structures and
masks, which were designed to get a better understanding of the capabilities of the process.
The complete design can be found in appendix B.2.
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3.2.1
Cavity and SU8 dimensions
A width of 20 µm was chosen as lower limit of the cavities, 80 µm will be used as upper limit
although in principle no restriction is known on the maximum usable size. As intermediate
value 40 µm was chosen. These three values can give a good idea of the capabilities of the
process. The dimensions of the circular and square holes have a diameters, and sides of 20, 30
and 40 µm.
Over these cavities SU8 lines in the range between 5 and 30 µm, with a minimal spacing of 5
µm, are patterned. In table 3.2, a complete list is given for the cavities and the SU8 lines that
are patterned across them.
Table 3.2. Cavity and SU8 line dimensions of the vertical electrode mask.

Cavity type

Cavity
dimensions

Line width

Spacing

channel

20 to 80

5 to 20

5 to 20

40

15 to 30

30

10 to 25

20

8 to 15

Circular and square
hole

SU8

3.2.2
Electrodes
Making SU8 lines across a cavity is only a small part of the final structure. The goal of this
project is to create electrodes facing each other on opposite vertical sidewalls of a cavity.
Due to the exposure method, only one electrode type, rectangular shaped, can be made on the
sidewall of the cavity, electrode widths of 30 and 80 µm were designed (figure 3.2.a and
3.2.b). It is possible to create different shaped electrodes on the bottom of the cavities,
connected to the surface of the wafer via the sidewall. Large square and circular electrodes
(figure 3.2.d and 3.2.e) were designed, which are only slightly smaller than the width of the
cavities. Also, two electrodes opposite to each other, with a few micron spacing, are designed
in the middle of the cavity (figure 3.2.c). In appendix B.2 a description of the used designed
dimensions is given.

Figure 3.2. Designed electrode structures, (a) small sidewall electrodes, (b) wide sidewall electrodes,
(c) bottom electrode pair, (d) bottom square electrode, (e) bottom round electrode.

3.3

Electrical test structures

The aluminium layer sputtered on the wafer will have a different thickness on the sidewall of
the cavity as compared to the bottom and the surface of the wafer. It is much thinner on the
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sidewalls than on the surface of the wafer (see figure 3.3). A different aluminium thickness
will result in different resistances. Several resistance measurement structures are therefore
made to investigate the resistance of the aluminium on the sidewall, at the bottom of the
cavity and on the surface of the wafer and thus evaluate the actual thickness of the aluminium
layer in these regions.
To give an impression of the capabilities of the developed process some inductor structures
are made as well. The possibility to pattern lines on the sidewall and bottom of cavities would
make it, for example, possible to create 3D inductors, using only one exposure step.

Figure 3.3. Al layer thickness variations at different regions of the cavity.

3.3.1
Resistance measurements
Slightly modified standard resistance measurement structures were designed (see figure 3.4)
to measure the resistance of the different parts of the aluminium line. A structure with four
contact points is used to eliminate resistances between probes and contact points. A current
will be send through two of the contact points, the resulting voltage is measured across the
other two contact points with a very small current flow. In chapter 7 a more detailed
description of the measurements will be given. Structures (a) and (f) are made on the surface
of the wafer, and serve as a reference. Structures (b) and (c) are used to measure the resistance
of the aluminium line at the bottom of the cavity, and could be used to determine the
thickness of the aluminium layer there. To measure the resistance of the sidewall line,
structure (d) is designed. Because it is not possible to make the connections directly at the top
and bottom of the cavity, the top and bottom edge are also included. Finally structure (e) will
measure the resistance of a through cavity line, which can be used as a control of structures
(c) and (d). The aluminium structures have a nominal line width of 40 µm and are designed
across trenches, which are 50 to 300 µm wide.

Figure 3.4. Resistance measurement structures, (a) surface square, (b) cavity square, (c) cavity line,
(d) sidewall line, (e) through cavity line, (f) surface line.

3.3.2
Inductors
In conventional IC technology inductors are made on the horizontal plane with spiral like
shape, a second metal level is needed to make the interconnections. Although a spiral shaped
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inductor is easily created in IC technology, it puts a limit on the inductance value and quality
factor that can be achieved. Higher inductance values and quality factors can be achieved if a
solenoid type inductor is used [20]. This requires the construction of a 3D structure, which
cannot be done using conventional IC technology. If the fabrication process described in
chapter 2 can be used to create connections between different levels, it should be possible to
make 3D solenoid type inductors with only one lithography step.
The solenoid shape can be created by patterning a meandering metal line across several
cavities. When the metal lines patterned directly onto the silicon surface, the quality factor
will be rather low, because of the absorption of the RF signal in the silicon substrate. Better
quality can be achieved if the inductor is made free standing or hanging. When a layer of
silicon oxide is used between the silicon and the metal, the silicon substrate underneath the
structure can be removed, leaving a free hanging structure. Figure 3.5 gives a schematic view
of the needed fabrication steps.

Figure 3.5. Inductor process flow, (a), DRIE silicon etch through oxide mask, (b) Al deposition,
(c) SU8 coating, (d) SU8 exposure and developing, (e) Al etch and SU8 removal, (f) isotropic Si etch.

The designed inductors have line-widths of 30 µm inside the cavities, and 20 or 30 µm on the
surface of the wafer. Inductors having four and eight windings were made, one winding
having a length (Lw) of 200 or 120 µm respectively and a width (Ww) ranging from 200 to
360 µm. The total length of the inductor is 800 µm for four windings and 960 µm for eight
windings. Around the inductor a 50 µm wide aluminium ring is made as shielding, this ring is
1310 µm long and 560 µm wide.
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4 SU8 coating and prebake
In a conventional SU8 process, surface treatment is necessary to improve the adhesion
between the SU8 and the substrate. This treatment may include a chemical cleaning step using
piranha etch, a nitric acid solution or an oxygen plasma treatment. Often a dehydration bake is
done at a high temperature to remove any moisture present on the surface of the wafer. An
adhesion promoter like Hexamethyldisilane (HMDS) is not required when using SU8 but is
sometimes used. Coating will be done by using a spin coater. First a short spinning step can
be done at a low speed to spread the SU8 across the wafer, followed by a step at a higher
spinning rate to determine the final thickness of the SU8 layer. After coating the wafer is
prebaked to remove the solvent from the SU8 layer. The baking temperature generally ranges
between 65 and 95 °C, while baking times range from a few minutes to an hour depending on
the layer thickness. The uniformity of the layer is usually not a problem, because the wafer
surface is kept as flat as possible.
However the presence of cavities in our experiments, makes the situation more complex. In
order to pattern structures on the sidewall and bottom of cavities it is necessary to fill the
cavities with SU8. A perfect filling contains no air-bubbles trapped in the cavities and has a
planar SU8 surface all over the wafer. So not only adhesion and surface uniformity, need to
be considered, but also step coverage and cavity filling become important. Some extra steps
may have to be introduced in the coating process to completely fill the cavities and ensure
good step coverage. Reference [21] gives an example about a cavity filling process with SU8
however, the phenomenon during the coating process are not fully investigated. To better
understand the process and give an optimized solution, a series of experiments need to be
carried out.
This chapter will describe the challenges encountered during coating with comparison to
conventional SU8 coating processes. Possible solutions are proposed and experimental results
are reported and discussed.

4.1

Adhesion

Before the SU8 can be coated on the wafer, some tests are required to ensure good adhesion
of the SU8 to the aluminium. Low adhesion will give problems during developing or possible
etching steps, because the SU8 structures may peel off. Other parameters that are influenced
by adhesion are the photoresist layer thickness, and the resist wetting inside the cavities.
Some tests were done to determine what kind of underlying layer and adhesion promoter can
be used to achieve adequate adhesion. SU8 was coated on silicon, thermally grown silicon
oxide, and aluminium (deposited at 50 and 350 °C). For these experiments only flat wafers
were used. Coating, exposure and developing were done using the parameters described in
table 2.1.
Not only the underlying layer determines the adhesion, moisture and other contaminations on
the wafer surface can have a negative effect as well. Moisture can be removed by heating the
wafer to several hundreds degrees Celsius (dehydration bake). In our experiments a
dehydration bake at 180 °C for 10 minutes was done. In addition to cleaning steps an
adhesion promoter like HMDS is commonly used to improve adhesion. We applied HMDS in
a 10 minute vapour treatment. Other contaminations were removed in a 30 minute oxygen
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plasma (500W) treatment. To create the oxygen plasma an Eurotech junior plasma system
was used (appendix A.3)

4.2

Step coverage, cavity filling and surface uniformity

Step coverage, cavity filling and surface uniformity are crucial to later lithography and
aluminium etching steps. Because all of them are influenced by both the viscosity of the
photoresist and spinning parameters, they are discussed here together.
Cavity filling is mainly determined by the viscosity of the SU8. If a high viscosity type is
used to fill small cavities air may get trapped underneath, preventing complete filling, see
figure 4.1. Using a lower viscosity SU8 type the small cavities are not sealed immediately,
and the resist can flow into the small cavities, so that air can escape from the cavities. If large
cavities have to be filled, a high viscosity SU8 type can still be used.

Figure 4.1. Filling differences, (a) high viscosity resist, (b) low viscosity resist.

Not only is the thickness of the SU8 layer on the surface dependent on the spinning rate. It
will also influence the step coverage, together with the viscosity. If the spinning rate is too
high, the SU8 might be flung out of the cavities (see figure 4.2.a). A higher viscosity resist
can be spun at higher rates before it is flung out of the cavities. So using a high viscosity resist
makes it easier to achieve good step coverage, it will also be easier for air to get trapped
inside the cavities (figure 4.2.b).
When cavities of various size have to be filled at the same time, the situation can become
more complex, since different dimensions require different SU8 types. A combination of both
a low and a high viscosity resist may be a solution. A layer of low viscosity SU8 can be used
to fill small cavities, while the large cavities can then be filled with another SU8 layer of a
high viscosity type.
The lowest viscosity SU8 type that can still be used to create layer up to 80 µm thick is SU8
2025 (4500 cSt). This SU8 type will be used in the first coating experiments. If the cavities
cannot be filled, SU8 2002, which has a much lower viscosity (7.5 cSt) than SU8 2025 can be
used. However when SU8 2002 is used it may be more difficult to get a good step coverage.
Due to the presence of cavities it will be difficult to create a uniform SU8 layer (figure 4.2.c).
In fact when the SU8 sinks into the cavities, the SU8 layer will be locally thinner. The SU8
should have the opportunity to planarize, after the cavities are filled. Using a low acceleration
may give the SU8 time to fill the cavities, before the final thickness is reached. Another
solution would be to deposit the SU8 on the wafer, making sure all the structures are covered,
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and wait for a few minutes [21]. During this waiting step the SU8 can fill the cavities and
planarize before spinning.

Figure 4.2. Coating problems encountered with high topography surface and variable cavity size,
(a) low viscosity resist, (b) high viscosity resist, (c) surface non-uniformity.

4.3

Prebake

Before the wafer is exposed, the solvent has to be removed from the SU8 layer. This is done
in the prebake (softbake) step. When the wafer is heated stress will be introduced because
silicon and SU8 have different coefficients of thermal expansion. Prebaking is done at a
temperature of 65 °C or higher (95 °C is also often used). When a higher temperature is used
the baking time can be shorter. However to keep stress to a minimum a temperature of 65 °C
will be used here. According to [12] this is also the prebaking temperature that gives better
results further in the lithographic process.
Baking at 65 °C is only one part of the total prebaking step. The temperature has to be ramped
up and after baking ramped down again. If the ramping is done too fast, the thermal shock
will introduce a lot of stress in the wafer. To investigate the effects of temperature ramping
when heating, experiments were done using a fast (18 °C/min) and a slow (1.7 °C/min)
ramping rate, see figure 4.3. Cooling down to room temperature was done in about 30 minutes
(1.5 °C/min) by switching the hotplate off while leaving the wafer on it.
Besides removing the solvent the prebaking step has another function. SU8 has the ability to
reflow, which is enhanced when heated. Therefore it is possible to improve the surface
uniformity during prebake [10]. A 10 min stop at 50 °C was introduced in the baking process
to investigate its effects on the surface uniformity.
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Slow ramping with step at 50 °C

Temperature (°C)
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Figure 4.3. Used temperature ramping schemes.

4.4

Results and discussion

In this section the results of the coating experiments are evaluated and the cause of observed
phenomena and possible ways to address them are briefly discussed.
4.4.1
Adhesion
Results of the experiments on adhesion of SU8 to different substrate materials are shown in
figure 4.4. The best adhesion was observed between SU8 and silicon oxide (figure 4.4.b). SU8
structures of 3 µm and wider were still on the wafer after developing. The worst adhesion was
between SU8 and aluminium, were structures up to 10 µm would peel off during developing
(figures 4.4.c and 4.4.d). Adhesion promoting steps like HMDS, dehydration bakes and
oxygen plasma cleaning steps gave only a marginally adhesion improvement.

Figure 4.4. Adhesion experiment results, (a) SU8 on silicon, (b) SU8 on silicon oxide,
(c) SU8 on Al deposited at 50 °C, (d) SU8 on Al deposited at 350 °C.

4.4.2
Coating
At first, a wafer with cavities in the range of 1 to 200 µm wide was coated using only SU8
2025. The SU8 was deposited in the middle of the wafer and a first spinning step was used to
spread it across the wafer (spinning is done using a Polos spin coater, see appendix A.1). A
second spinning step gave the SU8 layer its final thickness. Figure 4.5 shows SU8 structures
that were made using spinning rates of 3500, 3000 and 2000 rpm, respectively. When a
spinning rate of 3500 or 3000 rpm was used, some of the SU8 would be flung out of cavities

20

Pattern transfer on vertical cavity sidewalls using SU8

wider than 70 µm, leaving not enough material inside to give adequate step coverage. A
spinning rate of 2000 rpm provided a good step coverage for all cavity dimensions, but the
SU8 layer thickness was still dependent on the dimensions of the underlying cavity.

Figure 4.5. Coating using only SU8 2025, (a) spinning at 3500 rpm,
(b) spinning at 3000 rpm, (c) spinning at 2000 rpm

Despite good step coverage, air bubbles are trapped inside the cavities and on the surface of
the wafer. As can be seen in figure 4.5.c, trenches smaller than 10 µm can have air trapped
underneath the SU8 layer, resulting in unreliable cavity filling. This would also happen with
50 µm or smaller holes. The air-bubbles on the surface of the wafer were mainly formed
during depositing and spinning. Also the resist layer in the middle of the wafer was much
thicker than on the edge of the wafer, which is caused by the way the resist was deposited on
and spread over the wafer.
To improve cavity filling, a waiting step was introduced before the final spinning step. A 10
minute waiting step without disturbing the wafer did not improve cavity filling. In the SU8
datasheets it is mentioned that the bottle should be heated when the resist inside contains air
bubbles [22]. When the wafer is heated after the SU8 is deposited, some of the trapped air
bubbles may be allowed to escape. Although this step did not significantly improve the cavity
filling, see figure 4.6, there was a reduction in the number of air bubbles on the surface.

Figure 4.6. SU8 2025 layer when a baking step is done after spinning.

To reliably fill the smaller cavities, a SU8 type with a lower viscosity has to be used. SU8
2002 has a viscosity much lower than SU8 2025, and has already been used to fill 3 µm wide
cavities [21]. Coating was done using a spinning rate of 500 rpm. In these conditions more
than 5 layers would be needed to get a good step coverage, which is not practical.
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A better result was achieved by first coating a layer of SU8 2002 on the wafer, followed by a
layer of 2025. After the SU8 2002 was spun on the wafer (1000 rpm), a 30 minute prebaking
step was done at 65 °C. To improve the uniformity of the resist layer, the SU8 2025 was not
deposited in the middle but spread across the wafer. The spinning step that was used to spread
the SU8 over the wafer is not needed. To achieve the desired final thickness of the SU8 layer
a spinning rate of 2000 rpm was selected. With SU8 2002 the cavity filling improved and the
SU8 2025 made the layer thick enough to have a good step coverage. The change in the
deposition method improved the uniformity, although there still were some air bubbles on the
surface of the wafer.

Figure 4.7. SU8 coating using first SU8 2002 followed by SU8 2025, (a) filled 50 µm diameter hole,
(b) filling of cavities having various width, (c) the effect of an air bubble.

To improve the surface uniformity again a waiting step was introduced. After the SU8 2002
deposition the wafer was baked for 5 minutes at 50 °C, while after spinning a 30 minute
baking step at 65 °C was done. Although cavity filling improved (figure 4.7.a) there was no
significant improvement of the surface uniformity.
A lot of the air bubbles are formed during depositing and spinning of the SU8 2025 layer.
Although the resist inside the bottle does not seem to contain air bubbles, it was decided to
heat it before use. First SU8 2002 was spun on the wafer (1500 rpm) and baked for 10
minutes at 50 °C. Then the heated SU8 2025 was deposited on the wafer, and spun at 2000
rpm. Because the heated SU8 2025 has a slightly lower viscosity, the surface uniformity
improved, and the number of air bubbles on the surface of the wafer decreased.
The best surface uniformity was achieved when two layers of SU8 2002 and a layer of the
heated SU8 2025 were coated on the wafer in the following sequence. After the SU8 2002
was deposited, the wafer was baked for 5 minutes at 50 °C to improve cavity filling (spinning
was done for 30 seconds at 1500 rpm). This was repeated for the second layer of SU8 2002.
Then the already heated SU8 2025 (30 minutes at 50 °C) was then deposited on the wafer and
spun at 2000 rpm for 60 seconds.
4.4.3
Prebake
Prebaking was done at 65 °C for 60 minutes, as in the process mentioned in table 2.1 these
conditions seemed to be sufficient to remove the solvent from the SU8 layer.
Two temperature ramping schemes were used: fast (18 °C/min) and a slow (1.7 °/min), as
indicated in figure 4.3. Figure 4.8 shows a SU8 structure inside a cavity for a ‘fast’ ramping
up during both the prebake and the post exposure bake. Due to stress in the SU8 layer, the
SU8 loses its contact with the sidewall. Slow temperature ramping resulted in less stress in the
SU8 layer and thus better results.
When before ramping to 65 °C, a 10 minute stop at 50 °C was introduced (figure 4.3), the
number of air bubbles on the surface of the SU8 layer are reduced, and a slightly improved
surface uniformity is obtained.

22

Pattern transfer on vertical cavity sidewalls using SU8

Figure 4.8. Stress affected SU8 structure.
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5 Exposure, PEB and development
Another important step in transferring the mask pattern into the SU8 layer is exposure.
Exposing SU8 is done with light in the near UV region, around 365 nm, so a conventional
contact aligner can be used. The amount of exposure energy needed to completely expose the
entire layer depends on its thickness. Typically an exposure time between 30 and 60 seconds
is used for 50 μm tick layers. After exposure a post exposure bake (PEB) is done, during
which the exposed regions of the SU8 will polymerize. Again baking times depend on the
layer thickness, and used temperature, baking times can be up to several hours. In table 2.1 a
baking time of 4 hours is mentioned for a 30 µm thick SU8 layer. To finish the SU8
patterning a development step follows, during which the unexposed SU8 is removed.
Commonly a PGMEA like solution is used to develop SU8. Finally, the wafer is rinsed with
isopropanol and then dried.
The energy and time needed to expose the SU8 layer is a function of its thickness. In our case,
due to the cavities, the SU8 layer will have a varying thickness, requiring different exposure
energies (times). Non-uniformities in the SU8 layer thickness will cause refraction problems
during exposure. The next section will describe how an optimal exposure time was chosen,
and how optical effects like refraction will influence the shape and size of the final structures.
The PEB and development steps will be discussed only briefly. Most of the PEB problems
are stress related and already addressed with the prebake as presented in sections 4.3 and
4.4.3. Since there are no special conditions needed during development, a standard recipe will
be followed.

5.1

Exposure

When patterning on 3D structures, special equipments or mask designs are often needed. In
our case, because the SU8 completely fills the cavities (see figure 2.2.c), the exposure step
can be done by using a conventional contact aligner, in our case a Karl Suss MA6 contact
aligner. While in a conventional exposure step the resist layer has a uniform thickness, due to
the presence of cavities in our case the SU8 layer has a large difference in thickness (see
figure 5.1). This difference in layer thickness will be the main problem during exposure. The
energy needed to completely expose a resist layer increases with its thickness. The SU8 inside
the cavities will need a larger amount of exposure energy than the SU8 on the surface of the
wafer. Because the exposure will be done in a single step, the amount of energy, and thus the
exposure time, needs to be chosen carefully. The SU8 inside the cavities has to be exposed
completely without too much overexposure of the SU8 on the wafer surface. To determine the
needed exposure time four different values, i.e. 30, 60, 90 and 120 seconds, were used. After a
first evaluation, fine tuning of the exposure time in a smaller range can be performed.
Exposure will be done in hard-contact mode, meaning that the wafer will be pressed onto the
mask and any height differences in the surface of the SU8 will result in air gaps between the
SU8 and the mask. Because air and SU8 have a different index of refraction, light
encountering the air-SU8 interface will bend and may reach SU8 regions that are not planned
to be exposed [23] (see line a in figure 5.1). Line b shows the ideal case, when the SU8
surface is uniform and no air is encountered. During coating air-bubbles may be trapped in the
SU8 layer, and will cause unexpected refractions as well (see line c). In combination with
reflection on the aluminium surface, the refraction of the UV light may generate more
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unwanted exposure (line d). This means that attention must be paid to the coating step as
improving the uniformity of the SU8 layer.

Figure 5.1. Various optical effects creating exposure defects, (a) refraction, (b) ideal exposure,
(c) refraction due to trapped air bubble, (d) reflection.

When exposing SU8 the surface of the layer may be overexposed (see figure 5.2). This is
commonly known as T-topping, and may be caused mainly by two reasons: [23].
1. The lamp used to expose the wafer may emit light with wavelengths lower than 350
nm. SU8 is more sensitive for these wavelengths [23] and consequently more energy
will be absorbed in the top part of the SU8 layer, thus resulting in overexposure. A
simple filter blocking wavelengths below 350 nm can solve this problem [22].
2. When a long exposure time is needed to expose the SU8, the surface of the layer will
receive a lot of energy and be heated up. This may then form a hard skin which cannot
be removed during the development. To reduce this effect, a long exposure time can
be split into steps. For example, a 60 seconds exposure can be split into 6 steps, each
step consisting of 10 seconds exposure followed by a 60 seconds cooling down.

Figure 5.2. Overexposure of the SU8 surface (T-topping).

5.2

Result analysis

In this section the results of the exposure, post exposure bake and development experiments
will be discussed. Exposure was done using a Karl Suss MA6 contact aligner. The exposure
light contains wavelengths between 230 to 400 nm.
5.2.1
Exposure time
The results of the exposure time experiments are shown in figure 5.3. An exposure time of 30
seconds is not enough to completely expose the SU8 on the bottom of the cavities (see figure
5.3.a). Exposure times of 60 and 90 (figures 5.3.b and 5.3.c) are enough to completely expose
the SU8 inside the cavities. Longer exposure times result in overexposure. Figure 5.3.d shows
the result of the 120 seconds exposure, where SU8 structures joined with each other.
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Although both 60 and 90 seconds have good results, 60 seconds is preferable because it has
less overexposure.

Figure 5.3. Exposure time experiment results, (a) 30 seconds, (b) 60 seconds, (c) 90 seconds, (d) 90 seconds.

Another exposure experiment was done with three additional times around 60 seconds, the
best value obtained in the first group of tests: 50, 60 and 75 seconds exposure time. Even the
lowest value, 50 seconds exposure time seemed to be enough to completely expose the SU8
inside the cavities. However during development many structures peeled off, showing that the
adhesion was worse than when 60 seconds were used. Between 60 and 70 seconds there was
not much of a difference. Consequently an exposure time of 60 seconds is chosen in later
experiments.
Now that the exposure time has been determined, the structure layout was modified
accordingly. The new mask set, described in section 3.2, contains 20, 10 and 5 µm wide lines
with the same spacing as the width. Figure 5.4 shows the results after 60 seconds exposure
time. Due to overexposure, all the lines are about 5 µm wider than their nominal value. As can
be seen in figure 5.4.b, SU8 structures with 10 µm spacing begin to connect to each other.
The 5 µm lines have a designed spacing of 5 µm, but as figure 5.4.c shows, the SU8 structures
are connected to each other forming a single 100 µm wide line.

Figure 5.4. Overexposure after 60 seconds exposure time, (a) 20 µm lines with 20 µm spacing,
(b) 10 µm lines with 10 µm spacing, (c) 5 µm lines with 5 µm spacing.

The overexposure (T-topping) could be caused by heating of the SU8 surface during
exposure, or by the absorption of the short wavelength light on the surface. To test this an
experiment was carried out in which the total exposure time of 60 seconds was divided in 6
parts of 10 seconds each. After each exposure step a 60 seconds cooling down step was done.
SEM inspection however showed no difference with the result of a 60 seconds in one step
exposure (see figure 5.5). Therefore, the T-topping problems are probably caused by
wavelengths below 350 nm, and could be solved by filtering it out with an additional optical
filter. However due to the machine that was used the installation of such a filter is not
possible.
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Figure 5.5. T-topping, (a) one 60 seconds exposure step,
(b) 6 times 10 seconds exposure with 60 seconds cooling down.

5.2.2
Post exposure bake
During the post exposure bake the SU8 molecules polymerize, aided by the acid formed
during exposure. Again, as discussed for the prebake, the wafer will be heated and stress will
be introduced. The same temperature and temperature ramping schemes used in the prebake
were used here (65 °C baking temperature, fast ramping with 18 °C/min and slow ramping
with 1.7 °C/min).
Initially a baking time of 4 hours was used, following the standard recipe shown in table 2.1.
SEM pictures made after developing showed complete polymerization of the SU8 structures.
Later the baking time was reduced to 3 hours with no apparent negative effects.
The temperature ramping was the same as used during prebaking, both slow or both fast. So
the effect of slow ramping during only PEB is not known. In general it can be said that slow
temperature ramping during both prebake and PEB reduces the amount of stress in the SU8
layer.
5.2.3
Development
Developing was done by immersing the wafer in a bath of SU8 developer. After 15 minutes
the wafer was washed with fresh developer, and rinsed with isopropanol. Sometimes a white
film could be seen on the wafer after rinsing, which indicates that there is still undeveloped
resist present [22] and developing needs to be repeated. After rinsing the wafer was dried
using nitrogen gas. Depending on the SU8 layer thickness and the SU8 developer quality a
developing time between 15 and 20 minutes was needed. The developing bath was shaken to
provide some agitation, improving the development rate inside the cavities.

Figure 5.6. Development results, (a) various size SU8 line across various size cavities,
(b) 5, 10 and 20 µm wide SU8 lines, (c) and (d) 5 µm wide SU8 lines peeled off.

SEM inspection (see figure 5.6) after development showed that it is possible to pattern SU8
structures of various size and spacing over cavities with a varying width (figure 5.6.a). As can
be seen in figure 5.6.b 5 µm wide SU8 lines could be patterned, however they would often
lose adhesion during development and peel off. In figure 5.6.c the 5 µm lines should be in the
top left, the other lines that are shown are three 10 µm and 3 20 µm lines. The 5 µm lines in
figure 5.6.d only partially lost adhesion.
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6 Aluminium etching and SU8 removal
Now the desired pattern is transferred into the SU8, the aluminium can be etched using the
SU8 as etching mask. In general there are two ways of etching aluminium: wet etching with
acids or dry etching in a plasma condition. The etching fluid used for wet etching will attack
all the aluminium it comes in contact with, therefore wet etching is mainly an isotropic
process. During dry etching a plasma is generated and the wafer is bombarded with ions from
the plasma. Dry etching is mainly anisotropic although depending on power and pressure it
can have isotropic characteristics.
When the patterning is finished, the SU8 structures are no longer needed and can be removed.
SU8 removal is often done in an oxygen plasma, with some added fluorine containing gas, or
in an oxidizing acid.
To etch the aluminium on the sidewall of the cavities an isotropic etching method has to be
used. Wet etching would be the obvious choice, although inside the cavities the etching rate
may be lower because there is less flow. Almost the same problem arises during SU8
removal, as it will be more difficult for the plasma or acid to reach the SU8 inside the cavities.
This chapter will give a description of the aluminium etching and SU8 removal processes,
followed by a discussion of the experimental results. The aluminium etching on the sidewall
is influenced by other process aspects, such as adhesion and exposure, thus becoming more
complex. A detailed discussion of aluminium etching on cavity sidewalls will be given in a
separate section at the end of this chapter.

6.1

Aluminium etching

Because of its isotropic qualities, a wet etching method using a phosphoric acid solution is
selected to etch the aluminium. This etching solution contains 770 ml H3PO4, 144 ml HNO3,
140 ml CH3COOH and 76 ml H2O. The aluminium layer on the sidewall of the cavities will
be thinner than on the surface and thus it will be removed faster than on the surface. The
unavoidable underetching does not have to be problematic because the aluminium layer at that
point is thin.
The etch rate depends on several factors including the temperature of the etchant bath. To
achieve a reasonable etch rate the etch solution is heated to 35 °C. Inside the cavities there
will be less flow of the etching solution, thus the etching rate inside the cavities can be lower
than on the surface of the wafer. Slight agitation of the etching fluid may increase the etch
rate inside the cavities.
The etching solution may not be able to penetrate into small cavities, due to surface tensions.
This problem can be reduced or even avoided by dipping the wafer in a triton solution before
immersing in the etchant bath. This can modify the surface wetting properties, so the etching
fluid can reach inside the small cavities.

6.2

SU8 removal

As already mentioned in section 2.1, SU8 is resistant to most organic solvents, which are
normally used to remove photoresist, like acetone. There are still several ways to remove it.
The easiest would be to burn it in a furnace at 600 °C [24]. However the aluminium cannot
withstand this temperature. A less aggressive method would be to use an oxygen plasma. To
increase the rate of removal a small amount of a fluorine containing gas, like CF4 or SF6, can
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be added [24, 25]. Other methods include oxidizing acids like piranha etching or nitric acid
solutions, which are even more aggressive.
First experiments were done by using the oxygen plasma, both with and without fluorine
containing gas. In later experiments two wet methods were tried, a 99 % nitric acid solution
and a RCA1 solution. The nitric acid solution can be used because a layer of aluminium oxide
is formed on the aluminium when it comes in contact with the acid. This aluminium oxide
protects the aluminium from further etching. RCA1 is a solution normally used to remove
organic contaminations from a wafer, and it consists of NH4OH (27%), H2O2 (30%) and H2O
with a ratio of 1:1:5 respectively.

6.3

Results and discussion

6.3.1
Aluminium etching
When only the phosphoric acid solution (at 35 °C) is used to etch the aluminium, without
triton treatment, an etching time of about 25 minutes was needed to completely remove the
aluminium from the surface. SEM pictures of aluminium lines, taken after SU8 removal are
shown in figure 6.1. The SEM pictures also show a large difference in the amount of
underetch. The aluminium line in 6.1.b is completely gone while the line in 6.1.a has only a
little underetch. There are several possible causes for the underetch, loss of adhesion, stress
and exposure related problems, they will be discussed in section 6.4.
To improve etching in small cavities a 5 minute treatment with a triton solution was used.
Although it improved the etching and lowered the etching time to about 20 minutes, the
amount of underetch increased. Probably the triton treatment makes it easier for the etching
fluid to reach underneath the SU8.

Figure 6.1. Various amounts of aluminium underetch.

Inspection of the aluminium inside the holes, showed that etching stopped at the top edge of
the cavities, see figure 6.2. There could be two probable causes: the etching fluid does not
reach far enough into the cavities, or all the SU8 inside the hole is exposed during exposure.
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Figure 6.2. No aluminium is etched from inside the holes.

6.3.2
SU8 removal
Using a 500 W oxygen plasma (Eurotech junior plasma system) for 30 minutes could almost
remove the exposed SU8. Only a thin shell (a ghost image of the SU8 structure) remained, as
shown in figure 6.3.a. Using a plasma (Alcatel GIR300) with 80 sccm O2, 8 sccm CF4, 0.1
mBar pressure, 100 W power, chuck temperature 50 °C, and a process time of 30 minutes,
removed slightly more of the SU8. The thin shell however remained (figure 6.3.b). Increasing
the process time had no real effect, in some way the skin became even harder.

Figure 6.3. SU8 removal experiment results, (a) 30 min oxygen plasma at 500 W,
(b) oxygen plasma with added CF4.

A 99% nitric acid solution was used in an attempt to remove SU8 without creating a skin. Due
to the nitric acid the SU8 will swell and lose its adhesion, eventually the SU8 will dissolve in
the acid. After 5 minutes most of the SU8 was removed from the surface of the wafer, though
some residues remained inside the cavities. These residues could be removed completely with
an oxygen plasma step similar to the one used before, i.e. 500W for 30 minutes.
The RCA1 solution could remove SU8, however it etches aluminium much faster. All the
aluminium was removed before the SU8 inside the cavities.

6.4

Sidewall underetch

As already mentioned in section 6.3.1, there is a large amount of underetch of the aluminium
on the sidewall. SEM inspection showed that there is a small gap in between the sidewall and
the SU8 structure, see figures 4.8 and 6.4.
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Figure 6.4. Gaps between the SU8 and sidewall (circle areas).

There are several possible for this to happen:
1. Stress in the SU8 layer. When the wafer is heated stress is introduced, which may
cause the SU8 to lose its contact with the cavity sidewall. To reduce the amount of
stress a low baking temperature and slow temperature ramping should be used.
Prebake and post exposure bake experiments addressing this point are already
discussed in sections 4.4.3 and 5.2.2, respectively.
2. Adhesion. Some methods to improve adhesion before the SU8 is coated on the wafer
are already discussed in chapter 4. There are however several other methods that may
improve adhesion after coating, such as a high temperature baking step after
development (hard bake).
3. Sidewall shape. During exposure the SU8 near the sidewall does not get enough
energy to polymerize. There may be several causes for this. For example, the sputtered
aluminium layer on the sidewall may be slightly thicker at the top of the cavity (see
figure 3.2) shadowing the underlying SU8 during exposure. In addition, the sidewall
may have a slight negative angle again shadowing part of the SU8.
6.4.1
Adhesion
Aside from HMDS treatments and other steps to improve adhesion before the resist is coated
on the wafer, a hard bake step at a high temperature is commonly used to improve adhesion
after development. In a SU8 process a hard bake, commonly done at a temperature between
100 and 200 °C, is done to improve mechanical and thermal properties. Moreover it is useful
to anneal possible cracks in the SU8 layer [22]. On the other hand, this approach can also
have a disadvantage as removing the SU8 will be more difficult after such a heat treatment.
Hard baking experiments were done at 200 °C for 30 minutes Heating up was done with 7,8
°C/min, and cooling down to room temperature was done in two hours by turning the hotplate
off while leaving the wafer on it. Figure 6.5.a shows the hard baked structure, there is no
significant improvement compared to figure 6.5.b which shows a SU8 structure that was not
hard baked.

Figure 6.5. Hard bake experiment results, (a) structures hardbaked at 200 °C,
(b) not hardbaked structure.
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Making the aluminium surface rougher might also improve adhesion. A short anisotropic dry
etching step can be used to damage the aluminium surface, making it rougher. The standard
Al etch recipe shown in table A.4.1, was used for 30 minutes. About 1 µm of the aluminium
on the surface will be removed, leaving the sidewalls intact.
The 5 µm wide lines did not peel off during development so there is some improvement.
However during this step the aluminium layer is damaged, while other steps could be used
that do not damage the aluminium.
Bad adhesion between the SU8 and aluminium could be circumvented by coating the SU8 on
other materials. In fact, an extra layer can be deposited on the aluminium and patterned using
SU8, as shown in figure 6.6. The patterned layer can in turn be used as etching mask to
pattern the aluminium.
On a flat wafer an aluminium layer, followed by a 1 µm thick layer of PECVD silicon oxide
or a layer of PECVD TEOS (tetraethyl orthosilicate), was deposited. After an SU8 pattern
was made, a BHF (buffered hydrofluoric acid) solution was used to pattern the silicon oxide
and TEOS layers. Due to a large amount of underetch of oxide and TEOS the SU8 peeled off
and the pattern was destroyed.

Figure 6.6. Extra layer process flow, (a) the extra layer is deposited on top of the Al, (b) SU8 coating, (c)
SU8 exposure, (d) SU8 developing, (e) extra layer etching and SU8 removal, (f) Al etching and extra layer
removal.

6.4.2
Sidewall shape
Due to the limited conformality of the sputtering method used to deposit the aluminium, a
droplet-shaped thicker aluminium layer is formed on the top edge of the sidewall (see figure
3.3). This will cast a shadow during exposure and the unexposed SU8 underneath will then be
removed during development.
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Figure 6.7. Shadowing of exposure light, due to Al layer thickness variations.

To prevent this effect the cavity etching process was modified to form a rounded top edge
(see figure 6.8.a), or a cavity with a more isotropic profile at the top (see figure 6.8.b). This
was done by adding an additional isotropic etching step before DRIE etching the cavities.

Figure 6.8. Different cavity geometries, (a) rounded top edge, (b) isotropic etch profile.

SEM pictures that were made after aluminium etching on the wafer with cavities having a
rounded top edge are shown in figure 6.9.a and 6.9.b. As one can see there is no real
improvement compared to the normal cavities. In figure 6.9.c and d the results after
aluminium etching of the wafer with cavities as shown in figure 6.9.b are shown. There is
only a slight improvement near the top edge of the cavities.

Figure 6.9. Different cavity geometries results, (a) and (b) rounded top edge,
(c) and (d) isotropic etch profile.
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It could also be that it is just not possible to expose the SU8 close to the vertical sidewall. If
the cavity has a slightly sloped sidewall (see figure 6.10), it should be possible to expose the
SU8 on the sidewall, close to the top edge as well as at the bottom.

Figure 6.10. Sloped cavity sidewalls.

Experiments done with these sloped sidewall cavities show an improvement near the bottom
of the cavities for lines wider than 20 µm. There was however no improvement near the top of
the cavities (figure 6.11.a). For 20 µm or smaller lines underetch still removed all the
aluminium under the SU8 layer, see figure 6.11.b.

Figure 6.11. Sloped sidewall experiment results.

6.4.3
Plasma etching of aluminium
Because of its thermal and chemical stability SU8 is often used as a dry etching mask [13].
Anisotropic etching of aluminium is done using a plasma containing chlorine, boron
tricholoride and nitrogen [17]. The actual etching of aluminium is done by the chlorine, boron
trichloride is added to break through the aluminium oxide layer present on the aluminium
before etching. Nitrogen is added to promote the formation of a passivation layer, which is
formed on the sides of the aluminium structures, ensuring anisotropic etching. Without
nitrogen and with some adjustment of the boron trichloride flow it may be possible to achieve
isotropic etching.
When the standard recipe to etch aluminium (see table A.4.1) was used it took 90 minutes to
remove the aluminium from the surface of the wafer, while on the sidewall the aluminium
was still left. Removing the nitrogen from the process, while keeping BCl3 and Cl2 flows and
other parameters the same, it took about 20 minutes to etch the aluminium of the surface, and
again there is no etching on the sidewall. Using both BCl3 and Cl2 for the first few minutes to
break through the native aluminium oxide layer, then switching off the BCl3 flow resulted in
an isotropic process that almost removed the whole aluminium layer, and removed parts of the
silicon substrate.
When a BCl3 flow of 11 sccm was used, a more isotropic process was obtained. On the
surface of the wafer there was a 4-6 µm underetch of the aluminium under the SU8 structures,
while the aluminium on the sidewall was partly etched, see figure 6.12.a. Increasing the
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pressure to 0.05 mBar resulted in 10 µm underetch on the surface and no improvement on the
sidewall is observed. Reducing the pressure again to 0.03 mBar and doubling the Cl2 flow to
14 sccm gave similar results.

Figure 6.12. Dry Al etch results, (a) using 11 sccm BCl3 and 7 sccm Cl2,
(b) using 11 sccm BCl3 and 14 sccm Cl2.

Figure 6.12.b shows the etching results on the sidewall, another layer can be seen next to the
aluminium. This layer is probably the passivation layer, which may slow down the etching of
the aluminium on the sidewall.
During the last dry etching experiments the process was divided in steps. First an anisotropic
etching step (with 22 sccm BCl3, 7 sccm Cl2), followed by a step including 50 sccm N2 to
passivate the aluminium was done. Then a short isotropic step is done using only Cl2 is done
to partly remove the aluminium on the sidewall. Another step is done to passivate the newly
exposed aluminium, followed by an isotropic etching step to continue etching on the sidewall.
Changing the geometry of the cavities does not seem to have a significant effect on the
results. Better results can be achieved if the adhesion is improved. However methods that are
commonly used did not result in a significant improvement. Bad adhesion can be
circumvented when the aluminium is dry etched. The detrimental effect of underetch still
needs to be resolved. In particular, to avoid coating the SU8 directly on aluminium and using
an intermediate layer instead, could be a good alternative. In this way SU8 is used to pattern
that extra layer, and the patterned intermediate layer will act as mask during the etch of the
aluminium. This promising approach should be explored further, paying special attention to
the characteristics of the most suitable intermediate layer.
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7 Electrical measurements
The resistance measurements and inductor structures described in chapter 3 were conceived to
indicate the capabilities and potential of the proposed process and to investigate its uniformity
and reproducibility. However, due to the large amount of underetch and the limited successful
attempts to reduce it, most aluminium structures were damaged. So the results reported here
are based on a sub-set of structures that were successfully created. A re-design of the
structures is not considered due to time limitations.
The process that resulted in completed and measurable structures is here briefly summarized.
The top edges of the cavities were rounded, see section 6.4.2, in an attempt to improve
exposure of the SU8 near the sidewall. An oxygen plasma was then used as a cleaning step to
improve adhesion, while prebaking started at 50 °C without ramping up to that temperature.
Before aluminium etching, the wafer was cut into two halves, and only on one half a hard
bake step was done. Both halves were put in triton solution for 5 minutes before wet
aluminium etching.
SEM inspection after SU8 removal showed that on the right half the sidewall lines were
removed during etching. Although also the left side suffered from underetch, a number of
resistance structures were successfully created, as indicated in figure 7.1.a. The cavity
sidewall lines of the inductor suffered from too much underetch, as can be seen in figure
7.1.b.

Figure 7.1. Structures on the wafer used for measurements, (a) resistance measurement structure, (b)
inductor structure.

In figure 3.4 the designed test structures are shown. Structure a and f are made on the surface
as a reference. Structures b and c measure on the aluminium on the bottom of the cavity,
while d measures the sidewall and structure e measures the resistance of a through cavity line.
The measurement setup is shown in figure 7.2. A Microtech Cascade probe station was used
to connect to the structures, and the measurements were done using an Agilent 4156C
parameter analyzer.
A current I varying from -100 mA to 100 mA was send through the structure, the voltages at
points V1 and V2 were measured and used to calculate the voltage drop Vr. The slope of a
linear fit to the datapoints will give the resistance of the structure.
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Figure 7.2. Measurement set up.

The measurements were only done on structures made across a 200 µm wide cavity, this was
mainly due to time constraints. SEM inspection of the other structure showed promising
results for the structures over the 100 µm cavities as well. The structures over the 300 µm
suffered from too much underetch.
SEM inspection showed an underetch of about 5 µm, making the 10 µm wide lines smaller.
Using this and the designed dimensions of the structures an estimate can be made of the
resistance. Table 7.1 shows the designed length of structures. The designed width of the lines
is 40 µm, resulting in a 30 µm width after etching. The aluminium thickness on the surface of
the wafer and bottom of the cavities is 3 µm, on the sidewall the thickness is assumed to be 1
µm. The electrical resistivity of the sputtered Al layer is ~ 3 µΩcm.
Table 7.1. Estimated resistance values.

Structure
c

Cavity line

d

Sidewall line

f

110
Surface part

45

Sidewall part

50

Bottom part

45

Surface part

90

Sidewall part

100

Bottom part

200

Through cavity line

Surface line

Vr (V)

e

Designed length (µm)

-0,15

-0,1

290

0,1
0,08
0,06
0,04
0,02
0
-0,05-0,02 0
-0,04
-0,06
-0,08
-0,1

cavity
sidewall
0,05

0,1

0,15

through cavity

I (A)

Figure 7.3. measurement results of a cavity, sidewall and through cavity line.
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In figure 7.3 a plot is shown of the measurement results of a cavity line, sidewall line and
through cavity line resistance structure. The measurements show a good linear relation
between Vr and I, allowing easy and precise determination of the resistances, which are
shown in table 7.2, together with the estimated resistance values (ER). The surface square and
cavity square (structures a and b in figure 3.4) are not included in this table, as the voltage
difference between the measurement points is in the order of µVolts, an thus no reliable
measurement could be done.
Table 7.2. Resistance values (mΩ) derived from the measurement results.

ER
1
2
3
4
5
6
7
8
9
10
11
12
13

Cavity
line (c)

Sidewall
line (d)

Through cavity
line (e)

Surface
line (f)

37
41.6

80
34.6

200
2929

97
109.5

41.6
39.5
40.4
41.8
38.7

546.8
424
1426
217.8

803.5
2367

38.6
40.1
33.3

217.4
198.4
204.6

499

102.2
101.3
91.6

39.1

171

1004

112.5

499.9

97.8
108.4
104.4
106.6
102.4

The measurement results show that it is indeed possible to create a connection from one side
to the other of a deep cavity with vertical sidewalls. Looking at the cavity and surface line
measurement results, and their predicted values it can be seen that reproducible structures can
be made at those points. The results of the sidewall line and the through cavity line
measurements contain more important information about the electrical, connection on the
vertical surface. The sidewall measurement at position 6 and the through cavity measurements
at positions 1 and 5 are neglected (they are one order of magnitude higher than the estimated
and other measured values and thus probably from defected devices). Not only do the other
measured values have a large difference to the estimated value, there is also a difference to
measurement results of the same structure at a different position. These differences are mainly
due to underetch (see figure 7.4).

Figure 7.4. Underetch on the aluminium at the bottom corner of the cavities.
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Conclusions and recommendations
A lithographic process that can be used to pattern metal lines (electrodes) on vertical cavity
sidewall has been developed. Conventional IC technology methods and equipment, in
particular a simple contact aligner for the exposure, are used as much as possible to maintain
compatibility with standard IC processes. The cavities with vertical sidewalls however
introduced some additional challenges. Among them the most critical ones are: cavity filling
and step coverage during coating and exposing a layer with a varying thickness over the
different parts of the cavity. To overcome these challenges some modifications have been
made with respect to standard lithographic processes and instead of regular photoresist,
photopatternable SU8 polymer has been used. The optimized values of the main process
parameters and the specific developed process flow can be found in appendix C.
Cavities up to 50 µm deep could be filled using a multiple layer coating process. First two
layers of SU8 2002 are deposited on the wafer to guarantee filling of the smaller cavities.
Then a layer of SU8 2025 is deposited, to complete the filling resulting in good step coverage.
With only an oxygen plasma treatment to improve adhesion before coating, 10 µm wide SU8
structures could be made on the wafer. Smaller structures could be exposed, but would peel
off during development. Due to overexposure and T-topping, structures that have a spacing of
10 µm would connect to each other. This problem is mainly caused by the used UV light
source, which emits light with wavelengths lower than 350 nm, to which SU8 is more
sensitive. Structures down to 20 µm wide could be successfully patterned in cavity and
channel sidewall. However it is not possible to make structures on the sidewall of holes (2040 µm in diameter), during exposure all the SU8 inside the holes is exposed.
SEM inspection showed that aluminium lines with a minimal width and spacing of 20 µm
could be made on the cavity sidewall when using a phosphoric acid solution to etch the
aluminium. A large amount of underetch was found, and is probably caused by a loss of
adhesion, generated stress or insufficient exposure. Possible solutions to each of the causes
are discussed and tried in experiments.
To improve adhesion an extra oxide or TEOS layer on top of the aluminium was introduced.
The results of these experiments were not very promising, but other materials like amorphous
silicon could be tried. The adhesion problems could also be solved by changing to another
etching solution which may prevent SU8 from peeling off. Dry etching would solve the
adhesion problem, but a slightly isotropic etching recipe has to be found.
To validate the process some resistance measurement structures were created, and a number
of successful measurements were done. Differences between the measurements and the
theoretic values are found, and the possible cause is discussed.
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A Used equipment
A.1 Polos spincoater

Spinning rate

A Polos spincoater is used to give the SU8 layer its thickness. This machine is not equipped
with a automated dispensing unit, so the resist has to be deposited on the wafer by hand. A
vacuum is used to keep the wafer on the chuck during spinning. Parameters that can be
changed are spinning rate, spinning time and acceleration. The first few seconds of the
spinning time are used to accelerate to the final spinning rate, deceleration is done when the
spinning time is expired. For example in figure A.1 a 10 seconds spinning step with a
spinning rate of 300 rpm and an acceleration of 100 rpm/sec is shown.

Figure A.1. Spinning rate vs time for a 10 sec spinning step at 300 rpm with a 100 rpm/sec acceleration

A.2 Karl Suss MA6 contact aligner
Exposure was done using a Karl Suss MA6 contact aligner. In table A.1 the contact types with
the resolution that can be reached is shown. The exposure light is produced by a 350 W
mercury lamp, which emits wavelengths between 230 to 400 nm, at 365 nm the intensity is a
constant 9.8 mW/m2.
When the machine is turned on the lamp needs about 15 minutes to heat up, before that time
optimal intensity is not reached. Setting up the exposure program starts with choosing the
contact type, the alignment gap and exposure time. If necessary exposure can be done in
steps, after each exposure a relaxation step introduced. After loading the mask and wafer are
aligned to each other by hand, using markers on both wafer and mask. The afore mentioned
alignment gap specifies the distance between the mask and the wafer.
Table A.1. contact types and resolution of the Karl Suss contact aligner

Contact type

resolution

Proximity

> 2.5 µm

Soft contact

> 2 µm

Hard contact

> 1.5 µm

Soft vacuum contact

> 0.6 µm

Vacuum contact

> 0.6 µm

A.3 Eurotech junior plasma system
The Eurotech junior plasma systems is used to create an oxygen plasma. The power can be
changed from 0 to 500 W, for processing times up to 30 minutes a maximum power of 500 W
can be used, for longer times the maximum power is 300 W. When starting a process, the
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chamber is pumped down, when a pressure of 500 mTorr is reached the oxygen enters the
chamber. A 30 second stabilisation step allows the pressure decrease back to 500 mTorr. Then
the rf power is turned on and the plasma is created. When the process is finished the chamber
is first purged with nitrogen, after pumping down again the chamber is brought to atmospheric
pressure.

A.4 Alcatel GIR300 plasma etcher
The Alcatel GIR300 plasma etcher is another machine that can be used to create a plasma, this
system is normally used to dry etch silicon, silicon oxide, or aluminium, a typical aluminium
etching process is shown in table xx. A load lock is used to bring the wafer into the chamber,
the chamber pressure may range from 0 to 0.09 mBar. After the gases (in table xx the
available gases are listed) are switched on typically a one minute stabilizing step is done,
before the power is turned on. The power can range form 0-600W (according to the display),
however typically 40 to 60 W is used. After processing the gas flows are turned off and the
chamber is pumped down again.
Table A.4.1. Standard anisotropic aluminium plasma etching recipe.

Parameter

Value

Cl2 flow

7 sccm

BCl3 flow

22 sccm

N2 flow

100 sccm

Chamber pressure

0.03 mBar

Rf power

40 W

Chuck temperature

50 °C

Table A.4.2. Plasma etching gases.

Plasma etching gases
CF4
CHF3
BCl3
Cl2

SF6
N2
O2
He

A.5 Philips 525M scanning electron microscope
The SEM has a larger magnification (up to 190 000) than an optical microscope, because
interactions between electrons (instead of light) and the sample are used to create an image.
The machine consists of several parts, a vacuum chamber, an electron gun, a detection grid
and a signal processing unit. The sample is placed inside the vacuum chamber, and
bombarded with electrons, which are accelerated by the electron gun to an energy between 0
and 30 kV. The detection grid catches reflected electrons and generates an electrical signal.
The signal processing unit mainly amplifies the signal which can already be shown on a crt
monitor. Inside the vacuum chamber the sample is clamped onto a stage which can be moved,
tilted and rotated. This makes it possible to view the sample from almost every angle and the
3D structure of the sample can be revealed. The SEM image can be imported into a computer
program and by using the magnification several properties of the sample (mainly length,
width etc) can be determined.
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A.6 Microtech Cascade probe station
The probe station is used to connect the resistance measurement structure to the parameter
analyzer. The connection is made through small needles which are put on the contact pads of
the structure. The wafer is loaded into the machine on a stage (which can be used to supply a
certain bias to the substrate), a vacuum is used to keep the wafer onto the stage. When inside
the machine the stage can be moved and rotated to position the test structures underneath the
probe needles. The probe needles are then moved to the contact pads and a connection is
made by lowering the needles until they make a scratch on the aluminium.

A.7 Agilent 4156C parameter analyzer
To determine the electrical test structures a parameter analyzer is used. Not only can it be
used to detect voltages and currents, it can also apply them. In our experiments for example a
current was send through the structure while the resulting voltage was measured. When
setting up the measurements it is first determined which probes are used, and what their
function will be. Some early data processing can be done by entering a user defined function,
subtracting two voltages for example. The measurement results can be shown as a graph or
table on a screen, or they can be transferred to a computer and important into a program like
excel.
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B Mask design
B.1

DRIE test mask

The DRIE test mask is a full wafer mask, containing several structure types, with a wide
dimension range. In table 3.1 the various structure types with their dimensions and spacing
are shown (an array of lines with different dimensions are thus indicated as 200-100-50 etc).
Table B.1. DRIE test mask structures types, dimensions and spacing.

Structure type

Width or diameter

Spacing

lines

200-100-50-30-20-10-7-5-3-2-1
200-100-70-50-30-20-10-7-5-3-2-1
200
100
50
20
20
5
50
20
10
7
9
3
50
10

100 and 50
10 and 5
600 and 100
300 and 50
150, 50 and 25
60 and 10
30
50 and 25
150
60
10 and 30
21
15
9
50
10

circles

squares

Figure B.1 shows a picture of the entire mask, the patterns indicated it the grey part is
repeated several times. The pattern is slightly shifted to give information about the uniformity
of the used process.

Figure B.1. Entire mask pattern, the pattern highlighted in the grey area is repeated several times.
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Vertical electrodes mask

The mask designed to create vertical electrodes contained several structure types. The
simplest structures are lines across cavities, in table B.2 the designed cavity widths and SU8
line widths and spacing are shown. The electrode structures dimensions are described in table
B.3.
Table B.2. Cavity and SU8 line dimensions.

Cavity type

Cavity
dimensions

channel

80, 40, 20

Circular and square
hole

40
30
20

SU8
Line width
20
10
5
20 - 10 - 5
15, 20, 25, 30
10, 15, 20, 25
8, 10, 12, 15

Spacing
20
10
5
10, 50
62.5, 57.5, 52.5
47.5, 42.5, 37.5
31.5, 29, 28.5, 26.5

Table B.3. Electrode structures dimensions.

Electrode structure

Changing SU8 parameter
Cavity sidewall overlap (30 µm wide structures)
4, 5 and 6 µm
Cavity sidewall overlap (80 µm wide structure)
3, 4 and 5 µm
Diameter
60, 20 and 10 µm, cavity widths 80, 40 and 20 µm respectively
Sides
60, 20 for 80 µm wide cavity
20, 10 for 40 µm wide cavity
10, 6 for 20 µm wide cavity
Space between electrodes
1, 2 and 3 µm

The designed inductors (with 4 and 8 windings) are similar to solenoid type inductors, still
two different type inductors were designed. The designed meander shape of the SU8 lines can
go down (or up) a cavity sidewall at two places. In figure B.2.a, the aluminium line goes
down on the left side of the cavity, and up on the right. Figure B.2.b shows a structure were
the line goes down on the front left side, and up on the back right side. The (outer) widths of
the windings varies between 200 and 360 µm in 40 µm steps.
Overexposure on the surface of the wafer was expected, so a number of devices were
designed having a width of 20 µm on the surface instead of a constant 30 µm on the surface
and inside the cavities.
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Figure B.2. Two different paths for the Al lines to pass the cavities, (a) from left to right, (b) from front
left to back right.
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C Process flow
Before the process that is described here uses the following starting material: a wafer with the
necessary cavities already etched in, and a layer of aluminium is deposited on, the substrate.
Process step

Substrate pre-treatment

Parameters

Dry Al etching

Etching step
7 sccm Cl2
22 sccm BCl3
100 sccm N2
30 min
0.03 mBar
40 W
50 °C chuck
temp

Substrate pretreatment

30 min
50 °C
(During the heating, proceed with the next
step)
30 min
500 W

SU8 2025 preparation

Heating

Substrate pre-treatment

Oxygen plasma

First SU8 2002 deposition

Apply SU8 2002 on the
substrate
Baking

5 min
50 °C

Spinning

30 sec
1500 rpm
100 rpm/sec

Second SU8 2002
deposition

Repeat first deposition steps

SU8 2025 deposition

Apply SU8 2025 on the
substrate
Spinning

prebake

Exposure

Contact aligner

Post Exposure bake

SU8 development

Al etching
SU8 removal

60 sec
2000 rpm
100 rpm/sec
Ramp (1.7 °C/min) to 50 °C
Bake 10 min at 50 °C
Ramp (1.7 °C/min) to 65 °C
Bake 60 min at 65 °C
Cooldown 1.5 °C/min
60 sec
Hard contact
Ramp (1.7 °C/min) to 65 °C
3 hours at 65 °C
Cooldown 1.5 °C/min
15 min SU8 developer
Wash fresh SU8 developer
Rinse isopropanol
Blow-dry N2
20-30 min phosphoric acid solution
Rinse demi water

Nitric acid

5 min
99 % solution

oxygen plasma

30 min
500 W

