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Summary

This thesis describes the design, fabrication and characterisation of silicon micro-cantilever arrays
with integrated sharp tips. The arrays are developed for parallel readout experiments that are based
on electric force microscopy (EFM). The final application of the arrays is in a probe based data
storage system.

The high requirements for optical readout and EFM are realised by a SOI based process using
sacrificial layer etch technology and a KOH etch combined with a LOCOS process. The powerful
process features a single mask to fabricate cantilever arrays with tips that are self-aligned to the free
end of the cantilever. A second mask is used for the backside etch, to release the cantilevers. The
sacrificial layer etch method enables the fabrication of arrays that are uniform on wafer scale.

An essential aspect for obtaining sharp tips is the inclusion of a sacrificial layer to achieve a sharp
mask corner by corner sharpening. Another critical factor is a straight etch profile after pattern
transfer of the mask into the device layer.

The fabricated devices are characterised by means of scanning electron microscopy, atomic force
microscopy and white light interferometry.
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Chapter 1

Introduction

This MSc thesis deals with the design, fabrication and characterisation of arrays of silicon micro
cantilevers with integrated sharp tips for application in a probe based data storage system. In this
introductory chapter the subject of the thesis is outlined. The chapter starts with a brief overview of
the progress in the field of data storage followed by an introduction of probe based data storage
systems. Furthermore, arrays of micro cantilevers with tips used in probe storage and various
methods for the readout of cantilevers are discussed. The chapter concludes with the motivation
and the goal of this project.

1.1 Data storage systems

The ongoing advances in, for example, multimedia applications lead to a constant growth in file size
to accommodate the vast amount of data. This results in a demand for ever higher storage capacity
of digital data and thereby increasing density demands of data storage devices.

Data storage systems can be categorised into volatile and non-volatile memory. Volatile memory
requires power to preserve the stored information, while non-volatile memory does not. Advantages
of non-volatile memory are the low cost per bit and high storage capacity. Non-volatile memory can
be subdivided into two types: mechanically addressed memory and electrically addressed memory.
Mechanically addressed systems use one or more heads for reading and writing data on a storage
medium. Electrically addressed memory stores data in wired elements using electric charge or
magnetism, hence avoiding moving elements.

The hard disk drive is an example of mechanically addressed memory. Its data density is very high:
currently a commercially available 1TB hard drive has an average areal density of 330Gb/inch? [1].
Fundamental limits (like the superparamagnetic limit in magnetic recording) impose a limitation on
areal density. For magnetic data storage as used in hard disk drives this theoretical limit is estimated
to be around 100Tb/inch? [2]. This is why there is a need for a new type of storage system capable
of ultra high density.

To compete with electrically addressed memory, the read access time of mechanically addressed
memories needs to be reduced. Downscaling the elements results in higher resonance frequencies,
enabling higher speeds and reduced access times. A promising type of mechanically addressed
memory is probe based data storage. Parallel read and write heads enable high data speeds while
ultra high capacity is realised by reducing the size of these heads.
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1.2 Probe based data storage

Inspired by the invention of scanning probe microscopy (SPM) and the development of atomic
force microscopy (AFM) [3], probe based storage systems use sharp tips for writing and reading data.
Since the spatial interaction determines the data density, nanometer-sharp tips are key to ultra high
density. Probes of this size fall within the category of microelectromechanical systems (MEMS).

1.2.1 Readout of probes

To read back the data from the probes, various methods are available. These can be divided into two
types: integrated and external readout. Integrated readout operates with a sensor placed onto the
probe, which is usually included in the fabrication process. External readout on the other hand is
physically separated from the probe. Both methods use the deflection of the cantilever for readout.
Piezoresistive (an example of integrated readout) and optical (an example of external readout)
readout are shortly described in the following paragraphs.

Integrated readout

Deflection of a probe can be detected using a sensor integrated in the probe. A common type of
integrated readout is the piezoresistive element [4]. This kind of sensor is for example applied by
LG in a cantilever array [5]. A piezoresistive element experiences a change in electrical resistance
when mechanic stress is applied. This stress is induced by the deflection of the probe, since the
piezoresistive element follows the shape of the bent cantilever. Devices capable of measuring strain
are also called strain gauges. A schematic illustration of this principle is presented in Figure 1.1. In
case of multiple cantilevers every cantilever needs to be equipped with such a piezo element. There
are several downsides to the use of piezoresistive elements. Production of the elements, especially
at micro-scale, is difficult. Electrical connections have to be incorporated towards every element,
which contributes to a complex design.

Piezoresistive sensor

: Cantilever

Without deflection With deflection

Figure 1.1: Schematic representation of piezoresistive readout of a single cantilever

The Millipede [6] from IBM is an example of a probe based storage system with integrated readout.
This system consists of MEMS-based arrays of cantilevers in combination with a polymer storage
medium. The tips of the cantilevers are used to thermomechanically read and write data in the
polymer film by means of indentations [7]. The strong point of this system is the cantilevers working
in parallel, all covering an individual region. This way an increase in read/write speed is feasible. A
drawback of the thermomechanical readout is the limit it imposes on the speed. When a cantilever
is used as a thermal readback sensor, pulses are used to heat the resistor and a difference in cooling
distinguishes indentations from non-indentations. This cooling-cycle is the restriction responsible
for the speed limit.
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External readout

In AFMs the deflection of the single cantilever is generally measured optically, which is an external
readout method. Laser light is directed to the free end of the cantilever, reflected off the cantilever
and captured by a position sensitive detector (PSD). This PSD usually consists of two or four
photodiodes, each generating a current that is dependent on the amount of incoming light. Figure
1.2 schematically shows optical readout of a single cantilever. This optical readout method is known
as the optical lever and is described in [8]. Advantages of optical readout are simplicity of the
cantilevers, the high speed and the non-invasive nature. A disadvantage is the need for alignment
of the laser spot with the cantilever after which the reflected spot needs to be aligned to the centre
of the detector.

Detector Detector
— TLaser beam
Cantilever
|
Without deflection With deflection

Figure 1.2: Schematic representation of optical readout of a single cantilever

Within the micro scanning probe array memory (uSpam) project! the transducers science and
technology (TST) group is working on probe based storage. By studying several elements of probe
storage, such as optical readout, the group also participates in the probe-based terabit memory
(ProTeM) projectz.

The ProTeM project aims for the development of techniques and systems for ultra-high capacity
memories. The project has a particular focus on archival applications. An important feature of
archival systems is their reliability, even when a part of the system fails or breaks down. Imagine
a probe array with the readout integrated in the cantilevers. When such an element breaks down,
readout of the cantilever is no longer possible. Because the sensor is incorporated in the cantilever
(situated only tens of nanometers above the medium), replacement is certainly not straightforward.
Separating the readout element from the information part facilitates replacement of the readout
system. This concept is known as “cold redundancy”. Its principle is similar to a DVD system: when
the DVD-player breaks down, the information is nevertheless safely stored on the disc and can be
retrieved by replacing the malfunctioning player. The importance of reliability is the motivation for
studying external readout, and optical readout in particular, within the ProTeM project.

Thttp://www.uspam.nl
http:// www.protem-fp6.org
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1.3 Parallel optical readout

To perform optical readout of an array of cantilevers instead of a single cantilever, a slightly different
approach is needed. Equipping each cantilever with a light source and detector may be realisable
with small amounts of cantilevers, but is not an option when larger arrays are involved. Another
problem is the potential interference of light when cantilevers are placed close together.

Optical readout of an array of eight cantilevers is reported in [9]. This is achieved with eight light
sources and optical sensors, each cantilever fitted with an individual combination. The light sources,
which are lasers, are controlled in a time-multiplexed fashion.

In [10] parallel optical readout of multiple cantilevers is reported. One light source and a single
detector are used for readout of an array of three cantilevers operating in dynamic mode (vibrating
the cantilever near its resonance frequency) [11]. Frequency separated cantilevers without tips are
used to successfully detect the resonance frequency shift of one cantilever within the array. These
cantilevers are created out of a single cantilever by focused ion beam (FIB).

1.3.1 Scope of this thesis

The goal of this MSc project is to develop a process scheme for the fabrication of arrays of multiple
cantilevers with integrated sharp tips. In contrast to the cantilevers without tips, such arrays can
be used in experiments based on electric force microscopy (EFM) to investigate parallel readout of
multiple cantilevers more thoroughly. A sketch of a cantilever array combined with optical readout
for use in probe based data storage is presented in Figure 1.3. Five cantilevers with tips at their free
ends are placed in parallel above a recording medium. An elongated laser spot is used to detect
the deflection of all five cantilevers. The number of cantilevers is not predetermined and is five for
illustrative purposes only.

Cantilever

Recording medium
Figure 1.3: Schematic representation of cantilever array with optical readout
In order to satisfy the requirements following from, for instance, the readout method, sophisticated

use of silicon micromachining is required. Silicon micromachining offers great flexibility in array
design. Variations in for example length, width, shape, spacing and number of cantilevers can be
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incorporated in the design.

This thesis can be roughly divided into four parts. First, in Chapter 2, the requirements of the devices
are defined and the complete process scheme is fully designed. After this, Chapter 3 deals with
the fabrication of the cantilever array. Following the fabrication, the devices are characterised in
Chapter 4, in order to check whether the requirements are met. Finally, in Chapter 5, the conclusions
of the project are discussed and recommendations are given.
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Chapter 2

Design

In this chapter, specifications of the device are defined. Three components can be considered
within the device: the tip, the cantilever and the cantilever array. Once the requirements are defined,
an introduction into tip manufacturing is given and potential ways to fabricate tips are described.
When the most suitable method of fabrication is determined, the relevant aspects of the fabrication
method of tip, cantilever and array are discussed.

2.1 Specifications

In this chapter, the specifications are defined which are needed to develop the device. The part
of the array depicted in Figure 2.1 indicates length L, width w and thickness t of a cantilever. The
bending direction of the cantilevers is demonstrated by the arrow. Another important parameter,
the spacing S between cantilevers, is also indicated.

Figure 2.1: Part of cantilever array showing parameters: S = spacing, w = width, ¢ = thickness, L = length. The
cantilevers can bend in vertical direction as indicated.
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2.1.1 Electric Force Microscopy (EFM) requirements

As mentioned in Chapter 1, the micro-cantilever arrays will be used for experiments based on EFM,
to investigate parallel readout of multiple cantilevers. In EFM, a conductive AFM tip interacts with a
sample through long-range Coulomb forces. When a difference in potential is applied between tip
and sample, the vertical gradient of the electric field can be mapped by monitoring the oscillation
amplitude and phase of the cantilever. Within the parallel readout experiments, a single voltage is
applied to all the cantilevers within the array. With regard to EFM, the following demands need to
be fulfilled.

Tip requirements In EFM it is common to model the tip as a mesoscopic cone with opening
angle ¢ and tip apex radius ryp [12]. The model for an EFM tip is presented in Figure 2.2. The
resolution in EFM depends on the probe tip radius. High resolution EFM measurements require
tips with a radius of curvature below ~100nm. Moreover, a small cone opening angle results in
improved EFM results. This is because with a small opening angle, the base of the tip is more narrow,
resulting in a smaller amount from the base to the EFM signal. No explicit tip height follows from
the requirements of non-contact EFM, but common values are in the order of micrometers.

(a) (b)

Figure 2.2: Model as used in EFM: the tip is a cone with opening angle ¢ and apex radius rp. (b) is a cross
section along the line A— B in (a)

Cantilever requirements Non-contact EFM operates in dynamic mode, in which the cantilever is
vibrating near its resonance frequency. The amplitude of this oscillation is in the order of tens of
nanometers. The resonance frequency needs to be compatible with the AFM and the experimental
setup and therefore is required to be between 50 and 300kHz. The spring constant of EFM probes is
usually around 3N/m, but EFM probes with a spring constant of 40N/m exist as well.

Array requirements To be able to apply a potential to the tips, the cantilevers and tips need to be
electrically conductive. A probe resistance of 350Q2 is mentioned in [13], aimed for higher-resolution
measurements of electric characteristics of specimens. Matching this value is not required, since
for the parallel readout experiments no extremely high resolution or measurement speed is re-
quired. This means the parallel readout experiments can be performed with arrays having a higher
resistance.

When an EFM tip is separated more than 10nm from the sample, the electrostatic force is larger
than the van der Waals force (VdW), as can be seen in Figure 2.3. Usually for non-contact EFM,
the vibrating tip is situated between 10 and ~100nm above the sample. At said distances, the
tip-sample separation of all tips is required to be smaller than tens of nanometers. The variation in
tip-sample separation within an array is illustrated in Figure 2.4. A micro-cantilever array should
have a variation in tip-sample distance of less than 100nm to be suitable for EFM experiments. If
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Figure 2.3: Computed distance dependence of normalised frequency shift. Parameters used: tip ra-
dius = 10 nm, tip oscillation amplitude = 20 nm, cantilever spring constant = 30 N/m, potential
difference between tip and sample = 1V. Graph is taken from [14]

this high requirement is met, all tips can be placed within 10 to 110nm from the sample. From
Figure 2.3, it can be seen that the frequency shift due to the electric field gradient at a distance of
10nm is almost the same as 100nm from the sample.

Figure 2.4: Array of tips above a sample. The variation in tip-sample distance R must be smaller than 100nm
for EFM.

2.1.2 Parallel optical readout requirements

Considering the parallel optical readout of cantilever arrays, more requirements need to be satisfied.

Tip requirements For operation, chips are placed with a certain mount angle a between the plane
of the sample and the cantilever axis. In the AFM, a is 10°and in the experimental parallel optical
readout setup, « is 4°, but can be adjusted if needed.

Given a tip height hyp, of, for example 5um, this means the distance d from the end of the cantilever
must be below 28um to prevent the cantilever from touching the sample. In Table 2.1, the allowed
distance d is listed for a tip height from 1 to 10um. These values are calculated using a = 10° (the
mount angle of the AFM).

Cantilever requirements With regard to calculations (for example equation 2.2-2.7), it is con-
venient if the cantilevers have a simple shape. Rectangular cantilevers for example simplify the
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Figure 2.5: Schematic side view of chip above a sample. In the AFM, «a is 10°.

Table 2.1: The allowed distance d from the end of the cantilever depends on tip height yp:

hip (um) 1 2 3 4 5 6 7 8 9 10
d (um) 5.7 11.3 17.0 22.7 284 34.0 39.7 454 51.0 56.7

calculations. Also, the shape must be equal for all the cantilevers within one array.

Array requirements The elongated laser spot has a length of a few centimetres. Using this laser
spot, arrays having a width of several centimeters can be completely covered. The detector limits
the width of the array, because it is roughly 1cm. Since small arrays of no more than 1mm will be
fabricated, the width requirement originating from the detector is easily satisfied.

Top view

>2cm

Y

Figure 2.6: The length of the elongated laser spot exceeds the width of the arrays needed for the experiments

The detector needs a certain amount of light, which must be reflected from the cantilevers. For this
demand, the cantilever area and reflectivity are of importance. Also, every cantilever needs to reflect
an equal amount of light. So the cantilevers are required to have identical areas and only differences
in bending between cantilevers within 10% are allowed. No specific area requirements can be given,
but we believe that the experiment will be successful if standard sized cantilevers (length + 225um,
width + 30um) are used.

2.1.3 Overview of requirements

The requirements specified by EFM and parallel optical readout lead to a set of demands for the
micro-cantilever array, listed in Table 2.2.

2.2 Fabrication concepts

The specifications listed above result in very high requirements for a micro-cantilever array. The
most critical requirements are the variation in tip-sample separation, which must be smaller than

10
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Table 2.2: Specifications of cantilever array

Parameter Specification
chip size (see section 2.2.8) 1.6 x 3.2mm
mount angle (in AFM) 10°
mount angle (in experimental setup, adjustable) 4°
tip radius < 100nm
tip height (at 5um from cantilever end) > lum
variation in tip-sample separation < 100nm
cantilever width (indication) ~30um
cantilever length (indication) ~225um
cantilever thickness (indication) ~ 3um
resonance frequency 50 —300kHz
spring constant 2—40N/m
number of cantilevers per array 1-30
array width < 1lmm

100nm, and the tip radius that is required to be under 100nm. Arrays meeting the specifications
are not commercially available, and no standard fabrication procedure is available to manufacture
them. We will present a new process flow to fabricate arrays that meet the high demands.

Within the design of the cantilever array, three components can be regarded: the tip, the cantilever
and the array. First an introduction to the manufacturing of tips is presented.

2.2.1 Introduction to tip manufacturing

Two main technologies to produce sharp tips can be distinguished: direct and indirect. The indirect
or moulding method uses a Si substrate with inverted tips: pits shaped like the desired tips. These
holes are filled with a material, after which the Si is completely etched away, leaving only the canti-
levers and tips. An example of the indirect method can be found in [15]. The authors bond Si wafers
to glass wafers to build cantilever arrays. The cantilevers are shaped by use of photolithography and
dry etching. Tips are created by using inverted pyramidal pits and filling these. The process of wafer
bonding is not trouble-free so for the sake of feasibility this should be avoided within this project.
In the direct method, material surrounding a mask is etched in such a way that tips remain. An ex-
ample of cantilevers with tips using the direct method is found in Lutwyche et al. [16], in which they
start with the creation of tips by isotropic etching. These are then protected by a thick photoresist
layer, so that the cantilevers can be shaped by dry etching. A problem with this method can be the
uniformity. Deviations caused by lithography can cause tip height differences. Saya et al. [17] apply
anisotropic etching to create triangular cantilevers. The shape of the cantilevers can unfortunately
not be changed due to the anisotropic fabrication method. The disadvantage of triangular shaped
cantilevers is that the number of cantilevers that fit in an array (with a restricted width), is limited
by the triangular shape. The arrays do show a good uniformity regarding tip height.

The following paragraphs are used to describe the benefits and drawbacks of two different types
of direct tip fabrication. From the available alternatives, one type is chosen to be implemented
in the probe design. The most suitable method will follow from the requirements and will be a
compromise between a perfectly sharp tip and the simplicity of the fabrication procedure.

11
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2.2.2 Method I: spire shaped Si tips by isotropic etching

A very straightforward way to make tips is by using masks that are shaped like circles. After isotropic
etching spire shaped tips are formed underneath the masks. The amount of underetch needed
depends on the radius of the mask. This concept is illustrated in Figure 2.7. A similar method is for
example used for the fabrication of tips in [16, 18, 19]. The symmetrical nature of these tips is an
advantage for practical use. Apart from isotropic etching, anisotropic etching is used as well to form
tips of this type [20, 21].

Top view Cross section

Figure 2.7: Method I, spire shaped tips by isotropic etching

Although the simplicity of this technique is very appealing, obtaining uniform results is difficult.
Despite the fact that identical circles are required to obtain similar tips, the actual mask shapes
never are perfectly circular at the nanometer scale (due to mask fabrication by laser lithography)
and thereby not uniform. A mask with a certain radius will produce higher tips than a mask with
a smaller radius. This is due to the isotropic etch, which causes a fixed amount of Si to be etched
starting from the edge of every mask. Figure 2.8 elucidates this situation. Only if indistinguishable
copies of mask shapes can somehow be created and if every step in the fabrication process is
perfectly uniform, this method will generate uniform tips. Patterning by laser lithography will
inevitably result in differences in mask shape. As mentioned earlier, non-uniformities in fabrication,
like difference in etch rate, are inevitable on wafer scale. If this method is used, a way to integrate
the tips with an array of cantilevers has to be developed. Related to the integration, alignment of
the tips at a fixed distance from the free ends of the cantilevers is complicated.

Top view Cross section

Figure 2.8: Difference in tip height due to dissimilar mask size. The tip created by the larger mask is bigger
than the one created by the smaller mask (h; > h;)

2.2.3 Method II: tetrahedral Si tips by KOH etching

Another way to define the shape of a tip is by anisotropic etching. The (111) plane resulting from
a KOH etch of a Si (100)-oriented wafer, is used as one of the sides of a tetrahedral tip (the tip is
actually semi-tetrahedral but is nevertheless referred to as tetrahedral in this report). Albrecht et
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al. apply this in a process to manufacture “SiO, cantilevers with integrated tetrahedral tips” [22]. A
similar method is described more detailed in a publication by Kitazawa et al. [13]

Figure 2.9a shows the result of an anisotropic wet etch in KOH, using a mask with a square opening.
The (100) plane and two of the four (111) planes are indicated. Suppose two vertical planes are
introduced, like in Figure 2.9b. Because of the intersection with the Si, a tip becomes evident (it is
indicated by a darker colour). This tetrahedron shaped tip has one side confined by plane 1, one
side confined by plane 2, and the other side formed by the (111) plane. The (111) plane creates an
angle of 54.74° with the (100) plane.

plane 1

plane 2

A B

(a) Anisotropic etch (b) Tip confined by three planes

Figure 2.9: Method II, tip by anisotropic etching of Si. The two lower schematics are cross sections along the
lines A-B indicated in the top views above. (a) The result of a KOH etch. (b) Tip (darker coloured)
confined by plane 1, plane 2 and the (111) plane

The beauty of a tip having an apex confined by three planes, is the single point at which the planes
intersect. When used as a probe, it is very convenient that the apex results in a single point. This is
not always the case: think of a tip confined by four planes (a pyramidal tip) for example. A square
mask will ideally produce a point apex (Figure 2.10a shows a top view). But due to laser writing,
it is rendered into a rectangle rather than a square, resulting in the apex to be like a knife edge
(Figure 2.10b) [23]. Figure 2.10c illustrates the single point formed at the apex of a tetrahedral tip.
This illustration shows this type of tip is in fact a quarter of a pyramid.

X X
> < >
y y
(a) Square (b) Rectangle (c) Quarter of square

Figure 2.10: The shape of any apex is defined by the intersecting planes. (a) A perfect square (x =y) results
in a pyramidal tip with one cross point. (b) A rectangle (x >y) produces a knife edge apex. (c)
One quarter of a perfect square (x =) gives rise to an apex confined by three planes, ensuring a
single cross point

This method of fabrication has the advantage of producing nearly identical tips on wafer scale
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because of the uniform nature of the KOH etch (the uniformity is +4% on wafer scale). The etch
rate in the (100) direction is about 80 times larger than in the (111) direction when 25% KOH @75°C
is used [24]. The slow rate, at which the (111) plane is etched, is the mechanism responsible for
reducing the tip height. Since this etch rate is uniform (+4%) over the complete wafer, no significant
variation in tip height is expected: tips of 5um high will have a maximum variation of ~8.7nm on
wafer-scale. Because the variation scales with the etch time and thus with the tip height, lower tips
will have less variation in tip height.

Two methods to fabricate tips have been described. Method I is interesting because of its simplicity,
but getting uniform tips will be difficult. Method II produces uniform tips with a single point apex.
Considering the importance of tip height uniformity within the arrays, method Il is needed. In the
following section the fabrication method is described in more detail.

2.2.4 Integration of tip on cantilever using KOH

To construct cantilevers with identical dimensions, we have chosen for a silicon on insulator
(SOI) based process. The use of a SOI wafer has advantages considering uniformity in tip height,
uniformity in cantilever thickness, uncoupling of cantilevers and chip isolation. These advantages
are discussed in more detail in the corresponding sections in this chapter.

SOI wafers have a layered silicon-insulator-silicon configuration. The insulator material is SiO,
and has a thickness of 0.5um. Because both sides of this layer are facing Si it is called buried oxide
(BOX). As shown in Figure 2.11, the device layer is 10um and the handle layer is 380um in thickness.
Table A.1 in the Appendix shows all the properties of the type of SOI wafer that is used.

For a spring constant of 3N/m, a cantilever thickness of roughly 3um is needed (calculated using
the Matlab code in C.1.1 for a length of 225um and a width of 30pm). This means a device layer
thickness of 6um would be ideal. This way, cantilevers with tips having a tip height of 3um can be
fabricated. But because SOI wafers with a device layer thickness of 6um were not available within
the TST group, it was decided to use the available SOI wafers with a device layer thickness of 10pum.
The device layer is highly doped single crystal Si and has a resistivity of 0.01 —0.02Qcm. For a
cantilever of 225um long, 30um wide and 5um thick, this means the resistance is between 15kQ and
30kQ.

Device layer—— 10pum
Buried oxide layer— v '

A
Handle layer — 0.5um

380um

Figure 2.11: Schematic representation of SOI wafer with dimensions

On the backside of the wafer, a layer of SiO, similar to the BOX is present. This is due to the
fabrication process and also reduces bending of the wafer (bow) caused by stress. In case of an
(extreme) wafer bow of ~130um, the bow over a 200pum wide array is only ~0.5nm (as will be shown
in section 4.3.1). The crystal orientation of the wafer is (100), meaning the top surface of the wafer is
aligned with the (100) face.

On top of this wafer, a layer of silicon rich nitride (SiRN) and a layer of Tetraethyl Orthosilicate
(TEOS) SiO; are created in the shape of the cantilever (Figure 2.12a). The device layer is etched
using the TEOS SiO; as mask, resulting in a mesa (Figure 2.12b). Next, the sidewalls are oxidised,
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while at the top of the mesa oxidation is prevented by the nitride cap (Figure 2.12c), a process called
local oxidation of silicon (LOCOS). After removal of the SiRN, an anisotropic KOH etch thins the
device layer and forms the upward pointing tip (Figure 2.12d).

Si 7/, TEOSSi0, [} SiRN | 8i0,
Top view: Cross section:
ettt

vy

(a) Patterning of cantilever shape in SiRN and TEOS SiO» layer

(b) Dry etching of device layer

D . ’

(c) Oxidation of sidewalls (by LOCOS)

e ) | =

(d) Anisotropic etching of device layer

Figure 2.12: Concept of fabrication method of cantilever with integrated tip

An advantage of using the direct KOH method in combination with LOCOS is that the tips will
always be self-aligned at the exact free end of the cantilever. This is convenient, as alignment errors
between tip and cantilever are now prevented, ensuring the tip is always located on the cantilever.
Additionally, the distance between self-aligned tip and the free end of the cantilever is equal (i.e.
zero) for every cantilever.

Using a cantilever thickness of 3um in combination with a device layer thickness of 10um, results in
a tip height of 7um. Together with the tip, a ridge with a similar height will be present (as will be
explained in section 2.2.7). To reduce the influence of the ridge on the mechanical behaviour, a low
ridge is required, which can be achieved by a shorter KOH etch. But for good EFM performance,
the tip-apex is required to be separated from the cantilever several (>1) micrometers. With a tip
height of 5um, the separation between the tip apex and the cantilever is sufficient. The height of the
ridge will also be 5um (equal to the cantilever thickness), which will result in minor influence on the
mechanical behaviour.
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2.2.5 Material selection

The direct KOH method demands mono-crystalline Si to be used as material for the tip. An advantage
of the fabrication method is that the cantilever is formed at the same time the tip is formed. This
means the cantilever material is also mono-crystalline Si. Si is used commonly for the fabrication of
cantilevers, because of its good mechanical properties.

The motivation for the choice in material supporting the fabrication comes mainly from the specific
processes used for the fabrication steps as described in section 2.2.4. TEOS SiO; is a suitable
material to be used as mask for cryogenic RIE. LOCOS involves the use of silicon nitride as mask.
SiRN is chosen as deposited material because of its low stress compared to SizN4. For etch masks for
KOH both silicon nitride and SiO are suitable. Silicon nitride is hardly etched (<1nm/hour) while
SiO, is etched with approximately 180nm/hour. Because it can be easily selectively grown by means
of LOCOS, SiO» is used as mask.

2.2.6 Sharp tip by KOH etching

Assuming the tip is formed by three planes, it will be very sharp at the end. But unfortunately, the
tip will not be as perfect in real life as the tip is in theory. To create a sharp tip, two conditions are
important: (I) a sharp corner in the (TEOS SiO,) mask and (II) a straight etch profile in the top part
of the device layer (close to the future tip apex).

Pattern transfer for a sharp tip

To obtain a sharp tip, the corner at the free end of the cantilever as seen from above needs to be
sharp. But technical limitations of the lithography manufacturing cause deviation from a sharp
corner. When this corner is not sharp, the apex of the tip results in an edge rather than a single
point. And because there will be irregularities along the corner, there will be multiple non-uniform
tips located on the edge. Our optical contact (1:1) lithography has a resolution of 1um, making the
corner at the free end of the cantilever appear round at micrometer level. In Figure 2.13 this effect
is schematically illustrated. Furthermore, the reflow of the photoresist during the post-exposure
bake increases the corner rounding effect. In order to keep the corner rounding as small as possible,
this bake step can be omitted. But performing the post-exposure bake will have the advantage of
reducing standing waves and irregularities in the pattern outline. If there is a way to get around
the corner rounding effect, the downside of the post-exposure bake is avoided and the advantages
remain.

Because this corner rounding effect will significantly decrease the uniformity of the tips, a way
needs to be found to avoid rounded corners. A way to overcome the rounding effect is found in the
inclusion of an extra layer which is used to retract the underlying layer by deliberate under-etching
(see Figure 2.14).

The transformation from a rounded to a sharp corner is schematically illustrated in Figure 2.14. A
stack of SiRN, TEOS SiO, and SiRN is covered by a layer of photoresist. After patterning this layer,
the corner rounding effect leads to a rounded corner. Dry etching transfers the rounded corner into
the top SiRN layer. This top SiRN layer is used as a hard mask and will be removed later. During
a wet etch, the conversion from a rounded to a sharp corner is established by under-etch of the
TEOS SiO, layer. Finally, the top SiRN can be removed and the bottom SiRN layer can be etched so
it conforms to the shape of the TEOS SiO, mask.

The principle behind this method is closely related to convex corner preservation, which is illus-
trated in Figure 2.15. Due to convex corner preservation, a sharp convex corner is maintained when
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(a) (b)

Figure 2.13: Corner transferred into photoresist by lithography presented schematically at different scales
(top view) (a) The corner looks sharp (b) Shown in a magnified view rounding is visible

etched isotropically [18]. Isotropic etching has a uniform speed independent of direction. So the
envelope of the original corner (A in Figure 2.15) is copied into the etched shape (Bin Figure 2.15).

The principle of convex corner preservation does not apply in case of a rounded convex corner.
Instead, the radius of the rounded corner is reduced. Again the envelope of the original corner (A
in Figure 2.16) is copied into the etched shape (Bin Figure 2.16). The isotropic etching causes the
radius of the rounded corner to be reduced. Figure 2.16 shows the decrease in radius from A to E.
When the distance between original edge and etched shape is larger than the radius of the original
rounded corner, its radius is so small that it can not be reduced further which means the corner is
perfectly sharp (F in Figure 2.16).

Using the method described above, the corner rounding effect can be circumvented and a sharp
corner can be realised. This method only requires the inclusion of an extra layer of SiRN and one
extra dry etching step. The fabrication process is not made significantly more complicated while
the increase in corner sharpness will have a positive effect on the final tip sharpness.

Furthermore, as a result of the retracting sandwiched TEOS SiO; layer, the length of cantilevers is
equalised. The photoresist pattern of the cantilevers contains irregularities which, without layer
retraction, cause differences in cantilever length. This also means that without layer retraction, the
tips will be positioned at dissimilar distances from the cantilever base, while ideally they are located
in a straight line. With the implementation of layer retraction, the irregularities are evened out and
the cantilever length is regulated by the global outline of the cantilever and the etch time.

Straight etch profile for sharp tip with uniform height

When choosing an etch technique, the demand for a straight etch-profile (which will be discussed
in 3.2.3) has to be taken into account. Considering the scalloped etch-profile of the Bosch process, it
is unsuitable. The scalloping effect will at the apex of the tip influence its sharpness. This scalloped
profile is caused by the discontinues nature (the repeated alternation of etching and passivation) of
the process and is in the range of 100 to 200um if a standard process is used. Using a continuous
process will result in a smoother etch profile. The etch-profile is allowed to be tapered (positive
or negative, to a certain extent), as long as the transition of the mask and the Si is smooth. More
information about the etch shapes that are (not) allowed can be found in section 3.2.3.
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Top view: Cross section: . Top view: Cross section:

N photoresist
> top SiRN

TEOS ///
bottom SiRN

Si

IS

(a) (b)

Cross section: . Top view: Cross section:

Z4

(c) (d)

Figure 2.14: Conversion of round into sharp corner (not to scale) (a) Pattern photoresist (b) Dry etch top SiN
layer (c) Wet etch of TEOS SiO; (d) Wet etch of top and bottom SiN layers

N 7’

A B C D

Figure 2.15: Convex corner preservation

2.2.7 Cantilever

The use of a SOI wafer in combination with the KOH process also has advantages for the cantilevers.
Because the thickness of the cantilevers is determined by the device layer thickness and the KOH etch
duration, no major variation in cantilever thickness is expected. The uniformity of the device layer
is 5% (from Table A.1 in the Appendix). This means the thickness of the device layer varies from 9.5
to 10.5um, a maximum variation of lum. KOH has a wafer-scale non-uniformity of approximately
+4%. This means that the KOH etch produces a maximum variation in cantilever thickness over
the complete wafer of 0.4um (for a tip height of 5um). The cantilever thickness will vary from 4.8 to
5.2um. Over a single array, the variation in cantilever thickness is even smaller. No alternative etch

18



CHAPTER 2. DESIGN 2.2. FABRICATION CONCEPTS

Figure 2.16: Radius reduction at convex corner

method which is as simple can measure up to the high uniformity in cantilever thickness that can
be achieved by KOH.

As can be seen in Figure 2.17, the KOH etch step as presented in Figure 2.12 not only forms a tip, but
also creates a ridge at the cantilever sides parallel to the (110) direction of Si.

) el

(110)

Figure 2.17: Ridge formation at the edges of the cantilever (left: top view, right: cross section)

When operating the cantilever, it will be mounted with a certain tilt angle a between the plane of
the sample and the cantilever axis (Figure 2.18). In the AFM this angle is 10°. The protruding ridges
can interfere with the EFM readout when the distance between ridge and sample is small. In the
extreme case, the ridges can even touch the sample surface at point a or b. Furthermore, because
the line a — b never is perfectly parallel to the sample, one of the ridges will be even closer to the
sample. Since the tip must be the object closest to the sample, a way to inhibit the ridges is desired.

a

Top view

Side view
a(

Figure 2.18: Schematic view of cantilever above a sample. « is 10° in our AFM
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Ridge prevention

Figure 2.19 shows no ridge exists on the side of the cantilever between point R and point 7. This is a
result of the fabrication method. On cantilever sides parallel to the (110) direction, (111) planes
persist after the KOH etch. Because segment R — T has an angle of 45 degrees with respect to the
(110) direction, the (111) plane is not the only crystal plane accessible for etching. Any plane having
an etch rate which is higher than that of the (111) plane will cause the ridge to be etched away [25].

[ ———————
T
b

e (110)
—_—

Figure 2.19: End of cantilever with tip and ridges pointing up

When a cantilever has its sides at an angle of 45 degrees with respect to the (110) direction (similar
to segment R — T in Figure 2.19), the ridges are prevented. This will result in a v-shaped or trian-
gular cantilever. The modified shape however has consequences for the mechanical behaviour
of the cantilever. The spring constant of a v-shaped cantilever as specified by the parallel beam
approximation is

_ Ewt®

T o218
The parallel beam approximation models the V-shape as two rectangular beams joined at one end.
The spring constant of a single rectangular cantilever (will be given in Equation(2.4)) is simply
doubled.
The width at the base of the cantilever is increased due to tapering. A wider base decreases the
number of cantilevers that fit into an array (when the width is restricted). Furthermore, because
of the wider base, an elongated laser spot with an increased length is required and, what is more
problematic, a bigger detector is needed. We can conclude that triangular or v-shaped cantilevers
are not suited for implementation in arrays.
A possible alternative to inhibit the ridge is by using 'steps’ illustrated in the top part of Figure 2.20.
The convex corners numbered 1 — 6 cause the (111) planes at the sections parallel to the (110) direc-
tion to be etched. This is indicated by the small black arrows. At convex corners, many fast etching
crystal planes are accessible. These planes cause the ridges to be etched away in the direction of the
arrows.
Derived from cantilevers having an outline with steps, it is also possible to prevent the ridge from
being formed by using a straight edge (see Figure 2.20, bottom part). When angle 6 between a straight
edge and the (110) direction corresponds to the angle of the average path of the stepped outline any
ridge is suppressed. By absence of walls oriented parallel to the (110) direction, (111) planes are
unprotected. Due to the pixels created by laser writing any straight line will actually consist of tiny
steps. Similar to the stepped configuration any (111) plane will be etched from the wide side of the
tapered cantilever.
Now that a way to suppress the ridge is available the total cantilever shape can be defined more
accurately. Although a disadvantage of the ridge is its influence on the mechanical behaviour, there
is no absolute need to prevent the ridge over the complete length of the cantilever. This will only

2.1)
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Figure 2.20: Ridge prevention on sides of cantilever (top view). Top part: small 'steps’ are used to inhibit the
ridge. Bottom part: the correct angle 6 between the crystal (110) direction and the straight edge
also suppresses the ridge

make the cantilever wider than necessary (because a taper is needed). It is sufficient if the free end
of the cantilever is ridge-free to a certain distance from the end. An important condition is that the
ridge must be separated from the sample, so that it can not interfere with the readout. The area over
which no ridge should exist depends on the angle between cantilever and sample. In Figure 2.21
this angle «a is illustrated.

Top view

Side view

Figure 2.21: Schematic view of a tapered cantilever above a sample with tilt angle «

For the ridge to have no influence, its distance to the sample must be greater than that between
the rest of the cantilever and the sample. The cantilever is closest to the sample at the free end.
The distance here is specified by roughly the tip height (actually it is cos(a) x tip height, but this is
almost equal to the tip height at small angles). So distance d should be greater than the tip height.
At an angle «a of four degrees and a tip height of five um the area of the cantilever that should be

SSIFI;T) ~ 71.7um.

The cantilever shape with taper has an advantage with regard to EFM. One of the design rules for a
good electrostatic probe is that the tip height must be in the order of the cantilever width [12]. For
rectangular cantilevers having a width of 30um, this means that a tip in the same order is required.

But since the cantilevers in our design have a reduced width at the free end of the cantilever, a

ridge-less, x, is at least (
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smaller tip height is required in order to obtain good electrostatic performance. This is convenient
for the uniformity of the KOH etch. For reduced tip height, a shorter KOH etch is needed. And
variation in tip height, resulting from differences in etch rate, decreases when the etch time is
decreased.

Reflectivity of detector side of cantilever

Another advantage of using a SOI wafer as substrate comes to light when the reflectivity of cantilevers
is considered. Optical readout uses the detector side of a cantilever as a mirror for the reflection of a
beam of light. The light is reflected by the cantilever and aimed at the PSD. The detector needs a
certain amount of light to function. Since the reflector side of the cantilever is the BOX-layer side
of the SOI device layer, it will be very flat and thus have a better reflectivity compared to a rough
surface. Si is used regularly as material for cantilevers and we believe that the reflectivity of Si at
the wavelength of the laser is good enough to achieve the required intensity at the detector. In case
the reflectivity turns out to be insufficient, the detector side of the cantilever can be coated with a
reflective material like gold or aluminum. This is a common enhancement for cantilevers.

Separated resonance frequencies

As mentioned earlier, parallel optical readout requires cantilevers with distinct resonance frequen-
cies. First we need an equation for the resonance frequency of a cantilever. The most straightforward
shape for a cantilever beam is a rectangular one, since this simplifies the modelling of a cantilever.
In the following approximation, the change in dynamics due to the ridges is not taken into account.
The vertical deflection z at the end of a cantilever can be calculated by

I3F,
=
3EI

(2.2)

where L is the length of the cantilever, E is Young’s modulus, F, is applied force and I is the ratio of
the moment of inertia to the mass. For a cantilever with a rectangular cross section having width w

and thickness ¢, I is
1 3
I=—uwt
12

By combining Hooke’s law, Equation (2.2) and Equation (2.3) the spring constant k is found to be

(2.3)

_Ewt3

k= 2B (2.4)

Besides the spring constant, another important parameter is a cantilever’s resonance frequency.
The fundamental resonant frequency f;, of a cantilever is related to the spring constant k and the
mass Mg by

1 1 k
Jo=7—wo

21 2% Mgt

(2.5)
Since the mass used in Equation (2.5) is a point mass, the total mass of the cantilever needs to be

converted into an effective mass m.¢, which for a rectangular cantilever is

33
Meff = —— M (2-6)
140
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where m is the mass of the cantilever. Inserting Equations (2.4) and (2.6) in Equation (2.5) yieds

¢ E
- 2.7)

Jo= 2nl?\ p

Equation (2.7) teaches us that tweaking of the resonance frequency can be done by changing either
the thickness or the length of the cantilever. Since the fabrication process is based on SOI wafers
(with fixed device layer thickness) and anisotropic etching, the thickness will be the same over the
whole wafer. This means no variations in thickness can be implemented within one wafer. This
leaves altering the length of the cantilevers to change the resonance frequency.

But when the shape of the cantilevers deviates from the rectangular shape Equation (2.7) is valid
for, the resonance frequencies of cantilevers can be separated without varying their length. When
tapered, the width of the cantilever is not constant over its length. In this case the approximation
in Equation (2.7) (which assumes the cantilever is rectangular) is not valid. If the ends of two
cantilevers are tapered with dissimilar angles, their resonance frequencies will differ.

For the parallel readout experiments, two adjacent cantilevers are required to have a difference in
resonance frequency of approximately 2kHz. The small width of the cantilevers, in combination
with the minimum required taper length, sets a maximum for angle 6. Given a width of 40um and
an end-width of 7um, 0 is limited to 13°. The amount of frequency separation is limited by the
minimum (10°) and maximum (13°) angle 6. For cantilevers having a width of 40um, a length of
400um, and angle 8 of 10°, 11°, 12° and 13°, the resonance frequencies are estimated to be 55.9kHz,
54.6kHz, 53.5kHz and 52.6kHz, respectively (calculated using the Matlab code in C.1.1). Since the
differences in arrays with different taper angles are smaller than 2kHz, arrays with varying cantilever
length are incorporated in the design as well to realise the required frequency separation.

Uncoupling of adjacent cantilevers

The misalignment and the tapered etch profile of the backside etch (section 2.2.8) can cause
underetch underneath the device layer at the edges of the chip. At the cantilever side, this results in
an extending plate over the complete width of the chip, to which all the cantilevers are connected.
The cantilever behaviour can be influenced by this flexible plate. The design aims for uncoupling of
adjacent cantilevers by preventing the extending plate. Again, the use of a SOI wafer proves to be
beneficial. In Figure 2.22, the device layer and the buried SiO; layer are partially removed nearby
the border where cantilevers extend. This way, the formation of an extending sheet is prevented,
both in the device layer and in the BOX-layer. In case no BOX layer is available (for example when
no SOI wafers are used), this simple type of uncoupling of adjacent cantilevers is not achievable.

Device layer

BOX

—_

- -B
- Handle layer

Top view Cross section

Figure 2.22: Uncoupled cantilevers
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2.2.8 Chip

Every cantilever array is supported by a chip. The dimensions of this chip are chosen to be com-
patible with the AFM in our lab: a Nanoscope Dimension 3100 (Veeco - Digital Instruments, Santa
Barbara, CA). The width is 1600um, the length is 3200um and the height is 385.5um. Since this size
is industry standard, the chips fit into most commercial AFMs. Chip sizes are visually presented in
Figure 2.23. As mentioned earlier, when operating the cantilever array, the chip will be mounted
with a certain tilt angle a (4°/10°) between the plane of the sample and the chip. To avoid contact
between chip and sample (when a rotation around axis R causes the chip to be out of line with the
sample), the two corners near the cantilevers are cut off in the design.

3200pum

A

4

Figure 2.23: Top and side view of a chip — sizes are indicated

Backside (handle layer) etch

A great advantage of the fabrication principle is that both cantilever and tip are defined in a single
mask. Another mask is required for the backside etch, bringing the total number of masks to two.
Because the frontside mask is used to transfer the first pattern to the wafer, misalignment is not
critical. Misalignment of the backside mask with the pattern of the frontside mask on the wafer can
result in deviations of cantilever length. Furthermore, the etch profile of the backside etch will not
be perfectly vertical, but will have a taper. This effects the cantilever shape as well. The backside
etch takes advantage of the BOX-layer in the SOI wafer as etch-stop. Without a buried SiO, layer,
this backside etch process can not be applied. The complete handle layer of 380um is to be etched
in this step. Parameters of the backside etch process are listed in Table A.4 in the Appendix.

Frontside mask
O I |
| —

Backside mask

Figure 2.24: Frontside mask (for device layer) and backside mask (for handle layer)

2.2.9 Frame

The chips are arranged in a frame. The complete frame consists of multiple frame elements.
Figure 2.25 shows a single frame element. The chips are connected to the frame by a support-arm.
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The cantilevers are defined in the device layer (by the frontside mask) and the support-arm is
defined in the handle layer (by the backside mask). The support-arm is located at the rear end of
the chip, opposite to the cantilever array. This is the best location to prevent tiny parts of Si to end
up at the cantilevers when breaking out the chip. The support-arm is realised in the handle layer to
give the chip sufficient hold. A support-arm in the device-layer only would be too fragile to sustain
a chip.

Another purpose of the support-arm is to transfer heat from the chip during backside etching. Due
to the bombardment of the surface by ions from the plasma during etching, the wafer heats up.
When the silicon around the chip (the white space surrounding the chip in Figure 2.25b) is etched
and the SiO; of the BOX-layer is reached, the chip can only loose its heat through the support-arm.
If the support-arm is too thin, the amount of heat released from the chip can cause it to break down.
Because the etch process is not uniform over the wafer, and because we want every chip to be free,
local over-etching after the BOX-layer is reached is inevitable.

The space between a chip and a frame element is 400um. The thickness of a frame element is 400um.
The backside etch was completed successfully using this frame-size. However, it must be noted that
the specialist (Meint de Boer) believes it was a close call. In his opinion, a design with more body is
preferred. Also, Meint de Boer believes that the width of the support arm should not be decreased.

Cantilevers Frame

Chip Chip

Frame Support arm
(a) Frontside mask (b) Backside mask

Figure 2.25: Mask design. The coloured section is a frame element

2.2.10 Wafer layout

A total number of 360 chips is fitted on a 4-inch (100mm) wafer. Each chip has a unique number.
When results need to be verified it is convenient to be able to find the very same chip used during the
measurement. The chip numbers are shown in Figure 2.26. Variations in design are distributed over
(segments of) rows of multiple chips (shown in identical colours). Chips 1 through 8 for instance
have an array of 2 cantilevers where only the spacing is varied per chip. Chips 157 through 166 are
equipped with two cantilevers of which the width and spacing differ every chip.

Design variations

Several implementations of the cantilever arrays are included in the design. For example, arrays
are designed with a different number of cantilevers. Variations in dimensions of the cantilevers
are also employed. All the parameters of the arrays are indicated in Figure 2.27. The variations
of these parameters are listed in the table in Figure 2.27. Please note that when angle ¢ # 0, 0 is
no longer the angle between the segment of the cantilever edge and the (110) crystal direction.
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Parameter Symbol Specification
number of cantilevers per array N 1-30
spacing between cantilevers S 10-50 pm
cantilever width w 15—-75pum
cantilever length L 150 — 400 um
resonance frequencies fo 50-200 kHz
cantilever end width v 7—30 um
cantilever end angle n 90°
cantilever taper angle 0 0-20°
rotation v 0-10°

Figure 2.27: Specifications of cantilevers and cantilever array

This parameterisation is successful as long as either parameter ¥ or parameter 6 is zero. This
condition is satisfied because rotation of the complete chip (i.e. ¥ # 0) is only applied to chips with
cantilevers that are not tapered (6 = 0). An overview with array parameters of every chip is included
in Appendix B.3.
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2.3 Conclusions

In order to realise the high requirements that are listed in section 2.1.3, a new process scheme is
developed. The new process uses two masks: one mask for the cantilevers and the tips and one
mask for isolating the chips. The process scheme is based on a SOI wafer, and the advantage of a
KOH etch process in combination with LOCOS is that the cantilevers and tips are formed in a single
step.

Fabrication of tips having a small radius of curvature (< 10nm) can be achieved if two conditions
are met. The first condition is a sharp mask corner for the pattern transfer into the device layer. A
sharp corner is achieved by the inclusion of a sacrificial layer to perform corner sharpening. The
second condition is a straight etch profile at the top part (+1 um) of the device layer, and is to be
achieved by cryogenic etching.

A rectangular cantilever produced by the KOH etch process has ridges. The ridges can be (partly)
prevented by applying a taper to the cantilever.

Advantages of the process being SOI-based and the implemented KOH etch are a uniform tip height
on wafer-scale and a uniform cantilever thickness on wafer-scale. In addition, a clean and flat
detector-side-surface for good reflectivity, the option to uncouple adjacent cantilevers and the
possibility to use DRIE for backside etching are beneficial consequences of using SOI substrates.
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Chapter 3

Fabrication

This chapter describes the fabrication of the cantilever arrays. In section 3.1 the fabrication process
outline is presented. The results and discussion of the fabrication are discussed is section 3.2.
3.1 Process outline

Table 3.1 shows the complete process flow. The complete process documents are included in
Appendix D.

Table 3.1: Process flow

[ si []SiO, M SiRN PR [ Foil
(a) SOI wafer (b) Deposition of bottom SiRN, TEOS SiO» and top SiRN

(c) Lithography (frontside) and etching of top SiRN (d) Removal of photoresist and etching of TEOS SiO2»

(e) Etching of top SiRN and part of bottom SiRN (f) Dry etching of device layer (using TEOS SiO as mask)

(Continued on next page)

29



3.1. PROCESS OUTLINE CHAPTER 3. FABRICATION

Table 3.1 Process flow (continued)

(g) Etching of TEOS SiO», then LOCOS (h) Wet etching of bottom SiRN
(i) Wet (anisotropic) etching of device layer (j) Etching of SiO> followed by thermal oxidation

i R

(k) Lithography (backside) and fitting of foil (frontside) () Backside DRIE: through SiO2 and Si (PR as mask)

V] V] [
(m) Removal of foil and photoresist (n) Etching of SiO»

iN Gl B

Process flow description

(a) The starting point for the fabrication is a SOI wafer. As mentioned before, the device layer of
this wafer is 10um in thickness, the BOX layer thickness is 0.5um and the handle layer thickness is
380um.

(b) On top of the device layer, 25nm of SiRN, 100nm of TEOS SiO, and 20nm of SiRN are deposited
successively. All layers are deposited using LPCVD. The minimum thickness of the bottom SiRN
layer follows from the amount that is needed to prevent the oxidation of the underlying Si. This
minimum required thickness is 15 - 20nm[24]. Because the TEOS SiO; is used as a mask during dry
etching of the device layer, a certain amount of TEOS SiO; is etched. The etch rate of Si is 2.5um/min
so it takes four minutes to etch 10um of Si (the thickness of the device layer). The required thickness
for the TEOS SiO; layer now follows from its etch rate (+10nm/min) and should be more than 40nm.
The top SiRN layer is thinner than the bottom SiRN layer, so that, when the bottom layer is etched,
the top layer will be completely removed.
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(c) Using standard photolithography, a mask for dry etching of the top SiRN layer is formed. A
post-bake is explicitly omitted because this step increases the corner rounding in the photoresist.
Reactive Ion Etching (RIE) with CHF3 and O, as gas is used to perform this etch step. The dry etch
should completely remove the uncovered SiRN. To be sure no top SiRN remains some over-etch is
applied by which several tens of nanometers of underlying TEOS SiO- are etched. This is harmless
since the exposed TEOS SiO, will be etched away in the next step.

(d) After stripping of the photoresist, an isotropic wet etch is applied to etch the TEOS SiO,. Using
the patterned top SiRN layer as sacrificial layer and mask, the TEOS SiO; is wet etched for 12 minutes
and 30 seconds by means of Buffered Hydrogen Fluoride (BHF). For the removal of 100nm of TEOS
SiO», etching in BHF for 34 seconds is sufficient (etch rate is 180nm/min). Extending the duration of
this wet etch causes the sides of the sandwiched TEOS SiO, layer to be retracted, creating two effects.
(1) The radius of convex corners is reduced, while (2) the radius of concave corners is increased.
This means rounded profiles of the TEOS SiO; layer are weakened and the rounded corner at the
free end of a cantilever (as seen from above) is converted into a sharp corner. More details about
this mechanism are already treated in section 2.2.6. In section 3.2.1 is described how the BHF etch
time needed to attain a sharp corner is determined.

(e) Now that the TEOS SiO;, is patterned as desired, this pattern is transferred into the bottom SiRN
layer and in addition the top SiRN layer is removed. Both actions are performed simultaneously in a
single hot phosphoric acid (H3PO4) etch. The duration of this etch is critical since the complete
25nm thin SiRN layer must be removed while over-etch must be kept at a minimum. Remainders
of SiRN will act as masks and over-etching will cause the bottom SiRN layer to retract and can
possibly influence the future etch profile of the device layer, as is described in section 3.2.2. SiRN
is hydrophilic while Si is hydrophobic. This means complete removal of SiRN can be optically
detected by means of the surface showing hydrophobic behaviour. The time needed to etch away
the uncovered bottom SiRN is 8 minutes and 50 seconds.

(f) The outline of the cantilevers is now defined in the Si device layer by means of a dry etch. The
patterned TEOS SiO, serves as a mask for pattern transfer into the device layer. In order to obtain a
straight etch profile (with minimal undercut), a continuous cryogenic RIE process is applied. SFg
and O, are used simultaneously in this process.

(g) The TEOS SiO is now removed in 1% HF during 5 minutes. The Si is not attacked by 1% HF
owing to the high selectivity. After this the Si is thermally oxidised for 5 hours at 950°C. The remaining
bottom SiRN prevents the Si it covers from oxidising. This process of selectively oxidising Si is known
as Local Oxidation of Silicon (LOCOS). The thickness of this SiO; layer is determined by the KOH
etch. Because it is used as a mask, the SiO, must persist the complete KOH etch. During a 5 minute
etch at least 15nm of SiO» is consumed. After 5 hours of dry oxidation (at 950°C) 95nm of SiO- at
{100} planes and 117nm of SiO, at {110} planes is grown.

(h) The bottom SiRN is now stripped in hot H3PO,. Owing to the high etch selectivity of SiRN over
Si and SiO; by hot H3POy, over-etching is applied without side effects. The duration of this etch is
12 minutes and 30 seconds.
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(i) Siisetched anisotropically when immersed in KOH. Where Si is covered by SiO; it will not be
attacked by KOH, because the SiO; serves as a mask. During a five minute KOH etch the Si device
layer is anisotropically etched from the top. With the etch rate of Si being 1um/min this means 5um
of Si is etched, reducing the thickness of the device layer from 10um to 5pum. A solution containing
25% KOH and 75% water is used at 70°C. The anisotropic behaviour leaves ridges next to the SiO»
masks parallel to the (110) direction. The slow etching {111} planes are causing these ridges. At the
free end of each cantilever a semi-tetrahedral tip is formed by such a ridge.

(j). Frontside processing is now completed. Before backside processing can start a dry thermal
oxidation is performed for two reasons. First, it protects the tips during backside processing and
secondly, a sharpening effect is established after stripping of the SiO,. The SiO, used as mask in the
KOH etch is still present and will prevent sharpening of the covered Si, so it has to be removed first.
Removal of the SiO; is done in 1% HF for 30 minutes and the thermal SiO; is grown at 950°C for five
hours.

(k) Alayer of photoresist is spin coated on the backside, exposed using the backside mask and
developed. The backside mask is aligned with the pattern on the frontside using alignment marks.
A protective foil (DuPont MX5000) is fitted onto the frontside. This foil mechanically protects the
tips and if any holes are formed in the wafer, the foil ensures a good thermal contact of the wafer
with the electrode during DRIE of the backside of the wafer.

() With the tips protected by both SiO, and foil the backside etch can take place. This backside
etch forms the chips holding the cantilevers and is done by Deep Reactive Ion Etching (DRIE). First
the SiO, layer is etched by a pulsed DRIE CH, plasma step at -40°C (2 minutes and 30 seconds is
sufficient). A pulsed DRIE step at -100°C is then used to perform a wafer-through etch.

(m,n) Both the protective foil and the photoresist are removed in an O, plasma. Removing both
the BOX and the protecting SiO, in one single step finalises the fabrication. They are removed by
vapour HE After three minutes of etching most of the cantilevers are free of SiO,. Wide cantilevers
have some remaining SiO,.

Essential aspects within the flow are the corner sharpening procedure, the straight etch profile of
the device layer and the anisotropic etch in combination with LOCOS creating semi-tetrahedral tips.
In section 3.2 they are described in more detail.

3.2 Results and discussion

3.2.1 TEOS SiO; corner sharpening

As discussed in section 2.2.6, the radius of any rounded convex corner in the TEOS SiO, layer is
reduced by a sacrificial-layer-based BHF etching step. The etch duration needed to get a sharp
corner depends on the rounded corner radius.

During the fabrication, dummy wafers are used to determine the required TEOS SiO etch duration.
The radius of rounded corners is first estimated. This radius is estimated between 1.5 and 2um using
an optical microscope (Olympus BH-2). After ten minutes of etching, the under-etch is optically
inspected and estimated to be between 1 and 1.5um. Based on the experiments with dummy wafers,
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the appropriate etch time for the SOI wafers is decided to be 12 minutes and 30 seconds. Figure 3.1
shows the pattern of a cantilever before and after corner sharpening. In the inset in Figure 3.1b, the
corner which is achieved after sharpening is presented. The radius of the corner is estimated to be
below 250nm.

(@) (b)

Figure 3.1: Corner sharpening effect illustrated. (a) Before corner sharpening, photoresist pattern is the yel-
low region. Inset: corner radius is estimated to be greater than 1.5um (b) After corner sharpening,
TEOS SiO, pattern is blue. The top SiRN is visible as purple outline. The under-etch is estimated
to be 1.6um. Inset: corner after sharpening and removal of SiRN. Corner radius is estimated to be
below 250nm.

3.2.2 SiRN mask for LOCOS

In step (e) of the process flow, the importance of a correct SiRN etch time is emphasised. Figure 3.2
indicates the consequence in case of over-etching. When too much of the bottom SiRN is etched,
the revealed part of the underlying Si will be oxidised in the LOCOS step. Only a vertical wall of SiO»
is desired, but due to over-etching of the bottom SiRN, the SiO; wall will have a canopy (as illustrated
in C in Figure 3.2). Because in the KOH step 62.5nm of Si will be etched in the (111) direction (see
section 3.2.3), the size of the canopy is confined to +75nm. This means the revealed part of Si must
be less than +75nm (taking into account the so called bird’s beak effect [26], also visible in C in
Figure 3.2). This is the reason that a thin layer of bottom SiRN is used: by using a thin layer (a bottom
SiRN thickness of 25nm is used in our fabrication), the size of the canopy is suppressed while some
over-etching can be applied to be sure the complete layer of bottom SiRN is removed.

SiO2
TEOS SiOp — : SiRN ;

Si——

Figure 3.2: Detail of LOCOS process. A: situation after step (d) B: the bottom SiRN layer is retracted due to
over-etching C: thermal oxidation of Si now results in a SiO;, canopy (etching by KOH is indicated)
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3.2.3 Etch profile of device layer

The shape of the etch profile is of great importance when aiming for a sharp tip. Figure 3.3 clearly
illustrates this phenomenon. Irregularities in the etch profile close to the end of the future tip (point
1), like undercut, can dramatically reduce the sharpness. A straight etch-profile produces a sharp
tip (Figure 3.3b). Indents close to point ¢ result in a blunt tip (Figure 3.3c). When irregularities only
exist at a certain distance from point ¢ and the top part of the etch-profile is straight, the sharpness
of the tip is not affected (Figure 3.3d). Whether or not the tip sharpness is disturbed depends on the
depth and the location of the indent: further away from ¢ larger indents are allowed than close to
point ¢.

} . t
Tip ’
(a) Top view (b) No indent
+t
(c) Indent close to point ¢ (d) Indent at bottom, separated from ¢

Figure 3.3: Schematic representation of etch profile influencing tip sharpness. (a) Top view: dashed line
indicates cross sections. (b) Straight vertical profile results in a sharp tip. (c) Indent at top part of
profile results in a blunt tip. (d) Indent at bottom part of profile does not affect tip sharpness

Because of the properties of two sidewalls converging into a corner, any indent in the etch profile
of these planes (for example A — C) will be amplified in B — C, as can be seen in Figure 3.4. This
amplification limits the allowed deviation from a straight etch-profile even more.

B A C B C
X : \/EX
(a) Top view (b) Crc;ss section along A-C (0 Cr(;ss section along B-C

Figure 3.4: Profile amplification of two sidewalls at a 90° corner illustrated schematically. The amount of
indent at B — C is V2 times that at A—C
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Figure 3.5 shows profile shapes that are allowed in order to achieve a sharp tip. Figure 3.5a shows
underetch, which enables the formation of a sharp tip. A positive (Figure 3.5b) and negative (Figure
3.5b) taper are also allowed in the etch profile, as long as they are under a certain limit. The angle
between the (111) and the (100) plane is 54.74°. When the negative taper has an angle of 26.6°,
the angle of the etch profile at the corner is (90°-54.74°=) 35.26°(due to the amplification effect
described above). In this case, the etch sidewall is parallel to the (111) plane, so it is impossible to
form a tip. So for the negative taper, a maximum angle of approximately 15°is allowed. With regard
to the positive taper, if the angle is bigger than 15°, a tip is still formed. The opening angle of the tip
increases with the angle of the positive taper. In order to restrict the opening angle of the tip, the we
apply the same angle of 15°as limit for the positive taper angle.

(@) (b) (©

Figure 3.5: Allowed profile shapes for pattern transfer into Si device layer

The two planes forming the two perpendicular faces of the tetrahedral tip are dry etched using
cryogenic etching. During a calibration run, a cryogenic etching process using SFg and O is
optimised to attain a straight etch profile when etching 10um of Si (the thickness of the device layer).
Table 3.2 contains the process parameters from the calibration. First the time is adjusted so the
correct depth is etched (run 1 —3). In run 4 and 5 the oxygen flow is optimised in order to attain a
smooth connection at the TEOS SiO, mask. Increasing the oxygen flow causes more passivation at
the sidewalls. The positive tapered etch profile (best visible in run 4) is another effect resulting from

extra passivation.
‘

(a) Complete profile (b) Magnification of top part: no undercut is
visible

Figure 3.6: Cryogenic etch profile (TEOS SiO, mask only)

The etch profile obtained after the calibration shows a smooth transition from the TEOS SiO, mask
to the Si (Figure 3.6). When a layer of SiRN is present between the TEOS SiO, mask and the Si, the
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Table 3.2: Cryogenic etch calibration

g
£
2]
n
Q
- &
= _ E 2 E 2
E = 2 s B £ 5
o 3 _ = = N
2 o D 2 — = = Q
2 £ E c £ o, e T 2
z s f 3 < E ) = Y B
= % = = e 2 o ° = 3 »
g © « W = O E g % % o o
= o N @) Q A o .= = = =) [S3}
& » o = O < = B M 5] e

1 100 10 500 20 100 -100 6 11.58 1.930 140 30
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4 100 15 500 20 100 -100 5 9.28 1.856 0 52

5 100 13 500 20 100 -100 5 9.58 1.916 0 55

etch profile is affected and undercut is observed (Figure 3.7). The gap between the TEOS SiO» and
the Si (caused by over-etching of SiRN: see B in Figure 3.2) can also play a role in the undercut.
This layer of SiRN can not be omitted since it is needed as mask during the LOCOS. The amount of
horizontal undercut is 60nm. After five minutes in KOH, 62.5nm of Si is etched in the (111) direction
(indicated in Figure 3.8). This gives rise to a decrease in tip height of almost 110nm. The right image
in Figure 3.8 shows an estimate of the SiO, wall (in white) and the resulting tip (in black). This
illustration indicates that the sharpness of the tip is not reduced by the undercut.

3.2.4 Tip damage due to KOH

Some wafers that are processed during the pre-study revealed damage to the tips. Figure 3.9 shows
SEM photographs of several damaged tips ((a)—(f)) and one tip without damage ((g)). The surfaces
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500nm

(a) Complete profile (b) Magnification of top part: undercut

Figure 3.7: Cryogenic etch profile (TEOS SiO, mask on top of bottom SiRN layer)

62.5nm

Figure 3.8: Effect of undercut on tip sharpness

exposed by the gaps correspond to the crystal planes of Si, indicating the damage is caused by KOH
etching. This suggests the SiO, wall from step (g) did not successfully protect the underlying Si from
the KOH. The SEM photographs also show the planar surfaces are intact and etching only occurred
at the intersection of the sidewalls. This confirms the idea of insufficient protection by the SiO»
wall. Dry oxidation at 950°C leads to a nonuniform thickness of SiO,: at corners (intersections of the
sidewalls) the wall is thinner than at planar surfaces, as is visible in Figure 3.10b. As a consequence,
the corner is a weak spot. After the thickness is decreased by etching, holes can start to emerge at
the weak corner. Extending the oxidation time in step (g) to 5 hours increases the wall thickness and
solves the issue of tip damage.

3.2.5 Sharpening by oxidation

Oxidation is used for two reasons. One purpose is to protect the tips during the backside processing.
Another goal is to sharpen the tips even more. The SiO;, wall which was created during the LOCOS
can either be removed or maintained before this oxidation step. For the protection it is irrelevant
whether the LOCOS-walls are present. On the other hand this SiO, wall will have consequences for
the sharpening effect. If the walls are maintained, only the (111) plane is uncovered and will be
oxidised. Some oxidation will take place through the existing SiO, wall, but this effect is relatively
small. In case the walls are removed before oxidation, all three planes of the tip will be oxidised.

The sharpening is performed by dry thermal oxidation at 950°C. The temperature during thermal
oxidation has great influence on the SiO, profile. Figure 3.10a presents the profile after oxidation
at 1100°C, the profile in Figure 3.10b is the result of oxidation at 950°C. Marcus et al. studied the
oxidation of Si shapes and concluded the difference in SiO; profile is due to stress at the Si—SiO,
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lpum

lpm

(6:4]

Figure 3.9: SEM photographs showing damage to tips. The tip in (g) is not damaged

(a) Dry oxidation at 1100°C (b) Dry oxidation at 950°C

Figure 3.10: Influence of temperature on SiO, profile by thermal oxidation. The dashed line indicates the Si
surface before oxidation

interface. When the temperature during oxidation is higher than 1050°C, stress is relieved because
decreased viscosity permits flow of SiO,. At 950°C the viscosity is higher, and a buildup of stress at a
Si step locally reduces the oxidation rate [27].

3.2.6 Frontside leakage barrier

The aim of the backside etch is to etch through the complete thickness of the 380um handle layer.
Because of its directional profile, high etch rate for Si and selectivity to the BOX-layer in the SOI
wafer, DRIE is a very suitable technique. The back-etch is accomplished using the Bosch process on
an Adixen AMS 100 SE system. In this process, the bombardment by ions for directional etching
causes the temperature of the wafer to increase. By applying helium backside cooling during the
etching process, the wafer is kept at a constant temperature and the DRIE process will be stable. If
openings appear in the wafer during etching, helium leaks away and the optimum helium pressure
can not be maintained. Since the BOX-layer is only 500nm in thickness, it is vulnerable to rupturing.
A supporting layer is required at the frontside of the wafer to avoid leakage. In the ideal case, this
barrier is easily removed after completion of the backside etch. Possible materials for this supporting
layer are:

¢ Pyralin
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e AZ 4999 (spray-coated)
e SU-8
¢ DuPont MX5000 (foil)

Within the TST-group, Pyralin has been successfully used as leakage barrier. However, in those
experiments the structures to be covered were smaller in height (around 3um). The height of
cantilever plus tip is 10um. To completely cover the tips, a layer thickness > 10um is required. Pyralin
PI2611 can be spin-coated with a maximum thickness of 8um. This makes Pyralin unsuitable to
cover the 10 pm high cantilever-tip devices.

Experiments with spray-coated AZ 4999 as leakage barrier are performed using a Siiss MicroTec
Delta Altaspray. An advantage of spray-coating is the high degree of coverage, since the material
is sprayed from four different directions. Based on a 4-layer recipe, thickness can be increased
by 6.2um. For example, two consecutive 4-layer recipes produce a thickness of 12.4um. Different
baking/curing and exposure procedures are applied, but the AZ 4999 showed cracks after etching at
-40°C.

Another photoresist used in the TST-group is SU-8, which can be coated in thicknesses up to 2
millimeters. A set of experiments with spin-coated SU-8 5 and SU-8 2005 is performed. The edge-
bead, originating from spin-coating of the viscous material, leads to leakage at the connection with
the support-ring of the DRIE-system. This prevents the system from reaching the low pressure
required for etching.

The best option is to use DuPont MX5000 foil, which is applied by means of lamination. This foil is
selected for the fabrication process because it withstands low temperatures, causes no edge-bead
problems and has sufficient thickness to cover the 10um high devices. Experiments with a 20um
polymer film at -40°C show no degradation. Due to the insulating properties of the foil, the wafer
temperature can be higher than -40°C, possibly affecting the etch profile. Removal of the MX5000
foil is done by an O, plasma.

39



3.2. RESULTS AND DISCUSSION CHAPTER 3. FABRICATION

40



Chapter 4

Device characterisation

This chapter describes the characterisation of the cantilevers and tips. Section 4.1 is devoted to
the cantilever ridge height. The sharpness of the tips is verified by (HR-)SEM images in section 4.2.
Uniformity is evaluated by means of approach-curve measurements (section 4.3) and by measuring
the resonance frequency of different cantilevers in one array (section 4.4).

4.1 Ridge height

Special measurement structures enabled measuring the ridge height as a function of the angle
with respect to the (110) direction. Ridge height (RH) is measured by performing surface profile
measurements on a Veeco Dektak 8. In Figure 4.1 a graph of the normalised ridge height (reduced
RH divided by original RH) as a function of angle 0 is presented. When angle 6 = 0° (segment A— B
is parallel to the (110) direction) the ridge is not reduced. This means the normalised ridge height is
one. In case angle 6 = 10° the ridge at segment A— B is reduced to zero, which means the normalised
ridge height is zero. For values of angle 0 between 0° and 10°, a linear relation between ridge height
and angle 6 is revealed.
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Figure 4.1: Normalised ridge height versus 8. The red points are measurements, the blue line is a linear fit.

Because of the symmetry of the crystal planes in a (100)-wafer, the ridge occurs on sides of the
cantilever that make an angle smaller than 10° with any one of the equivalent (110) directions.
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4.2 Tip sharpness

SEM images are used to determine the tip radius. In the introduction an indication for the required
sharpness was given. Ideally, the tip radius is below ~100nm. Figure 4.2a shows a SEM image of the
very end of one of the fabricated tips . The white circle is included as a reference, and has a radius of
100nm. It can be seen that the radius of the tip is below the required 100nm. The radius of the very
sharp apex is estimated to be below 10nm.

A B

(a) (b)

Figure 4.2: (a) SEM photo of fabricated tip. The white circle has a radius of 100nm. (b) Illustration showing
the point of view used in the SEM photo

From the SEM image it also becomes apparent that the edges that are visible in Figure 4.2a reveal a
certain roughness in the order of 50nm. This roughness originates from the dry etch through the
device layer (step (f) in section 3.1). As a result of the roughness, the outline of the tip fluctuates,
leading to some tips being sharper than others. This is an unwanted effect, since uniform tips are
preferred.

Figure 4.3 is a SEM image of another tip from the opposite side. The white circle is included as a
reference, and has a radius of 100nm. The radius of this tip is also below the required 100nm. The
radius of the apex is estimated to be below 10nm.

4.3 Uniformity of cantilever array

4.3.1 Wafer bow

SOI wafers are known to have a curvature due to the wafer manufacturing process(28]. In Figure 4.4,
the wafer bow is illustrated schematically. It is defined as the height difference 6 between the
centre of the wafer and the edge of the wafer. In this case the wafer is assumed to be in the shape
of a shallow spherical cap. In general, the bow is small compared to the wafer thickness ¢, so
8 <11, [28].

While the layer of SiO, at the backside reduces the bow caused by stress at the BOX-Si interfaces,
the final chips do not have this SiO» layer to compensate stress. This can result in a bow of the chips,
which are 1.6 x 3.2 mm. In the extreme case that the wafer bow 6 = %tw ~ 130.2um, we calculated
a corresponding chip bow of 33nm. In this calculation, only the bow over the width of the chip
(1.6mm) is relevant, since this will affect the measurable array uniformity. The bow over the length
of the chip is neglected. A bow of 33nm over the width of the chip corresponds to a bow of 0.5nm
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(b)

Figure 4.3: (a) SEM photo of fabricated tip. The white circle has a radius of 100nm. (b) Illustration showing
the point of view used in the SEM photo.

over a 200um wide array. In this case the cantilever in the middle is located at a height difference of
0.5nm with the outermost cantilevers. Details of the calculations regarding the bow over the chip
are located in Appendix C.2.

1.6mm

100

Figure 4.4: Schematic representation of wafer bow 6 with chip indicated (not to scale)

The bow of several of the fabricated chips is inspected by means of white light interferometer
measurements. Topography over almost 1mm of the width of the chip is measured. In order to
remove any offset and linear slope from the measured data, linear regression is applied to the
outermost parts (0 — 30um and 970 — 1000um) of the data. This operation is allowed because
we are interested in the bow of the chip. The linear regression perfectly aligns the chip with the
interferometer, resulting in the topography of the chip. No significant bow over the width of the chips
was detected, which is in agreement with the calculations above. The deflection has a maximum
variation of 20nm over approximately 0.9mm, as can be seen in Figure 4.5. This suggests that the
absence of the SiO; layer at the backside of the chips does not cause any measurable bow over the
chips.

4.3.2 AFM approach-curves

The method we employ to determine the uniformity of the array takes advantage of the force
spectroscopy capabilities of an AFM. Unlike in imaging mode, raster-scanning is disabled in this
procedure. A chip with a cantilever array is inserted into the AFM. The laser spot is then aligned
with one of the cantilevers. Now when the complete array is moved towards the surface of a flat
sample, the deflection does not change as long as the sample is out of reach (A in Figure 4.6). When
the tip comes into contact with the sample a deflection is detected (B in Figure 4.6). This point is
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Figure 4.5: Deflection over the width of chip 134: no bow is observed.

called the point of contact (POC). From this point on, the bending of the cantilever causes a change
in deflection, which is measured by the PSD. By aiming the laser spot on all of the cantilevers one
by one and making the array approach the sample, the POC of every cantilever can be measured.
The distribution of the POCs of the cantilevers is a measurement of the variation in tip-sample
separation. The total displacement of the array during an approach is called the ramp. As flat
sample, a Si wafer is used. This way both tip and sample are of the same material, and the stiffness
of the sample is larger than the stiffness of the cantilever.

deflection (nm)

o

piezo displacement (nm)

Figure 4.6: A typical approach-curve. Point B is known as the point of contact (POC)

A large number of sources of non-uniformity amount to this type of measurement. For example,
differences in the bending of cantilevers, differences in cantilever length and differences in tip
height all contribute to the measured POCs. The results are thereby a nonspecific indication of
uniformity.

Drift

The displacement is controlled by a piezoelectric tube, and such elements are known to experience
drift. In order to get an estimate of the drift during the measurements, the drift was examined
over a period of 10 minutes. Approaches were continuously performed (ones every second) with
a ramp size of 500nm. The approach-curve was captured every minute, resulting in the graph in
Figure 4.7. Although the linear fit suggests there is almost no drift, the difference between successive
measurements is several nanometers. The estimated drift is approximately 6nm/min. Measuring
the POCs of an array of five cantilevers takes about one minute.

Reproducibility

The approach-curve measurements were checked on reproducibility. The results of different meas-
urements on chip134 are shown in Figure 4.8. Measurement B is acquired five days after measure-
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Figure 4.7: Drift in approach-curve measurements. The red points are measuments, the blue line is a linear
fit.

ment A. This means the chip and the sample are removed from the AFM in between the experiments.
Nevertheless, the obtained POCs of measurement B match the POCs of measurements A within
10nm. The greatest deviation occurs at cantilever 3, where it is 7+ 2nm. In case two sets of approach-
curves are measured successively, the results are consistent. Moreover, when a second experiment
is performed several days after the first one, no inconsistencies are found.
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E o 8
Q -10 + 8 .
o
A20 - ~ .
30 © o Measurement A
e © o Measurement B | |
_40 | | | | |
1 2 3 4 5
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Figure 4.8: Two measurements of chip 134 on different days
Measurement results

Figure 4.9a shows the approach-curve measurements of all five cantilevers within one array — the
array of chip 134. At the points of contact, snap-in of the probes is measured (see Figure 4.9b for
an example). This snap-in effect occurs as a result of the attractive van der Waals force. Since the
experiments are performed in ambient conditions, a thin film of water is present on the Si sample
and the Si tip. The capillary force of this water layer also attracts the tip towards the sample.

The points of contact of the cantilevers can be extracted from the approach-curves. For the same
chip that was measured in Figure 4.9, they are plotted in Figure 4.10.

Alinear increase is observable. This is caused by the effect mentioned in section 2.2.7: the chip is
never placed in such a way that the array is aligned perfectly parallel to the sample. This situation
is illustrated in Figure 4.10b. The way to compensate for this effect is by correcting the data using
a linear fit (like the blue line in Figure 4.10a). This mathematical operation is in fact the same as
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Figure 4.10: (a) The POCs of the cantilever array of chip #134. The red data points are the POCs as seen in
Figure 4.9, the blue line is a linear fit. (b) The equivalent situation before correction (c) Corrected
POC:s of the cantilever array of chip #134. (d) The equivalent situation after correction.

perfectly aligning the array with the sample. The result is presented in Figure 4.10c. The highest
(relative) POC is 20 + 2nm while the lowest (relative) POC is —30 + 2nm. This results in a range
of 50 + 4nm over an array having a total width of 190um. Using the linear fit to compensate for
misalignment has another advantage. If the drift of the piezoelectric tube is linear, it will be cancelled
out together with the slope contained in the measurement data.

Figure 4.11 shows the corrected POCs of two other arrays. The results of five different arrays are
organised in Table 4.1. As expected, more variation is measured in arrays with greater width. This
is expected, because many sources of non-uniformity scale with the array width. The length of
cantilevers does not seem to have a significant influence on uniformity. This suggests no significant
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differences in cantilever bow exist. Remarkable is the rotated chip showing a disproportionate
higher non-uniformity. It is not clear what causes this. No increased variation in cantilever thickness,
cantilever bending or tip height is expected. Variation in cantilever length can be caused by the
rotation, because the free ends of the cantilevers are not parallel to the scanlines of the laser writer.
SEM inspection revealed that length differences are under 1um. Using a = 10°, it can be calculated
that 1um difference in length results in a change in POC of 1 x tan(10°) = 0.2um. This can explain
the increased variation in tip-sample separation for rotated chips.
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Figure 4.11: Variation in POCs of cantilevers on (a) chip 264 (b) chip 282
Table 4.1: Parameters of five characterised chips

Parameter chip#108 chip#134 chip#264 chip#282 chip #355
number of cantilevers 5 5 4 10 10
spacing between cantilevers (um) 10 10 10 20 10
cantilever width (um) 30 30 30 25 15
cantilever length (um) 225 400 300 400 400
array width (um) 190 190 150 430 240
resonance frequencies (kHz) 175-186 54 -56 113 55 55
cantilever end width (um) 7 7 7 25 15
cantilever end angle (°) 10-14 10-14 10 0 0
rotation (°) 0 0 0 0 10
max POC (after levelling) 202 2212 21+£2 52+2 58+2
min POC (after levelling) —4142 —2442 —-1442 —4242 —58+2
range of POCs (after levelling) 61+4 46+4 35+4 94+4 116 +4

4.4 Resonance frequency of cantilevers

4.4.1 Measured resonance frequency

Measurements to determine the resonance frequency of cantilevers are performed on a Polytec
Micro System Analyser (MSA-400) and the Nanoscope AFM. These measurements show a deviation
from the expected resonance frequencies. For example, the resonance response of the middle
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cantilever (cl3) of chip 134 showed it has its resonance frequency around 55kHz, while it is designed
to be 44kHz.

One of the causes for this deviation is found in the cantilever thickness. SEM inspection shows
that the thickness of the cantilever on chip 17 is 6.5um instead of the 5um it was designed to be
(see Figure 4.12a). Apparently, the duration of the KOH etch was less than five minutes or the etch
rate was lower than 1lum/min. The first explanation is the most plausible one and can be caused
by a thin layer of SiO, or SiRN covering the Si, reducing the time the Si is etched. Since SiRN is
etched with a rate under Inm/hour, a thin layer of SiRN does not seem to be the cause (etching
of one monolayer takes much more than 1.5 minute). Considering the etch-rate of SiO, in KOH is
180nm/hour, a SiO; layer with a thickness of 3nm is etched away after one minute.

Furthermore, the length of the fabricated cantilevers deviate from the design. For the cantilevers on
chip 134, the designed length is 400um while the measured length is 425um (see Figure 4.12b). This
is a deviation of 6.25%. The negative tapered etch profile of the backside etch probably causes this
deviation. In the design, the profile of the backside etch is assumed to be perfectly vertical. Because
the real profile has a negative taper, the length of cantilevers is increased.

Spum

(a) cross section of cantilever - end of cantilever (b) top view of cantilever array (chip 134)
including tip is snapped off (chip 17)

Figure 4.12: SEM images showing (a) thickness of cantilever (b) length and width of cantilever

If the measured cantilever dimensions are used to calculate the resonance frequency, a value of
50kHz is obtained. The difference between this calculated value and the actual resonance frequency
is 5kHz. This can be explained by the shape of the fabricated cantilever, which is not rectangular
but has a taper at the end. The length of a rectangular cantilever, corresponding to a cantilever with
taper similar to cl3, is estimated to be roughly 400pum. In order to have a resonance frequency of
55kHz, a rectangular cantilever having a width of 26.5um and a thickness of 6.5um, must have a
length of 406pum. The difference between the expected resonance frequency and the resonance
frequency of the fabricated cantilever is now resolved.

4.4.2 Variation of resonance frequency within array

The resonance frequencies of all ten cantilevers within the array on chip 282 are measured. The
cantilevers are designed to be identical. The measured average resonance frequency is 54.96kHz
with a standard deviation of 0.1kHz.

A possible cause for the variation in resonance frequency is the imprecision of the backside etch.
As can be seen in Figure 4.13a, the chip-edge created by the backside etch shows roughness. For
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the cantilevers to have the same length, the chip-edge should be perfectly straight. The BOX-layer
connecting the cantilevers to the handle layer also affects the cantilever length. But due to the
vapour HF step, the BOX-layer follows the roughness introduced by the backside etch. This is
indicated in Figure 4.13b.

Figure 4.13: (a) SEM image showing chip-edge roughness (chip 17) (b) SEM image of the connection between
cantilever and handle layer (chip 358). The edge of the BOX-layer is not straight.

Cantilever

BOX-layer

Handle layer

(b)

4.5 Conclusions

No ridge is present on the cantilever sides when angle 6 is bigger than 10°, where 6 is the angle
between the ridge and the (110) direction). The angle of ten degrees is used as taper at the cantilever
ends to partly remove the ridge.

SEM images are used to examine the tip sharpness. They show that the fabricated tips have a radius
of curvature of 10nm, well below the required 100nm.

Approach curves are used to measure the variation of the tip-sample distance. This range falls
within the required 100nm for most chips. Chips that are rotated ten degrees with respect to the
(110) direction have a bigger range. The range varies from 35 + 4nm to 116 + 4nm in the chips that
were measured.

The measured resonance frequencies deviate from what they are expected to be. This is because
the thickness and length of the cantilevers differ from the thickness and length in the design. The
difference in thickness is probably caused by a thin film covering the Si. The KOH first had to etch
this layer, hereby reducing the time the Si was etched. The cantilevers are longer because of the
negative taper in the backside etch profile.

49



4.5. CONCLUSIONS CHAPTER 4. DEVICE CHARACTERISATION

50



Chapter 5

Conclusions and recommendations

5.1 Conclusions

In this report, the successful fabrication of silicon micro-cantilever arrays with tips for parallel
optical readout experiments is presented. We have developed a powerful SOI-based fabrication
process, which has the advantage that both the cantilever and the tip are formed in a single KOH
step. The high uniformity of the KOH etch enables fabrication of cantilever arrays with a high
uniformity in tip height (+4.3nm on wafer scale) and cantilever thickness (+0.2um on wafer scale).
The variation in tip-sample distance is 35 + 4nm over a 150um wide array of four (300um long)
cantilevers and 94 + 4nm over a 430um wide array of ten (400um long) cantilevers. On wafer scale,
all arrays show a variation in tip-sample distance smaller than 100nm.

Furthermore, we have achieved a tip sharpness below 10nm radius of curvature. The small radius
of the tips is enabled by (I) the inclusion of a sacrificial layer etch to achieve a sharp mask corner
(radius < 250nm) by corner sharpening, and (II) obtaining a straight etch profile by pattern transfer
of the mask into the device layer. By optimisation of the RIE process, the undercut resulting from
etching 10um of silicon, is limited to 60nm so it does not affect the sharpness of the tips. The
undercut does however reduce the uniformity of tip height on wafer scale.

Advantages of using a SOI wafer as substrate are a clean and flat detector side surface of cantilevers
for reflectivity, the option to uncouple adjacent cantilevers and the possibility to use DRIE for
backside etching.

We have satisfied requirements posed by optical readout experiments and EFM: the variation in
tip-sample distance is required to be smaller than 100nm over the complete array (when the array is
aligned with the sample). Additionally, the tip sharpness is required to be under 100nm radius of
curvature.

During the fabrication, several problems were encountered. During the formation of the tips
and cantilevers by etching in KOH, an insufficient thickness of the SiO, mask resulted in local
tip damage. Increasing the thickness of the SiO, mask successfully prevented tip damage. Good
thermal contact of the wafer with the electrode during backside DRIE could not be established by
the usual procedure, because of the large height of the structures (~10um). Different approaches
have been tested, and the most suitable solution proved to be the use of a foil.

The developed process features a single mask to fabricate cantilever arrays with tips that are self-
aligned to the free end of the cantilever. A second mask is used for the backside etch, to release the
cantilevers.
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5.2 Recommendations

In order to increase the performance of the devices, here are some suggestions to optimise fabrica-
tion steps.

Increase tip height uniformity

The variation in tip-sample distance can be further reduced, by increasing the uniformity of the tip
height. Figure 5.1 shows a schematic representation of the etch profile at the end of a tip. The tip
height over the wafer has a variation due to (I) the KOH-etch non-uniformity in the (111) direction
of Si (+4%) and (II) the undercut as a result of pattern transfer into the device layer.

The variation caused by the KOH etch can be reduced by a shorter etch, because the variation scales
with the etch time. Because a shorter KOH results in a lower tip height, this option is allowed only
if lower tips are permitted (for example if an alternative to EFM is used). Using the device layer
thickness as a variable, the spring constant of the cantilevers can be controlled.

By optimising the RIE process, the undercut in the device layer etch can be further reduced. If
the undercut can be reduced to zero, the pattern transfer will not be responsible for variation in
tip height. Optimising the RIE process will require SEM inspection after every adjustment in the
process to examine the result.

htip

Figure 5.1: [llustration of factors influencing tip height. The tip height A, the KOH etch K, and the undercut
U are indicated

Better control over tip shape

The fabricated tips show a variation in tip apex shape, which was not expected. This variation is
caused by roughness on the planar surfaces of the tip and is in the order of tens of nanometers. The
roughness is an inevitable result of the cryogenic RIE process that is used to etch the device layer.
The roughness can be reduced by increasing the duration of the dry thermal oxidation in step (j).
Four SOI wafers that have undergone all process steps prior to step (k) are available for this.

Tips with higher aspect ratio

By reducing the angle 7 (see Figure 5.2a) at the free end of the cantilever, tips with a higher aspect
ratio can be fabricated. A higher aspect ratio tip will increase the resolution in EFM measurements.
Also, a high aspect ratio is beneficial when the tip is used in AFM for probing samples with steep
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trenches and inclined sidewalls. Figure 5.2a shows the end angle 7 as applied in the fabricated
cantilevers. When a smaller end angle 7 is used (as in Figure 5.2b), the width of the tip is reduced
while the height is maintained. The opening angle has a lower limit of 20 degrees, since below this
value the ridge emerges.

(a) (b)

Figure 5.2: (a) Top and front view of cantilever (end angle 1 is 90°) (b) Top and front view of cantilever (end
angle 7 is 32°)

Cantilevers with lower spring constants

The cantilever thickness of 6.5um results in the spring constant being higher than it is designed be.
The cantilever thickness can be reduced very easily by increasing the KOH etch duration. This way,
cantilevers with lower spring constants can be fabricated. We experienced that after 5 minutes of
KOH etching, 3.5um instead of the expected 5um of Si was removed. We therefore strongly advise to
use dummy wafers to determine the etch time required for the desired cantilever thickness.
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Glossary

pSpam
AFM
BHF
BOX
DRIE
EFM
FIB
H3PO,4
LOCOS
MEMS
POC
ProTeM
PSD
RH

RIE
SiRN
SOI
SPM
TEOS
TST

vdv

Micro Scanning Probe Array Memory
Atomic Force Microcopy

Buffered Hydrogen Fluoride

Buried Oxide

Deep Reactive Ion Etching

Electric Force Microscopy

Focused Ion Beam

Phosphoric Acid

Local Oxidation of Silicon
MicroElectroMechanical Systems
Point Of Contact

Probe-based Terabit Memory
Position Sensitive Detector

Ridge Height

Reactive Ion Etching

Silicon Rich Nitride

Silicon On Insulator

Scanning Probe Microscopy
Tetraethyl Orthosilicate

Transducers Science and Technology

Van der Waals force
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Appendix A

Experimental data

A.1 Properties of SOI wafers

An overview of properties of the SOI wafers used in this research is presented in Table A.1

Table A.1: SOI properties

Property Value
Type / dopant: P/B
Orientation: (100)
Diameter: 100 £ 0.1mm
Device thickness: 10 £ 0.5pm
Device resistivity 0.01 - 0.02Q
Handle thickness: 380 £ 5um
Handle resistivity: 1-20Q
Box: OND 0.5um + 5%

A.2 Deposition

Spin coating Uniform layers of positive photoresist (Olin 907-17 and Olin 908-35) and negative
photoresist (SU-8) are obtained by spin-coating. All layers are coated on Delta 20 spin-coaters. Olin
907-17 is spin-coated at 4000rpm, resulting in a thickness of 1.7um. Olin 908-35 is also spin-coated
at 4000rpm, resulting in a thickness of 3.5um. SU-8 5 and SU-8 2005 are spin-coated at 1000rpm
resulting in a thickness of approximately 13um.

Spray coating AZ4999 is spray-coated using a Siiss MicroTec Delta Altaspray. The recipe used
was 4Layer_Nozzlel. This program sprays four layers onto the wafer, rotating the wafer 90 degree
between every layer. This way a uniform coating is achieved. Parameters: N, pressure = 1bar,
flowrate = 3.5/min, speed = 180mm/sec, width = 100mm, pitch = 3mm. This recipe produces a layer
thickness of +6.2um. Thicker layers are obtained by performing the program multiple times.
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A.3. DRY PLASMA ETCHING APPENDIX A. EXPERIMENTAL DATA

Dry oxidation of silicon Silicon is dry oxidised using an Amtech Tempress Omega Junior system
(named A2 in the Mesa+ cleanroom). The gases available in the system are O, and N». The standby
temperature is 700°C and the maximum temperature is 1150°C. The temperature used for dry
oxidation is 950°C. Ramping up and down is done in steps of 2°C/min while N, continuously flushes
the system. At the desired temperature, 0, is released into the system.

LPCVD of silicon rich nitride SiRN is deposited by means of an Amtech Tempress Diffusion
system (named G4 in the Mesa+ cleanroom). The standby temperature is 700°C. Deposition is
performed at a temperature of 850°C and a pressure of 200mTorr. Gas flow of SiH,Cl, (150sccm)
and NHjs (50sccm) result in a deposition rate of 10nm/min.

LPCVD of TEOS TEOS SiO; is deposited by way of an Amtech Tempress Omega Junior system
(named B4 in the Mesa+ cleanroom). The standby temperature is 600°C. Deposition is achieved
at a temperature of 700°C and pressure of 200mTorr by pyrolysis of Si(OC,Hj, (with a flow rate of
50sccm). The deposition rate is 10nm/min.

A.3 Dry plasma etching

The Tepla 300 O, plasma etching system is used to strip organic materials. Its maximum operating
power is 1000W and the pressure inside the chamber is ImBar. The temperature can not be
controlled, but is measured to be around 140°C during operation.

For reactive ion etching, an Elektrotech Twin system PF 340 is used. This machine consists of a
parallel-plate system and an RF generator at 13.56MHz. The substrate holder is water cooled at 10°C.
The available gases are CHF3, SFg and N». The parameters for the etching of SiRN are presented in
Table A.2.

The device layer is etched using the Alcatel/Adixen AMS 100 SE DRIE system. This is a dual source
system with maximum ICP of 2500W. It also is equipped with two CCP sources: a 300W radio
frequency (@13.56MHz) source and a 500W low frequency (@ 25 — 460kHz) source. Both cryogenic
(down to -180°C) mixed-mode and room temperature pulsed-mode can be processed. The wafer is
mechanically clamped, which allows helium cooling for effective heat transfer. The parameters are
listed in Table A.3.

Backside wafer-through etching is achieved using the same Alcatel/Adixen AMS 100 SE DRIE system.
The parameters used for this etch are given in Table A.4.

Table A.2: SiRN RIE recipe

Parameter Value
System Elektrotech Twin system PF 340
Gas [flow (sccm)] CHF;3 [25]
0 [5]
Substrate temperature (°C) 10
Power (W) 75

Chamber pressure (mTorr) 10
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Table A.3: Cryogenic Si etching recipe

Parameter Value
System Alcatel/Adixen AMS 100 SE DRIE system
Gas [flow (sccm)] SFg [15]
02 [13]
Substrate temperature (°C) -100
He pressure (bar) 10
ICP power (W) 200
CCP (LF) power (W) 20 (20msec ON, 80msec OFF)
Substrate distance from source (mm) 200
Throttle valve position (%) 100

Table A.4: Backside wafer-through etching recipe

Parameter Value
System Alcatel/Adixen AMS 100 SE DRIE system
Etch Deposition
Gas SFg CqFg
Flow (sccm) 400 25
Time (sec) 4 0.5
Priority 2 1
APC (%) 15 15
ICP (Watt) 2500 2500
CCP (LF) power (W) n/a 20 (20msec ON, 80msec OFF)
SH (mm) 110 110
Substrate temperature (°C) -40 -40
He pressure (bar) 10 10
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Appendix B

Lithography masks

B.1 Frontside mask

The frontside mask for the cantilevers and tips is presented in Figure B.1.
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Figure B.1: Frontside mask for pattern transfer into device layer
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B.2. BACKSIDE MASK APPENDIX B. LITHOGRAPHY MASKS

B.2 Backside mask

The backside mask for the frame and the chips is presented in Figure B.2.
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Figure B.2: Backside mask for wafer through etching of handle layer

B.3 Array parameters listed by chip number

Cantilever width = w

Cantilever length = L

Cantilever spacing = S

Cantilever end width = v

Cantilever taper angle = 0

Chip rotation = ¢

Notation x:y:z means from x to z in steps of size y

Table B.1: Array parameters

chip #CLs w (um) L (um) S(um) v (um) 0 v ()
1-8 2 30 150, 150.5 9:3:30 7 10 0
9-16 2 30 225,227 9:3:30 7 10 0
17-26 2 30 300,304 12:2:30 7 10 0

Continued on next page
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APPENDIX B. LITHOGRAPHY MASKS B.3. ARRAY PARAMETERS LISTED BY CHIP NUMBER

Table B.1 - continued from previous page

chip #CLs w (um) L (um) S (um) v (um) 0 v ()
27-36 2 30 150,150.5 12:2:30 7 10 0
37-48 2 30 225,227 8:2:30 7 10 0
49 -60 2 30 300, 304 8:2:30 7 10 0
61-72 1 30:2:52 300 - 7:2:29 10 0
73-84 1 30 150:15:300 - 7 10 0
85-87 5 30 150 10 7 10,11,12,13,14 0
88-92 4 30 150 10 7 10,11, 12,13 0
93-97 3 30 150 10 7 11, 12,13 0
98 —102 3 30 225 10 7 11,12,13 0
103 -107 4 30 225 10 7 10,11, 12,13 0
108110 5 30 225 10 7 10,11,12,13,14 0
111-113 5 30 300 10 7 10,11,12,13,14 0
114-118 4 30 300 10 7 10,11, 12,13 0
119-123 3 30 300 10 7 11, 12,13 0
124 -128 3 30 400 10 7 11,12,13 0
129-133 4 30 400 10 7 10,11, 12,13 0
134-136 5 30 400 10 7 10,11,12,13, 14 0
137 -146 1 30:5:75 150 10 7:5:52 10 0
147 -156 1 30:5:75 300 10 7:5:52 10 0
157 - 166 2 30:5:75 150, 150.5 10 7:5:52 10 0
167-176 2 30:5:75 300, 304 10 7:5:52 10 0
177-186 2 30:5:75 150, 150.5 10 7:5:52 10 0
187 -196 2 30:5:75 300, 304 10 7:5:52 10 0
197-199 2 30 150 5 7 10, 20 0
200-204 2 30 150 10 7 10, 20 0
205-209 2 30 150 15 7 10,20 0
210-214 2 30 150 20 7 10,20 0
215-219 2 30 150 25 7 10, 20 0
220-222 2 30 150 30 7 10,20 0
223 -225 2 30 300 5 7 10,20 0
226-230 2 30 300 10 7 10,20 0
231-235 2 30 300 15 7 10,20 0
236-240 2 30 300 20 7 10, 20 0
241-245 2 30 300 25 7 10, 20 0
246 —248 2 30 300 30 7 10,20 0
249-251 2 30 150 10 7 10 0
252-254 2 30 300 10 7 10 0
255257 3 30 150 10 7 10 0
258 -260 3 30 300 10 7 10 0
261 -263 4 30 150 10 7 10 0
264 - 266 4 30 300 10 7 10 0
267 10 15 300 10 15 0 0

268 20 15 300 10 15 0 0

269 30 15 300 10 15 0 0

270 10 20 300 15 20 0 0

271 20 20 300 15 20 0 0

272 30 20 300 10 20 0 0

273 10 25 300 20 25 0 0

274 20 25 300 20 25 0 0

275 10 30 300 20 30 0 0

276 10 15 400 10 15 0 0

277 20 15 400 10 15 0 0

278 30 15 400 10 15 0 0

Continued on next page
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B.3. ARRAY PARAMETERS LISTED BY CHIP NUMBER APPENDIX B. LITHOGRAPHY MASKS

Table B.1 - continued from previous page

chip #CLs w (um) L (um) S (um) v (um) 0 v ()

279 10 20 400 15 20 0 0

280 20 20 400 15 20 0 0

281 30 20 400 10 20 0 0

282 10 25 400 20 25 0 0

283 20 25 400 20 25 0 0

284 10 30 400 20 30 0 0
285-296 2 30 300, 302 38:2:60 7 10 0
297 -306 2 30 300, 310 42:2:60 7 10 0
307 -316 2 30 300, 320 42:2:60 7 10 0
317-324 3 30 300, 304, 308 39:3:60 7 10 0
325-332 3 30 150, 150.5, 151 39:3:60 7 10 0
333 -337 1 25 150 - 25 0 1:1:5
338342 1 25 150 - 25 20 -5:1:-1
343 —-347 1 25 300 - 25 0 1:1:5
348 — 352 1 25 300 - 25 20 -5:1:-1
353 5 15 400 10 15 0 -10

354 20 15 400 10 15 0 10

355 10 15 400 10 15 0 10

356 30 15 400 10 15 0 -10

357 20 15 300 10 15 0 -10

358 5 15 300 10 15 0 10

359 30 15 300 10 15 0 10

360 10 15 300 10 15 0 -10
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Appendix C

Calculations

C.1 Matlab M-Files

C.1.1 Cantilever calculations

For a rectangular cantilever, the following code can be used to calculate resonance frequency and
spring constant.

t = 3e—6; % cantilever thickness

1 = 225e-6; % length

w = 30e-6; % width

E = 169e9; % youngs modulus of material
rho = 2330; % density of material

f Hz = (1/(2*pi))*(1.029xt)/(17r2)*sqrt(E/rho);
k = (ExtA3xw) /(4%1173); % spring constant

m = lsw«xtxrho; % mass
meff=(33/140)«m; % effective mass

w_res = sqrt(k/meff);
f res_Hz = w_res/(2xpi); % don’t forget the 2pi to go to Hz!

C.1.2 Plotting of POCs

After importing the data from the approach-curve measurements and saving the POCs in a variable,
the following code plots the POCs, a linear fit and the leveled POCs.

num = 10; % number of cantilevers
varname = chip355; % name of variable

x = filename (1:num,1) ;

y = filename (1:num,2) ;

tilt = polyfit(x,y,1);

f = polyval(tilt ,x); % linear fit
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C.2. WAFER-BOW CALCULATIONS APPENDIX C. CALCULATIONS

correction = zeros(1,num);

for bla = 1:num;

correction (bla) = tilt(2) + tilt(1)=bla;

end

leveled = y — correction’; % leveled data/POCs (using the linear fit)

o = plot(x,y,’0’); % plot the POCs
set(o, 'Color’,’'red’)

hold on;

fit = plot(x,f); % plot the linear fit

set(fit, 'Color’, 'blue’)

%p=plot (x, leveled , ’0’) ;
%set (p, Color’, 'red’)

%xx = filename (1:num, 1) ;
%yy = filename (1:num,2);
%ding = plot(xx,yy, ’o’);
%set (ding, 'Color’, "black’) ;

hold off;

figure;

g=plot(x,leveled,’0’); % plot the leveled POCs
set(q, 'Color’, ’'red’)

C.2 Wafer-bow calculations

Angle at centre theorem

Angle a; at the centre of the circle in Figure C.1a is twice angle a» at the circumference, as long as
both angles stand on arc A— B. This means that wherever point C is located on the circle, except on
arc A-— B, a; =2axs.
This can be proved using Figure C.1b:
Because the blue (left) triangle is an isosceles triangle, the two angles 'a’ are equal. The sum of the
three angles is equal to 180°:

2a+c¢=180=>c¢=180-2a (C.1)

Because the green (right) triangle is an isosceles triangle, the two angles 'b’ are equal. The sum of
the three angles is equal to 180°:

2b+d=180=>d =180—-2b (C.2)
At the centre of the circle, the sum of a;, c and d is equal to 360°:
a1+c+d=360=>a;=360-c—d (C.3)
Now if we insert equation (C.1) and (C.2) into equation (C.3), we obtain

a1 =360—(180—-2a) - (180—-2b) =2a+2b=2(a+b) (C.4)
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(@ (b)

Figure C.1: Angle «a is twice angle ay, as long as both angles stand on arc A— B

B

Figure C.2: Because a1 =2a5, 1 =282 and 1 = %061 it follows that 8, = %0!2

Because a; = (a + b), this is proof that a; = 2as.

Now think of arc A— D as a wafer with bow C — F. The bow of half of this wafer (for example arc
A - C) can be represented by B — E. If 8, is known, the distance between B and E can be calculated
using simple trigonometry functions, since distance A — C is also known.

Thanks to the angle at centre theorem, we now know that a; = 2a,. We also know that 8, =28,. If
B1= %al (as is the case in Figure C.2) it follows that 8, = %az.

The bow B — E can now be calculated if distance A— D and distance C — F are known. They are
known, since distance A — D is the wafer diameter and distance C — F is the bow.

Analog to this, the bow of a 1.6x103um wide chip can be calculated using wafer diameter =
100x 103um and wafer-bow = 130.2um:

_; 130.2um

—_— C.5
50 x 103um (©-5)
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1.6 x 10%m 0.016 (C.6)
=— a2 =0.016a .
727 700 % 103um 2 2
1
bowchip = EWChip -tan(y2) = 800um-tan(0.016a>) = 0.0333um = 33.3nm (C.7)

And the bow of a cantilever array having a width of 200pum:

1
bowgiray = Ewarray -tan(yarray) = 100um - tan(0.002a2) = 0.00052um = 0.52nm (C.8)
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Appendix D

Process Documents

D.1 Calibration of Cryogenic RIE

Table D.1: Process steps

Process Comment
1 (#subs001) Substrate selection - Silicon <100> OSP 10 wafers
CR112B / Wafer Storage Cupboard

Supplier:

Orientation: <100>
Diameter: 100mm
Thickness: 525um +/- 25um
Polished: Single side
Resistivity: 5-10Qcm

Type: p

2 (#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

e Beaker 1: fumic HNO3 (100%), 5min

e Beaker 2: fumic HNO3 (100%), 5min

e Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNO3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

« Spin drying

3 (#depo004) LPCVD TEOS Thickness =
CR112B / Tempress LPCVD B4 100nm + 10nm
Tube: B4-TEOS Time = 10min

Bubbler: 40.0°C

Temperature: 700°C

pressure: 400mTorr

¢ program: TEOS05

« deposition rate: 10.7 nm/min (25 wafers)
¢ Uniformity/ wafer: 3%

o Nf::1.44

« stress after deposition: -5 Mpa

« stress after two weeks : -20.0 Mpa

« stres after anneal of 700°C: + 5 Mpa

4 (#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Continued on next page
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Table D.1 - continued from previous page
# Process Comment
5 (#lith057) Lithography - Olin 907-17
CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 120°C:
» Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):
« Spin program: 4 (4000rpm, 20sec)
Olin 907-17:
« Spin program: 4 (4000rpm, 20sec)
Hotplate 95°C:
* Prebake (95°C): 90s

CR117B / EVG 620

Electronic Vision Group 620 Mask Aligner:
e Hg-lamp: 12 mW/cm?

» Exposure Time: 4sec

CR112B / Wet-Bench 11

Hotplate 120°C (CR112B or CR117B):
o After Exposure Bake (120°C): 60sec
Developer OPD4262:

« Time: 30sec in Beaker 1

» Time: 15-30sec in Beaker 2

¢ Quick Dump Rinse <0.1uS

« Spin drying
6 (#char001) Optical microscopic inspection - Lithography | Inspection of
CR112B / Nikon Microscope lithography

7 (#1ith009) Lithography - Postbake standard
CR112B / Hotplate 120°C

e Time: 30min

8 (#etch024) Etching BHF (1:7) SiO» Time: 35sec
CR112B / Wet-Bench 3-3

HF/NH4F(1:7) VLSI: BASF

¢ Quick Dump Rinse <0.1uS

« Spin drying

Etchrate thermal SiO» = 60-80nm/min

Etchrate PECVD SiO» = 125/nm/min

Etchrate TEOS SiO2 = 180/nm/min

10 | (#lith016) Stripping of Olin PR - HNO3 standard
CR112B / Wet-Bench 3-2

HNO3 (100%) Selectipur: MERCK 100453

¢ Time: 20min

* Quick Dump Rinse <0.1uS

« Spin drying

Continued on next page
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D.1. CALIBRATION OF CRYOGENIC RIE

Table D.1 - continued from previous page

Process Comment
11 | (#etch077) Plasma etching of Si - C-Cryo-SFg Etch depth: 10um
CR125c/Adixen SE (device layer)
Application: Etching of deep trenches Time: 5:00min
Parameters after optimisation (see section 3.2.3):
Parameters Etch
Gas SFg (sccm) 100
Gas O (sccm) 13
ICP (Watt) 500
CCP (Watt [pulsed LF]) 20
on/off (msec) 20/80
SH (mm) 200
APC (%) 100
He (mBar) 10
Electrode temp. (°C) -100
12 | (#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer
13 | (#char005) Surface profile measurement Thickness TEOS
CR118B / Veeco Dektak 8
14 | (#char003) SEM Inspection inspect
CR130C / JEOL 5610 underetch
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APPENDIX D. PROCESS DOCUMENTS

D.2 Pre-study

Table D.2: Process steps

Step

Process

Comment

(#subs001) Substrate selection - Silicon (100) OSP

CR112B / Wafer Storage Cupboard
Supplier:

Orientation: (100)

Diameter: 100mm

Thickness: 525um +/- 25um
Polished: Single side

Resistivity: 5-10Qcm

Type: p

13 wafers

(#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

e Beaker 1: fumic HNO3 (100%), 5min

e Beaker 2: fumic HNO3 (100%), 5min

* Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNO3 (69%), 10min
 Quick Dump Rinse <0.1uS

« Spin drying

(#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3

HF (1%) VLSI: MERCK 112629.500

e Etch time: >1min

e Quick Dump Rinse <0.1uS

« Spin drying

Just before
SiRN deposition

(#depo002) LPCVD SiRN - uniform thickness
CR125C / Tempress LPCVD G4

Program: LSNit-G4

¢ SiH» Cly flow: 155 sccm

e NHj flow: 45 sccm

» temperature: 830/850/873°C

e pressure: 200 mTorr

e N> flow: 150 sccm

« deposition rate: £ 6—7 nm/min

o Ny +2.18

Thickness =
30nm + 5nm
Time = 2:40min

(#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Use dummies

(#depo004) LPCVD TEOS

CR112B / Tempress LPCVD B4

Tube: B4-TEOS

Bubbler: 40.0°C

Temperature: 700°C

pressure: 400mTorr

e program: TEOS05

« deposition rate: 10.7 nm/min (25 wafers)
¢ Uniformity/ wafer: 3%

e Nf::1.44

« stress after deposition: -5 Mpa

« stress after two weeks : -20.0 Mpa

« stres after anneal of 700°C: + 5 Mpa

Thickness =
100nm + 10nm
Time = 10min
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Step

Process

Comment

(#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Use dummies

(#depo002) LPCVD SiRN - uniform thickness
CR125C / Tempress LPCVD G4

Program: LSNit-G4

¢ SiH» Clo flow: 155 sccm

* NH3 flow: 45 sccm

» temperature: 830/850/873°C

e pressure: 200 mTorr

¢ N> flow: 150 sccm

» deposition rate: + 6—7 nm/min

o Ny +£2.18

Thickness =
25nm + 5nm
Time = 2:10min

(#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Use dummies

10

(#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

« Beaker 1: fumic HNO3 (100%), 5min

» Beaker 2: fumic HNO3 (100%), 5min

e Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNO3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

« Spin drying

11

(#1ith057) Lithography - Olin 907-17
CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 120°C:

» Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):

e Spin program: 4 (4000rpm, 20sec)

Olin 907-17:

« Spin program: 4 (4000rpm, 20sec)
Hotplate 95°C:

e Prebake (95°C): 90s

CR117B / EVG 620

Electronic Vision Group 620 Mask Aligner:
« Hg-lamp: 12 mW/cm?

¢ Exposure Time: 4sec

CR112B / Wet-Bench 11

Hotplate 120°C (CR112B or CR117B):
« After Exposure Bake (120°C): 60sec
Developer OPD4262:

» Time: 30sec in Beaker 1

e Time: 15-30sec in Beaker 2

¢ Quick Dump Rinse <0.1uS

« Spin drying

Frontside mask,
hard contact
No postbake!

12

(#char001) Optical microscopic inspection - Lithography
CR112B / Nikon Microscope

Inspection of
lithography

13

(#etch004) Plasma etching SiN (Etske)
CR102A / Elektrotech PF310/340

Dirty chamber

Styros + Quartz electrode

« Electrode temp.: 10°C

Etch through
top nitride
layer (40sec),
stop in TEOS
SiOy layer
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Step Process Comment
o CHF3 flow: 25sccm Total time: 90sec
¢ O flow: 5sccm
e pressure: 10mTorr
e power: 75W
Etchrate SiN = 50nm/min (for Vpc=-460V)
Etchrate SiN = 75 nm/min (for Vp¢ = -580V)
Etchrate Olin resist = 95nm/min
If DC-Bias < 375V apply chamber clean (#etch003)
14 (#char002) Optical microscopic inspection
CR112B / Nikon Microscope
CR117B / Olympus Microscope
CR102B / Olympus Microscope
15 (#lith016) Stripping of Olin PR - HNO3 standard
CR112B / Wet-Bench 3-2
HNO3 (100%) Selectipur: MERCK 100453
¢ Time: 40min
¢ Quick Dump Rinse <0.1uS
« Spin drying
16 (#etch024) Etching BHF (1:7) SiO» Time: 1min and 5:33min
CR112B / Wet-Bench 3-3
HF/NH4F(1:7) VLSI: BASF
¢ Quick Dump Rinse <0.1uS
« Spin drying
Etchrate thermal SiO» = 60-80nm/min
Etchrate PECVD SiO2 = 125/nm/min
Etchrate TEOS SiO» = 180/nm/min
17 (#clean003) Cleaning Standard
CR112B / Wet-Bench 131
HNO3 (100%) Selectipur: MERCK
HNO3 (69%) VLSI: MERCK
» Beaker 1: fumic HNO3 (100%), 5min
e Beaker 2: fumic HNO3 (100%), 5min
* Quick Dump Rinse <0.1uS
» Beaker 3: boiling (95°C) HNO3 (69%), 10min
 Quick Dump Rinse <0.1uS
« Spin drying
18 (#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3
HF (1%) VLSI: MERCK 112629.500
e Etch time: >1min
* Quick Dump Rinse <0.1uS
« Spin drying
19 (#etch053) Etching of SiN (Hot H3PO4) Time: 10min
CR112B / Wet-Bench 3-1
H3PO4 85% Merck VLSI 1.00568.2500
Apply always first a Standard Wafer Clean (#clean003)
and a 1% HF dip (#etch027) to remove native oxide.
¢ Temp.: 180°C (caution!)
 Quick Dump Rinse <0.1 pS
« Spin drying
Etchrate SiRN: 3.5 nm/min
High selective for SiOy layers
Only SiO3, Silicon, PolySilicon, SiRN, SiON, SiON are allowed.

Continued on next page
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Step Process Comment

Temperature  etchrate SiyN, etchrate SiOp

°C) (nm/min) (nm/min)
180 4.1 0.48
160 1.4 0.16
140 0.5 0.05
20 (#etch077) Plasma etching of Si - C-Cryo-SFg Etch depth: 10pm
CR125c/Adixen SE (device layer)
Application: Etching of deep trenches Time: 6:00min
Parameters Etch
Gas SFg (sccm) 100
Gas O (sccm) 13
ICP (Watt) 500
CCP (Watt [pulsed LF]) 20
on/off (msec) 20/80
SH (mm) 200
APC (%) 100
He (mBar) 10
Electrode temp. (°C) -100
21 (#char005) Surface profile measurement
CR118B / Veeco Dektak 8
22 (#etch028) Etching HF (1%) Time: 2:30min

CR116B / Wet-Bench 2

HF (1%) VLSI: MERCK 112629.500

¢ Quick Dump Rinse <0.1uS

« Spin drying

23 (#clean003) Cleaning Standard
CR112B / Wet-Bench 131

HNOj3 (100%) Selectipur: MERCK
HNO3 (69%) VLSI: MERCK

e Beaker 1: fumic HNO3 (100%), 5min
» Beaker 2: fumic HNO3 (100%), 5min
* Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNO3 (69%), 10min
e Quick Dump Rinse <0.1uS

« Spin drying
24 (#depo031) Dry Oxidation of Silicon at 950°C LOCOS
CR112B / Furnace A2 Time: 70min

Standby temp.: 700°C
¢ Program: Dry950C
e Temp.: 950°C

e Gas: Oy

Continued on next page
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Step Process Comment
Growthrate:

Oxidation  Si({100) oxide Si(110) oxide

(min) (nm) (nm)
0 2.27 2.38
6 8.29 12.33
12 12.2 17.51
24 17.78 25.67
48 28.06 38.58
96 45.68 59.1
192 75.88 91.43
25 (#char007) Ellipsometer Measurement Use dummies

CR118B / Plasmos Ellipsometer

26 (#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

» Beaker 1: fumic HNO3 (100%), 5min

e Beaker 2: fumic HNO3 (100%), 5min

¢ Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNO3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

« Spin drying

27 (#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3

HF (1%) VLSI: MERCK 112629.500

« Etch time: >1min

¢ Quick Dump Rinse <0.1uS

« Spin drying

28 (#etch053) Etching of SiN (Hot H3PO,) Time: 12:00min
CR112B / Wet-Bench 3-1

H3PO4 85% Merck VLSI 1.00568.2500

Apply always first a Standard Wafer Clean (#clean003)

and a 1% HF dip (#etch027) to remove native oxide.

e Temp.: 180°C (caution!)

¢ Quick Dump Rinse <0.1 pS

« Spin drying

Etchrate SiRN: 3.5 nm/min

High selective for SiO2 layers

Only SiO3, Silicon, PolySilicon, SiRN, SiON, SiON are allowed.

Temperature  etchrate SiyN, etchrate SiO;

°C) (nm/min) (nm/min)
180 4.1 0.48
160 1.4 0.16
140 0.5 0.05

29 (#char002) Optical microscopic inspection
CR112B / Nikon Microscope

CR117B / Olympus Microscope

CR102B / Olympus Microscope

Continued on next page
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Step

Process

Comment

30

(#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNOj3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

e Beaker 1: fumic HNO3 (100%), 5min

e Beaker 2: fumic HNO3 (100%), 5min

¢ Quick Dump Rinse <0.1uS

 Beaker 3: boiling (95°C) HNO3 (69%), 10min
e Quick Dump Rinse <0.1uS

« Spin drying

31

(#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3

HF (1%) VLSI: MERCK 112629.500

» Etch time: >1min

* Quick Dump Rinse <0.1uS

« Spin drying

32

(#etch038) Etching of Silicon by KOH - standard
CR102B / KOH

KOH: MERCK 105019.500

KOH:DI = (1:3)

25wt% KOH: 500g KOH pellets in 1500ml DI water
e Temp.: 75°C

o Stirrer

¢ Quick Dump Rinse <0.1uS

« Spin drying

Etchrates:

Si (100) = luym/min

Si(111) = 12.5nm/min

SiO, (thermal) = 180nm/hr

SiRN < 0.6nm/hr

5 min

33

(#clean007) Cleaning RCA-2 (HCL/H202/H,0)
CR112B / Wet-Bench 130

HCL (36%) Selectipur, BASF

H»03 (31%) VLSI, BASF

Only use the dedicated wafer carriers and rod!
HCL:H202:H50 (1:1:5) vol%

e add HCL to HoO

e add H»O» when mixure at 70°C

« temperature 70-80°C

¢ cleaning time 10-15min

* Quick Dump Rinse <0.1uS

« Spin drying

34

(#char005) Surface profile measurement
CR118B / Veeco Dektak 8

35

(#char003) SEM Inspection
CR130C / JEOL 5610

nitride profile

36

(#etch024) Etching BHF (1:7) SiO»
CR112B / Wet-Bench 3-3
HF/NH4F(1:7) VLSI: BASF

e Quick Dump Rinse <0.1uS

« Spin drying

Etchrate thermal SiO2 = 60-80nm/min
Etchrate PECVD SiO» = 125/nm/min
Etchrate TEOS SiO» = 180/nm/min

Strip SiO2
Time: 1min
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D.3 Cantilever arrays

Table D.3: Process steps

Step Process

Comment

la (#subs001) Substrate selection - Silicon (100) OSP
CR112B / Wafer Storage Cupboard

Supplier:

Orientation: (100)

Diameter: 100mm

Thickness: 525um +/- 25um

Polished: Single side

Resistivity: 5-10Qcm

Type: p

10 wafers
(dummies)

1b (#subs010) Substrate selection - Silicon (110) DSP
CR112B / Wafer Storage Cupboard

Supplier:

Orientation: (110)

Diameter: 100mm

Thickness: 380pum +/- 10um

Polished: Double side

Resistivity: 5-10Qcm

Type: p

2 wafers
(dummies)

lc Substrate selection - SOI (100) DSP
Supplier:

Orientation: (100)

Diameter: 100mm

Device thickness: 10um +/- 0.5um
Device resistivity: 0.01-0.02Qcm
Handle thickness: 380pum +/- 5um
Handle resistivity: 1-20Qcm

BOX thickness: 0.5pum +/- 5%

Type: p

5 wafers
(process wafers)

2 (#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

e Beaker 1: fumic HNO3 (100%), 5min

* Beaker 2: fumic HNO3 (100%), 5min

e Quick Dump Rinse <0.1uS

» Beaker 3: boiling (95°C) HNO3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

e Spin drying

3 (#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3

HF (1%) VLSI: MERCK 112629.500

¢ Etch time: >1min

e Quick Dump Rinse <0.1uS

o Spin drying

Just before
SiRN deposition

4 (#depo002) LPCVD SiRN - uniform thickness
CR125C / Tempress LPCVD G4

Program: LSNit-G4

¢ SiH» Cly flow: 155 sccm

e NHj flow: 45 sccm

« temperature: 830/850/873°C

o pressure: 200 mTorr

Thickness =
25nm + 5nm
Time = 2:10min
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Step

Process

Comment

¢ N> flow: 150 sccm
« deposition rate: + 6—7 nm/min
. Nf: +2.18

(#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Use dummies

(#depo004) LPCVD TEOS

CR112B / Tempress LPCVD B4

Tube: B4-TEOS

Bubbler: 40.0°C

Temperature: 700°C

pressure: 400mTorr

¢ program: TEOS05

« deposition rate: 10.7 nm/min (25 wafers)
¢ Uniformity/ wafer: 3%

o Nf::1.44

« stress after deposition: -5 Mpa

o stress after two weeks : -20.0 Mpa

« stres after anneal of 700°C: + 5 Mpa

Thickness =
100nm + 10nm
Time = 10min

(#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Use dummies

(#depo002) LPCVD SiRN - uniform thickness
CR125C / Tempress LPCVD G4

Program: LSNit-G4

¢ SiH>Cl flow: 155 sccm

* NHj flow: 45 sccm

« temperature: 830/850/873°C

e pressure: 200 mTorr

¢ N> flow: 150 sccm

« deposition rate: + 6—7 nm/min

Ny £2.18

Thickness =
20nm + 5nm
Time = 1:40min

(#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Use dummies

10

(#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

e Beaker 1: fumic HNO3 (100%), 5min

» Beaker 2: fumic HNO3 (100%), 5min

¢ Quick Dump Rinse <0.1uS

» Beaker 3: boiling (95°C) HNO3 (69%), 10min
e Quick Dump Rinse <0.1uS

e Spin drying

11

(#1ith057) Lithography - Olin 907-17
CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 120°C:

» Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):

¢ Spin program: 4 (4000rpm, 20sec)

Olin 907-17:

¢ Spin program: 4 (4000rpm, 20sec)
Hotplate 95°C:

e Prebake (95°C): 90s

CR117B / EVG 620
Electronic Vision Group 620 Mask Aligner:

Frontside mask,
FCRYO

hard contact
No postbake!
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Step

Process

Comment

« Hg-lamp: 12 mW/cm?
« Exposure Time: 4sec

CR112B / Wet-Bench 11

Hotplate 120°C (CR112B or CR117B):
« After Exposure Bake (120°C): 60sec
Developer OPD4262:

« Time: 30sec in Beaker 1

¢ Time: 15-30sec in Beaker 2

¢ Quick Dump Rinse <0.1uS

¢ Spin drying

12

(#char001) Optical microscopic inspection - Lithography
CR112B / Nikon Microscope

Inspection of
lithography

13

(#etch003) Plasma etching - chamber cleaning (Etske)
CR102A / Elektrotech PF310/340

Select chamber for desired etch process

Select electrode for desired etch process

o Electrode temp.: 10°C or 25°C

¢ O flow: 20sccm

e pressure: 50mTorr

* power: 150W

« DC-Bias: 780V

Chamber is clean when plasma color is white

14

(#etch004) Plasma etching SiN (Etske)
CR102A / Elektrotech PF310/340

Dirty chamber

Styros + Quartz electrode

« Electrode temp.: 10°C

o CHF3 flow: 25sccm

¢ O flow: 5sccm

e pressure: 10mTorr

e power: 75W

Etchrate SiN = 50nm/min (for Vpc=-460V)
Etchrate SiN = 75 nm/min (for Vp¢ = -580V)
Etchrate Olin resist = 95nm/min

If DC-Bias < 375V apply chamber clean (#etch003)

Etch through
top nitride

layer (30sec),
stop in TEOS
SiOy layer

Total time: 60sec

15

(#char002) Optical microscopic inspection
CR112B / Nikon Microscope

CR117B / Olympus Microscope

CR102B / Olympus Microscope

16

(#1ith016) Stripping of Olin PR - HNO3 standard
CR112B / Wet-Bench 3-2

HNO3 (100%) Selectipur: MERCK 100453

¢ Time: 40min

¢ Quick Dump Rinse <0.1uS

e Spin drying

17

(#1ith042) Stripping of Olin PR wires by oxygen plasma Tepla 300
CR125A / Tepla 300

Barrel Etcher (2.45 GHz)

Ultra clean system only (no metals except Al)

« See list with recipes in CR

¢ Oy flow: 200sccm (50%)

* Power: up to 1000W

e Pressure: 1 mbar

10min
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Step Process Comment

18 (#char002) Optical microscopic inspection Inspection of
CR112B / Nikon Microscope PR-residue
CR117B / Olympus Microscope (wires)
CR102B / Olympus Microscope after RIE

19 (#etch024) Etching BHF (1:7) SiO>» Time: 12:30min

CR112B / Wet-Bench 3-3
HF/NH4F(1:7) VLSI: BASF

e Quick Dump Rinse <0.1uS

o Spin drying

Etchrate thermal SiO» = 60-80nm/min
Etchrate PECVD SiO» = 125/nm/min
Etchrate TEOS SiO» = 180/nm/min

20 (#char003) SEM Inspection inspect
CR130C / JEOL 5610 underetch
21 (#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

» Beaker 1: fumic HNO3 (100%), 5min

» Beaker 2: fumic HNO3 (100%), 5min

¢ Quick Dump Rinse <0.1uS

» Beaker 3: boiling (95°C) HNOj3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

e Spin drying

22 (#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3

HF (1%) VLSI: MERCK 112629.500

¢ Etch time: >1min

¢ Quick Dump Rinse <0.1uS

« Spin drying

23 (#etch053) Etching of SiN (Hot H3PO,) Etch rate determined
CR112B / Wet-Bench 3-1 with dummy wafer
H3PO4 85% Merck VLSI 1.00568.2500 Time: 8:50min

Apply always first a Standard Wafer Clean (#clean003)

and a 1% HF dip (#etch027) to remove native oxide.

e Temp.: 180°C (caution!)

e Quick Dump Rinse <0.1 uS

« Spin drying

Etchrate SiRN: 3.5 nm/min

High selective for SiO layers

Only SiOy, Silicon, PolySilicon, SiRN, SiON, SiON are allowed.

Temperature  etchrate SixN,  etchrate SiOz

(°C) (nm/min) (nm/min)
180 4.1 0.48
160 1.4 0.16
140 0.5 0.05
24 (#char003) SEM Inspection Inspect bottom
CR130C / JEOL 5610 nitride profile
25 (#char005) Surface profile measurement Thickness bottom
CR118B / Veeco Dektak 8 nitride + TEOS
26 (#etch079) Plasma etching of Si - Cleaning chamber
CR125c/Adixen SE

Continued on next page
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Step Process Comment
Application: Cleaning (FC-residues) of chamber before
silicon etching, use a dummy during cleaning.
Check rise in Vp¢ value.
Parameters Etch
Gas 02
Flow (sccm) 200
Time (min) 10
Priority nvt
APC (%) 100
ICP (Watt) 2000
CCP (Watt [LF]) 0
Pulsed - LF (msec) off
He (mBar) 10
SH (mm) 110
Electrode temp. (°C)  -100°C
27 (#etch077) Plasma etching of Si - C-Cryo-SFg Etch depth: 10um
CR125c/Adixen SE (device layer)
Application: Etching of deep trenches Time: 4:35min
Note: The gas flow is optimised for the mask (differs from pre-study mask)
Parameters Etch
Gas SFg (sccm) 100
Gas O3 (sccm) 12
ICP (Watt) 500
CCP (Watt [pulsed LF]) 20
on/off (msec) 20/80
SH (mm) 200
APC (%) 100
He (mBar) 10
Electrode temp. (°C) -100
28 (#char005) Surface profile measurement
CR118B / Veeco Dektak 8
29 (#etch028) Etching HF (1%) Time: 5min
CR116B / Wet-Bench 2
HF (1%) VLSI: MERCK 112629.500
e Quick Dump Rinse <0.1uS
e Spin drying
30 (#clean003) Cleaning Standard
CR112B / Wet-Bench 131
HNO3 (100%) Selectipur: MERCK
HNO3 (69%) VLSI: MERCK
e Beaker 1: fumic HNO3 (100%), 5min
* Beaker 2: fumic HNO3 (100%), 5min
e Quick Dump Rinse <0.1uS
» Beaker 3: boiling (95°C) HNO3 (69%), 10min
¢ Quick Dump Rinse <0.1uS
e Spin drying
31 (#depo031) Dry Oxidation of Silicon at 950°C LOCOS
CR112B / Furnace A2 Time: 5h
Standby temp.: 700°C
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Step

Process

Comment

¢ Program: Dry950C
e Temp.: 950°C

e Gas: O»
Growthrate:

Oxidation  Si (100) oxide Si(110) oxide
(min) (nm) (nm)

0 2.27 2.38
6 8.29 12.33
12 12.2 17.51
24 17.78 25.67
48 28.06 38.58
96 45.68 59.1
192 75.88 91.43

32

(#char007) Ellipsometer Measurement
CR118B / Plasmos Ellipsometer

Use dummies

33

(#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

» Beaker 1: fumic HNO3 (100%), 5min

e Beaker 2: fumic HNO3 (100%), 5min

¢ Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNOj3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

« Spin drying

34

(#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3

HF (1%) VLSI: MERCK 112629.500

« Etch time: >1min

¢ Quick Dump Rinse <0.1uS

e Spin drying

35

(#etch053) Etching of SiN (Hot H3PO,4)

CR112B / Wet-Bench 3-1

H3PO4 85% Merck VLSI 1.00568.2500

Apply always first a Standard Wafer Clean (#clean003)
and a 1% HF dip (#etch027) to remove native oxide.

¢ Temp.: 180°C (caution!)

¢ Quick Dump Rinse <0.1 uS

e Spin drying

Etchrate SiRN: 3.5 nm/min

High selective for SiO> layers

Only SiOg, Silicon, PolySilicon, SiRN, SiON, SiON are allowed.

Temperature  etchrate SiyN, etch rate SiO;
C) (nm/min) (nm/min)

180 4.1 0.48
160 1.4 0.16
140 0.5 0.05

Time: 12:30min

36

(#char002) Optical microscopic inspection
CR112B / Nikon Microscope
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CR117B / Olympus Microscope
CR102B / Olympus Microscope

37

(#clean003) Cleaning Standard

CR112B / Wet-Bench 131

HNO3 (100%) Selectipur: MERCK

HNO3 (69%) VLSI: MERCK

» Beaker 1: fumic HNO3 (100%), 5min

¢ Beaker 2: fumic HNO3 (100%), 5min

¢ Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNO3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

o Spin drying

38

(#etch027) Etching HF (1%) Native Oxide
CR112B / Wet-Bench 3-3

HF (1%) VLSI: MERCK 112629.500

« Etch time: >1min

¢ Quick Dump Rinse <0.1uS

¢ Spin drying

39

(#etch038) Etching of Silicon by KOH - standard
CR102B / KOH

KOH: MERCK 105019.500

KOH:DI = (1:3)

25wt% KOH: 500g KOH pellets in 1500ml DI water
¢ Temp.: 75°C

o Stirrer

¢ Quick Dump Rinse <0.1uS

e Spin drying

Etchrates:

Si (100) = lum/min

Si(111) = 12.5nm/min

SiO, (thermal) = 180nm/hr

SiRN < 0.6nm/hr

5 min

40

(#clean007) Cleaning RCA-2 (HCL/H202/H,0)
CR112B / Wet-Bench 130

HCL (36%) Selectipur, BASF

H,05 (31%) VLS, BASF

Only use the dedicated wafer carriers and rod!
HCL:H202:H20 (1:1:5) vol%

e add HCL to HoO

e add Hp O when mixure at 70°C

« temperature 70-80°C

e cleaning time 10-15min

¢ Quick Dump Rinse <0.1uS

e Spin drying

41

(#char005) Surface profile measurement
CR118B / Veeco Dektak 8

42

(#char003) SEM Inspection
CR130C / JEOL 5610

inspect bottom
nitride profile

43

(#etch028) Etching HF (1%)
CR116B / Wet-Bench 2

HF (1%) VLSI: MERCK 112629.500
e Quick Dump Rinse <0.1uS

e Spin drying

Remove SiOy
Time: 30min

44

(#clean003) Cleaning Standard
CR112B / Wet-Bench 131
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HNO3 (100%) Selectipur: MERCK

HNOj3 (69%) VLSI: MERCK

¢ Beaker 1: fumic HNO3 (100%), 5min

e Beaker 2: fumic HNO3 (100%), 5min

¢ Quick Dump Rinse <0.1uS

« Beaker 3: boiling (95°C) HNO3 (69%), 10min
¢ Quick Dump Rinse <0.1uS

¢ Spin drying

45

(#depo031) Dry Oxidation of Silicon at 950°C
CR112B / Furnace A2

Standby temp.: 700°C

¢ Program: Dry950C

e Temp.: 950°C

e Gas: O»

Growthrate:

Oxidation  Si (100) oxide Si(110) oxide
(min) (nm) (nm)

0 2.27 2.38
6 8.29 12.33
12 12.2 17.51
24 17.78 25.67
48 28.06 38.58
96 45.68 59.1
192 75.88 91.43

Sharpening +
protection
Time: 5h

46

(#1ith059) Lithography - Olin 908-35
CR112B / Suss Micro Tech Spinner (Delta 20)
Hotplate 120°C:

¢ Dehydration bake (120°C): 5min
HexaMethylDiSilazane (HMDS):

¢ Spin program: 4 (4000rpm, 20sec)

Olin 908-35:

¢ Spin program: 4 (4000rpm, 20sec)
Hotplate 95°C:

» Prebake (95°C): 120s

CR117B / EVG 620

Electronic Vision Group 620 Mask Aligner:
« Hg-lamp: 12 mW/cm?

« Exposure Time: 9sec

CR112B / Wet-Bench 11

Hotplate 120°C (CR112B or CR117B):
« After Exposure Bake (120°C): 60sec
Developer OPD4262:

» Time: 30sec in Beaker 1

« Time: 15-30sec in Beaker 2

e Quick Dump Rinse <0.1uS

« Spin drying

Backside mask,
BDRIE
hard contact

47

(#1ith009) Lithography - Postbake
CR112B / Hotplate 120°C
¢ Time: 60min
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48 Apply DuPont MX5000 Foil See document by
Thickness: 20um Marcus L:
Laminator settings: Process details
Temperature: 90°C DuPont MX5000
Speed: 2
49 (#etch079) Plasma etching of Si - Cleaning chamber
CR125c/Adixen SE
Application: Cleaning (FC-residues) of chamber before
silicon etching, use a dummy during cleaning.
Check rise in Vp¢ value.
Parameters Etch
Gas 02
Flow (sccm) 200
Time (min) 10
Priority nvt
APC (%) 100
ICP (Watt) 2000
CCP (Watt [LF]) 0
Pulsed - LF (msec) off
He (mBar) 10
SH (mm) 110
Electrode temp. (°C)  -40°C
50 (#etch075) Plasma etching of Si - Twin-3 BOX / Beuken met Robert etch oxide (500nm)
CR 125c/Adixen SE Time: 2:30min
Parameters Value
Flow CHF3 (sccm) 100
Flow Ar (sccm) 100
Vpe (V) 560
APC (%) 100
ICP (Watt) 1200
CCP (Watt) 150
Electrode temp. -40°C
He (mbar) 10
SH (mm) 200
Etch rate SiOz: 250 pm/min
51 (#etch075) Plasma etching of Si - A-pulsed-C4Fg etch silicon (380um)
CR 125c/Adixen SE Time: 32min
Application: trenches, wafer through using thick photoresist (908-35)
See document DRIE H.V. Jansen on downloads on this TST technology page
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Parameters Etch Deposition
(pulsed)
Gas SFg CyFg
Flow (sccm) 400 25
Time (sec) 4 0.5
Priority 2 1
APC (%) 15 15
ICP (Watt) 2500 2500
CCP (Watt) nvt 20
Pulsed (msec) nvt 20 on/180 off
SH (mm) 110 110
Electrode temp. -40°C  -40°C
He (mbar) 10 10
52 (#1ith042) Stripping of Olin PR by oxygen plasma Tepla 300 Time: 60min
CR125A / Tepla 300
Barrel Etcher (2.45 GHz)
Ultra clean system only (no metals except Al)
« See list with recipes in CR
e O flow: 200sccm (50%)
* Power: up to 1000W
 Pressure: 1 mbar
« Time: see recipes on the wall
53 (#etch071) Vapor HF etching of SiO» Total time: 3min
Idonius Vapor HF Tool
¢ Temperature: 25°C
After 1 min VHF etching, the results are monitored every 30 seconds.
After 1 +4 x 0.5 = 3min almost all cantilevers were free of oxide.
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