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James Frederick Charles Windmill

The Development of a Novel Electro-Magnetic Force Microscope

Abstract

This thesis describes the development of a new type of Magnetic Force Microscope
(MFM) probe based on a unique electromagnetic design. In addition the design,
construction and testing of a new MFM system, complete in both hardware and software, is
also described. The MFM allowed initial tests on prototypes of the new probe, and is to
provide a base for future new probe integration. The microscope uses standard MFM
micro-cantilever probes in static modes of imaging. A new computer hosted DSP control
system, software, and its various interfaces with the MFM have been integrated into the
system, The system has been tested using standard probes with various specimens and

satisfactory resulls have been produced.

A novel probe has been designed to replace the standard MFM magnetic coated tip with a
field generated about a sub-micron aperture in a conducting film. The field from the new
probe is modelled and its imaging capability investigated, with iterative designs analysed
in this way. The practical construction and potential problems therein, of the probe are
also considered. Test apertures have been manufactured, and an image of the field
produced when operating is provided as support to the theoretical designs. Future methods
of using the new probe are also discussed, including the examination of the probe as a

magnetic write mechanism.

This probe, integrated into the MFM, can provide a new method of microscopic magnetic
imaging, and in addition opens a new potential method of magnetic storage that will

require further research.
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1 Introduction to Microscopic Magnetic Imaging

1.1  The Need for Magnetic Microscopy

Computer technology has been a growth industry for the last several decades. This has led
to a huge demand for data storage devices, the most common of which are those based on
magnetic principles. A number of companies are in competition, fighting for their share of
the profits that can be made. This has led to enormous pressure within the market to
improve and innovate. Because of this, research into magnetic media and systems has

expanded rapidly in all areas.

Magnetic recording requires the positioning of a domain of a certain size and orientation
on the magnetic layer of a disk. This orientated domain corresponds to a ‘bit’ of written
information, which must maintain this state until it is rewritten. To produce data storage
systems with greater capacity and faster access times, domain imaging instruments have
had to be refined and developed to further our understanding of the underlying physical
mechanisms. Thus the main area that has provided the impetus for the development of
magnetic microscopy from an interesting research concept to a practical commercial
instrument is magnetic data storage. The continuing effort to increase data density has led
to commercially available densities of 48.8 Gb/in’, i.e. 2.5" drive platter capacity of 30GB,
with research levels now reaching 100 Gb/in? [1] [2]. Current discussions regard 1 Tb/in?
as a potential target in the near future [3]. As a result, the imaging instruments used in data
recording research have had to improve, especially in terms of spatial resolution. A large

amount of research continues into this field, in both the theoretical and practical issues.

1.2 Magneto-Optic Imaging Methods

The interaction between magnetic media and electromagnetic radiation allows the creation

of an image of the magnetisation state of a sample. The magneto-optical effects were
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different laser imaging modes can be selected according to the application to acquire
different information. For example, a pulsed laser could be used for time-resolved imaging
of domain wall motion [8]. By changing the power of a laser, and producing a pulse,
Thermo-Magneto-Optic writing can be accomplished [9]. Imaging can be via photo-
detector with various configurations (point by point imaging), or use of a CCD camera to
capture either still frame images of the sample, or moving images of domain changes,
although these would generally require illumination of the entire sample (full-field

illumination) [10].

1.2.2 Near-Field Imaging

One of the latest developments in optical imaging is the near-field microscope. In the late
19th century, the German Ernst Abbe and the Englishman Lord Rayleigh introduced a
concept that is known as the diffraction limit of spatial resolution. This fundamental law
states that with light, as with any other wave phenomenon used for microscopy, it is not
possible to resolve spatial details that are located closer together than approximately half of

the probing wavelength. This is described by the Rayleigh criterion equation,
d=061—
NA

where, NA is the numerical aperture of the microscope objective lens, A is the wavelength
of the illuminating source and d is the resolving distance [11]. This occurs when a 26.5%
dip in brightness appears between the two details, a value adopted as the general Rayieigh
criterion for the resolution of two points in a conventional optical system, based on the
ability of the human eye to distinguish differences in illumination intensity. For optical
microscopy, typically operating at a wavelength of 500 nm (the visible spectrum ranges
from 400 nm to 700 nm), the spatial resolution is thus limited to about 250 nm, although

this is not strictly true for electronic and confocal imaging systems. A method to improve
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the surface, typically 10 nm, a Shear-Force method can be used. In simple terms this is
where the probe is resonated with a minute amplitude, that interacts, possibly by Van der
Waals fields, with the sample, such that the distance between the two affects the amplitude
or frequency [18]. In this way a feedback signal can be derived to stabilise the probe's

scanning height.

1.3  Scanning Probe Microscopy

Conventional far-field optical microscopy takes a single picture of the entire sample; this
has the inherent resolution problem of the spatial diffraction limit. In Scanning Probe
Microscopy, where the sample is scanned point by point, attempts are made to circumvent
this law. This is either done optically, using the near-field, or other aperture, techniques.
Or it can be done by using the interaction of a physical probe with the sample being
scanned. This was first introduced by Binnig and Rohrer, with their invention, the
Scanning Tunnelling Microscope (STM) in 1982 [19]. This uses electron tunnelling
between a very sharp conducting tip and a surface as a topographical imaging process with
atomic resolution. This stimulated the development of other Scanning Probe Microscopes,
such as the Atomic Force Microscope (AFM) and Magnetic Force Microscope (MFM),
with a variety of different probes replacing the tunnelling tip to image different surface

forces.

Within the Centre for Research in Information Storage Technology (CRIST), University of
Plymouth, work on a new 'home-built' AFM/MFM instrument had been initiated. This
required substantial development in both the hardware, and software control systems, to
reach a useful level of imaging proficiency. Based upon the research application of
magnetic data storage, the focus of the contribution to knowledge is novel and innovative
research on a new type of microscope probe, its associated modes of operation, and the

potential for probe storage.
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1.4  Owutline of this Thesis

The areas covered in the thesis can be split into two distinctive parts. The first part covers
the initial work to produce an operational MFM instrument. Chapter 2 gives an overview
of magnetic force microscopes, including atomic resolution sample scanning, a review of
the different methods of detecting cantilever-sample interaction, and a brief outline of the
different modes of operation in a MFM. Chapter 3 describes the design and construction
of the MFM system hardware, including mechanical construction, detection methods and
their implementation, sample scanning and approach mechanisms and also user
observation of the probe. Chapter 4 covers the instrument's computer control system and
related electronics hardware. The cantilever digital feedback control system design,
implementation and testing is described in particular detail. Chapter 5 deals with work on
system noise and calibration, with an overview of the entire system from a user perspective
and finally a discussion of possible further work. Chapter 6 is the final element of this part
of the thesis. Here topographic (AFM) and magnetic resulis from the MFM are shown and

compared with previous work.

The second part of the thesis describes the design and development of a novel type of
electromagnetic (apertured) MFM probe, referred to as an eMFM. Chapter 7 covers the
initial work on the idea, providing results from field models of the new probe and
simulation of the interaction between the probe and a magnetic sample. Chapter 8
continues the description of the theoretical development and simulation of the new probe,
with a discussion of the preliminary practical design issues, aperture design, and modelling
the probe with a three-dimensional tip. Chapter 9 concludes this part of the thesis with an
exploration of the first work carried out to create the new probe, and the possible future
work to implement it. This begins with discussion of prototype apertures made, and shows
preliminary results from practical tests on the prototypes, comparing them against the

theoretical work of the previous Chapters. Then, the next generation of prototypes, made
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by altering commercial SPM cantilevers, is considered and the future potential of this
method discussed. Work on using the probe as a hybrid recording mechanism is briefly
examined, followed finally by a brief discussion of other possible avenues of research with

the new probe.

Finally, Chapter 10 summarises the main aspects of the work, highlights the principle

contributions to knowledge and proposes future work on the new probe.
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2.3 Modes of Operation

Several modes of operation have been designed to detect and image the force interaction
between the sample and the tip. The simplest and most straightforward method is the static
or DC mode. This detects the force by measuring the static deflection of the cantilever,
either when it is in 'contact’ with the surface for purely topographic imaging, or scanning
above the sample several 10's of nanometres to image the sample's stray magnetic fields.

This mode follows Hooke’s law, whereby a force causes the cantilever to be deflected by

F . . . , .
Az =, where Azis the deflection, F, is the force normal to the cantilever and c is the
¢

cantilever’s spring constant, typically 0.1 - 0.6 N/m (topographic contact mode) [38]. The
minimum force that can be detected depends on the sensitivity of the deflection sensor,
which is characteristically 0.1 A, leading to a theoretical minimum force detection of 1 pN.
The main inherent problem with this method for MFM is that of topographical information
being captured and integrated into the magnetic information. As such it is generally only
useful for samples such as computer hard drive platters as they produce relatively high
magnetic stray fields that can be imaged from a scan height out of the range of the surface

Van de Waals forces, e.g. 100 nm.

The second main mode is known as the resonant or AC mode, which has a much greater
sensitivity, particularly to long range forces [39] [40]. This mode is accomplished by
oscillating the cantilever at or near its resonant frequency and measuring the changes
induced on the frequency, amplitude or phase due to the magnetic force gradient
interaction. The cantilever is generally oscillated using a small piezoelectric element
attached to the cantilever support structure. The force gradient changes the effective spring
constant of the cantilever, and thus its mechanical response. This is normally detected in
either of two ways. The first is to drive the cantilever in a feedback loop such that it

remains at resonance, and therefore detect the shift in resonant frequency. This shift in the
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resonant frequency (axy), is given by the linear relationship Aw, = —% F’, where c is the
c

spring constant and F’ is the force gradient. In the second mode the cantilever is driven at

a constant frequency and the linear change in the detected amplitude or phase is observed.

The change in amplitude (4) is given by A4 = B —F', where y is the damping factor
cy
for the medium surrounding the cantilever, and the change in phase (@) is given by

Ap="0F"

cy
Resonant mode is by definition more complicated to apply than static mode, however its
sensitivity is generally two orders of magnitude better than the static mode of operation
[39]. This can be further improved by operating the cantilever in a low vacuum or low
density gas (i.e. Helium), whereby the air damping effect on the resonating cantilever is

reduced, and so the Q-factor increased significantly, and so sensitivity [36] [41].

A later adaptation of the resonant mode is LiftMode™, a method used in commercially
available instruments manufactured by Digital Instruments (42]. An inherent problem in
the use of MFMs is the influence of topography on the magnetic image. It is of course
preferable to keep the topographic and magnetic data separate in order to produce
enhanced magnetic images and to reveal any correlation between the sample structure and

its magnetic features.

In the LiftMode™ technique, each line in the image scan is taken twice. First
topographical information is taken using TappingMode™, a resonant mode of surface
characterisation, in which the oscillating cantilever’s tip lightly taps the surface [43]. In
the second line scan magnetic force information is acquired. Here the tip is lifted to a pre-

selected height above the sample. This ‘lift’ height is then added at each point to the

previously stored topography data, ensuring that the tip-sample height is kept constant, so
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preventing the tip from interacting with the surface and ensuring the sample’s field is
measured at a constant distance from the sample surface. This is done on every scan line
to create completely separate topographic and magnetic force images of the same area of
the sample. However, the method relies on the system's ability to reposition accurately the

tip in the xy scan plane, while also locating the tip at the correct z position.

For the system implementation described in the following Chapters the ability to scan
successfully in static mode (contact or non-contact) was considered of absolute
importance, given the need to prove the concept of the novel MFM probe design that is the
focus of this work. Although the system was designed with a resonant imaging capability,
this was regarded as of secondary importance, given the ttme and labour limitations and
the primary aim of the work (the novel probe). Therefore this mode has not yet been
successfully implemented on the system. The system is equipped with a digital control
system, described in Chapter 4, with the ability to replicate scan motion with very high
accuracy, and recall height control output values. Because of this a LiftMode-like mode
could be implemented, possibly using static scanning instead of the commercial resonant
approach. This method is currently in the software design phase, and as of the time of

writing no results are available.
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double coating also preserves the tip’s magnetic properties when used in liquids, which is
important for biological applications. The radius of curvature at the end of the tip is

approximately 80 nm when coated.

3.3 Cantilever Detection

The optical system used in the MFM to generate a signal relating to the movement of the
probe, in this case a standard cantilever, follows an adaptation of the optical beam
deflection detection form, as shown in Figure 18. A beam from a laser diode is focused
onto the end of the cantilever, directed using an adjustable mirror. The laser is collimated
using the diode's internal lens. The beam is then focussed using a lens mounted in a Royal
Microscopical Society (RMS) focus lens attachment before the mirror. The RMS
attachment, which moves the lens without rotating it, is used to reduce significantly the
focal point's motion in the x-y or r-0 when focussing. A second mirror then redirects the
reflected laser beam from the cantilever to a quadrant photo-detector. The reflected beam
is focussed onto the detectors using a fixed collecting lens. Thus any changes in the
attitude of the cantilever, due to magnetic or topographic features on the sample scanned
beneath it, are indicated by a change in the photo-detector's output following a change in
the path of the reflected laser beam. As the detector is made up of four quadrants, this
could also be used to measure torsional motion in the cantilever. The quadrant photo-
detector is located in a XY mount, so that its position can be changed using two screws on

either side of it (Figure 18). This allows the reflected laser spot to be centred on the

detector so that the dc offset from the differential amplifier is zero.



















The second fine stage approach uses a piezoelectric translator (Physik Instrumente P-
830.30 Open Loop Low Voltage Linear Translator) controlled using a 0-10 V analogue
voltage from the controlling PC, which is buffered, then amplified by a factor of 10, to
move the sample. The maximum travel provided is 0-45 pm with a voltage of 0-100 V.
Thus with a single 16-bit ADC the fine approach resolution is 0.7 nm. Using a
combination of control algorithm and the cantilever detection system, the sample can be
moved into the required scanning position with great precision, stability and repeatability.
The fine approach translator can be set to 50% prior to coarse approach, or the coarse

approach DC-motor can move 'back' 20 um, in either case allowing the fine approach

translator +50% travel.

3.3.2 Raster Scan

The sample is raster scanned using a piezoelectric PZT tube scanner (PZT5H - Morgan
Matroc), as described in Section 2.1, controlled by the PC’s DSP data acquisition card (see
Section 4.1). The scan range of the tube depends on its dimensions, material and, of
course, voltage applied. Finite element analysis of these devices has been carried out by
Carr [44]. From this the scanner motion in the x (y) and z axes can be described by the

following equations,

L2.066
Ax ~0.677 ————— (1)

DO.761 W 1.086

Az~2360 2 2
o (2)

where, Ax is the extension in the x (or y) direction in A/V, Azis the extension in z (A/V), L
is the tube length (mm), D is the tube diameter (mm), and ¥ is the wall thickness of the

tube (mm). The tube scanner in use in the MFM has the following dimensions:

53




L=254mm,D=6.53 mm, =051 mm.

So from Equation 1, the x and y deflection of the tube would be approximately 266.4 A/V,

and from Equation 2 the z movement would be approximately 127 A/V.

The voltages applied by the control system have maximum limits of 100 V. Therefore, if
a voltage of 100 V were applied to a single quadrant electrode on the tube, the resulting
deflection would be 2.664 nm. However, the tube scanner is connected with the inside
electrode at ground and the four external quadrants each separately driven to 100 V.
These are configured so that opposite quadrants have opposite voltages, i.e. when the
positive x-axis electrode is at 50 V, then the negative x-axis electrode is at —=50 V. This in
effect doubles the tube movement, and also, since each of the electrodes varies between
100 V and —100V, the actual maximum on each axis is four times 2.664 pm, or 10.656 pum.
The scan resolution is governed by the DACs used in the system, as described in Section
4.1.2. These are 16-bit, and so over a range of £100 V (amplified from £10 V), the
minimum voltage step is 3.05 mV, which at 266.4 A/V is a scan step of four times 0.813

A, therefore 3.25 A.

As the tube is scanned in both x and y, one side of the tube contracts and the other side
expands. This causes a tilt in the top of the tube, and so causes the sample to Lilt. When
imaging the sample directly above the tube’s centre this tilt will not cause any movement
in the z direction. However, when the image area of the sample is off-centre there will be a
certain amount of z motion. When scanning at maximum range, with a voltage of +100 V,
the amount of expansion (or contraction)} will be 200 V x 127 A/V = 2,54 pm, at the tube’s
edge, reducing linearly to zero at the centre axis. Because this z movement is large
compared with cantilever deflections due to surface features, it can cause the output signal
to saturate, and so must be dealt with using feedback, described in Section 4.4. The tube

scanner can be extended in the z direction by applying the same voltage to all four
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quadrants. Each quadrant has a maximum limit of +50 V applied for Z movement, so the z

range is therefore 1.27 pm,

In the system described here, the tube scanner has a passive extender 12 mm in length
(including sample holder) mounted on top, as shown in Figure 22 below. This increases the
effective scan range of the system from 10.656 pm to 1577 pm, with a corresponding
decrease in step resolution to 4.81 A. In this systf;m the extender and sample holder are
grounded to the inside electrode, with the cantilever floating or grounded. This allows the
introduction of a bias voltage (typically 1-10 V) between the cantilever and the sample,
generating an attractive electrostatic force between the cantilever's tip and the sample
surface. This is used because magnetic forces can be either attractive or repulsive, leading
to problems with controller feedback stability when the system is operating with analogue
feedback control [45] [46]. However, when using a digital feedback controller operating in
LiftMode, as described in Section 2.3, the bias voltage need not be used as the controller
only operates when the initial topography scan is made [47]. The sample holder is a
standard SEM stub, an easily available and affordable item. Once a sample is mounted

onto a stub, it is fixed on the scanner easily and quickly using an Allen key grub screw.

Sample Holder
' Tube + Extender
Scan

|2mm Extender

1 Tube Scan
25mm

v

PZT Tube

Figure 22. Schematic of Tube Scanner with Extender.
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provide some of the fastest hardware support for the control system, with the best possible
allowance for future upgrades. The computer runs a standard 32-bit Windows operating
system, thus providing a platform for the widest possible range of industry-standard
software and hardware. The computer is also network capable, such that in future remote

Intranet/Internet operation of the system could be possible.

4.1.1 Digital Signal Processor - DSP

To create a deterministic (see Section 4.4.2) control system a DSP host plug-in PCI board
was used as a primary interface between the user and the system. This board, from
Sheldon Instruments (USA), uses a Texas Instrument’s TMS320VC33 32-bit floating point
DSP IC running at 150 MHz, with 1 MB of onboard SRAM. Typical benchmarks for this
DSP processor include the computation of the real portion of a 1024 point Radix-2 FFT in
400 ps. The DSP board also includes a DMA channel controller for full bi-directional PCI
initiated bus mastering, with 132 MB/sec peak transfer rate and 12 MB/sec sustained

transfer rate to the host PC [48].

The board was provided with all the necessary drivers, plus a library of LabVIEW Virtual
Instruments (VIs) called QuVIEW. These Vls are used for implementing ultra-fast real-
time processing, but with the added flexibility of using LabVIEW icons. The library of
functions includes real-time data acquisition, signal processing and control, with functions
for algebra, calculus, digital filtering, Z transforms, frequency domain analysis, numerical
analysis, waveform generation, and process control. A program utilising these functions is
thus written in LabVIEW, but downloads onto the DSP when run. This means that the
DSP can continue to run, for example in a control loop, even if the host PC crashes
(without power loss). As such the LabVIEW environment is used for pre and post data
processing plus other auxiliary functions, whilst the DSP board runs the time-critical

control of the MFM as it takes an tmage scan.
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4.1.2 Data Acquisition - DAQ

The Sheldon Instruments DSP board has a daughter board connector in addition to the
normal DSP connectors, i.e. Joint Test Action Group (JTAG). This allows the connection
of a data acquisition (DAQ) board, directly accessed by the DSP controller. The MFM
system uses a board with 4 x 200 kHz 16-bit ADC ICs (successive approximation
architecture), each with 8 multiplexed differential inputs {(or 16 single-ended inputs) and a
range of +10 V, thus providing a resolution of 305 puV. All the ADCs are sampled
simultaneously using a precision master clock on the DAQ board. Each ADC channel
front-end has a variable gain amplifier on the input to its multiplexer. The board also
includes 4 DAC ICs, each 100 kHz and 16-bit (10 V), all simultaneously updated on the
master clock and each with a Jow-pass linear phase smoothing filter. The DAQ board also

includes a 16-bit digital 10 interface (DIO).

The board can be used to sample the voltage input from the circuits following the photo-
detector. Other signals could also be monitored, for example if cantilever torsion was
being observed, as described in Section 3.2, all 4 voltages from the quadrant photo-detector
could be sampled and analysed using the DSP. The 4 voltage outputs are used to control x
and y on the PZT tube scanner, the fine z approach PZT translator, and finally a control
feedback signal for the z direction of the tube scanner. The digital interface could be used,

for example, to control an auxiliary external DAC.

4.1.3 General Purpose Interface Bus - GPIB

The computer control system also includes a GPIB interface card. The GPIB, General
Purpose Interface Bus, is an [EEE standard instrument interface based on Hewlett
Packard’s original HPIB system. This allows a huge variety of instruments from different
manufacturers to be connected to a PC over a single bus and interface card. Typically up to

fifteen instruments can be connected over 20 m, interfacing at a maximum speed of 1
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The outputs from the photo-detector are converted to voltage signals; a differential
amplifter produces a single signal relating to the position of the cantilever, via the laser,
thus eliminating common-mode noise. This signal is filtered to remove any high frequency
noise then passed through over-voltage protection circuitry, protecting the inputs to the
following DAQ board. Although the ADC inputs are rated to an absolute maximum of +25
V, over-voltage protection circuitry is used as a ‘better safe than sorry’ policy. If using a
resonant mode of operation the differential signal can be routed to the lock-in amplifier,

which produces its own output to be monitored using the DAQ or GPIB.

As much care and attention as possible has been applied to the design of the electronics. In
all cases low-noise high-precision instrumentation operational amplifiers have been used,
i.e. the Burr Brown OPA2111. The signal paths throughout the system are all carefully
shielded using core with earthing, and ground loops have been avoided. The laser diode is

powered by a separate shielded PSU, with shielded power line, for maximum stability.

4.3  System Software

During the early part of the research for this degree the author worked on a related
magnetic imaging system, a magneto-optic SLM. Initially the instrument was almost
completely constructed, but lacked a software control system. The SLM system had been
built with a National Instrument's DAQ card for computer control, and the company's
LabVIEW software suite purchased. The author had not used this software before, but
over the early part of the PhD produced a fully working control suite for the SLM. This

knowledge was therefore utilised for the MFM control system.

4.3.1 LabVIEW
The MFM control instrumentation software has been implemented using National
Instruments high-end graphical programming language, LabVIEW [50]. The software is
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broken down into a set of functions, each known as a "Virtual Instrument' or VI, whereby it
has the potential to fulfil all the operations carried out by a standard instrument, i.e. an
oscilloscope, given it has an interface to the necessary data acquisition hardware.
However, whilst the software language was primarily designed as a method of virtual

instrumentation, the language also provides standard programming functions.

Software is created using graphical symbols, as in Figure 27. Functions, often complex
VI's in themselves, are picked from a toolbox, then using a 'drag and drop' technique,
placed on the program's worksheet. The programmer builds a diagram, the program code,
by picking the functions required and wiring their respective inputs and outputs together.
This creates a 'dataflow' program, where the execution of the software's functions is
determined by the flow of data through the diagram, not by the sequential listings of text as
in standard languages. This allows the programmer to create multithreaded software code,
where tasks can run in parallel. The software also supports hierarchical design, such that a
programmer may create functions (sub-VIs) that can be included in others. Whilst the
programmer is creating the diagrammatic code, graphical controls and indicators are
created on a 'front panel. These are automatically linked to the code created, such that
after formatting the graphical front end of the software to comply with their standard, the

programmer has a working Graphical User Interface (GUI), as shown in Figure 27.

LabVIEW is an easy to understand industry standard software language, and allows a
novice to produce quickly working, useful, software. It claims to be equivalent in terms of
processing speed to programming in C, dependent on machine, and allowing for the skill of
the programmer. However, when complex functions are required the level of
programming needed in order to produce viable software is increased significantly. This
level can take time and considerable effort to attain. Also, given certain weaknesses in the

LabVIEW environment, most notably software timing problems, the required result is not

always satisfactory. In general the LabVIEW language's benefits, such as speed of
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mind. The general rule of thumb has been to reduce unnecessary user interaction where
possible, making the software easier to navigate and use. A summary list of the modules is

given in Section 5.3.

4.4 Scanning & PID Control

4.4.1 XY Motion Scanning

The MFM software directs the DSP card to output x and y voltage 'waveforms' such that
the PZT tube scanner moves in a raster scan. The two waveforms are simultaneously
ramped to whichever image start point is specified, e.g. -1, -1 V (-1.58, -1.58 um). The x-
axis runs as the 'fast-scan', whereby the voltage is repetitively ramped up and down. As
image data is only collected in one direction of x-axis motion the return ramp, or 'flyback’,
is run at a higher speed to reduce scan time. During this flyback the y-axis voltage is
incremented one step, as the 'slow-scan' direction. A typical 500 x 500 pixel scan is made
in a time of 5 minutes 50 seconds, however this can be altered by the user selecting a

slower or faster scan speed.

The scanning waveforms can be updated in two ways. If no (digital) control is used, i.e.
the system is run open-loop or with analogue feedback, the scan voltage waveforms are
downloaded to the DSP, which then completes the scan independent of the LabVIEW
software. If digital feedback control is implemented on the DSP, then a different strategy
is used. In this case the controlling LabVIEW software is used to update the x and y
voltage waveform values, and download them to the DSP, whilst the DSP runs the control
loop, data from which is then uploaded to the LabVIEW software. This method is used
primarily to separate the scanner update speed from the control loop speed. At the same
time it allows the LabVIEW software to monitor the digital control loop and pause and

generate an alert if an error is detected. The LabVIEW software collects and arranges both
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the photo-detector voltage signal and the controller signal for viewing as images. The
controller signal could be used during the image capture process to employ a LiftMode-

like mode of operation, as described in Section 2.3.

The disadvantage of this second method is that the overall scan time is determined by the
speed of interaction between LabVIEW and the DSP card, through the Windows operating
system, rather than the much faster speed possible with the DSP operating on its own. It
should be possible to use the DSP to calculate and so generate the necessary x and y
voltage values as the scan is made, whilst also running the control loop, thus significantly
decreasing the scan time. However, this approach has not been implemented in this work

due to time constraints.

4.4.2 Deterministic Control - Real Time

A real-time system response is the ability to respond reliably, and without fail, to an event
within a guaranteed time period. As this period varies depending on the system
application, there is no one universal time constraint that makes something real-time, nor is

there any special operating system or hardware that makes the system real-time.

So, when executing a digital control loop, it must be such that the controller output
responds to a measured input value within a specified time interval, known as the control
loop cycle time. If this loop cycle time can be guaranteed, then the system is deterministic.
If a control loop is not deterministic, then the control system is not guaranteed to be stable.
Note that real-time does not necessafily mean extremely fast. | Many data acquisition and
control applications have cycle times that are slow. For example, temperature controllers
commonly sample and control temperature a few times a second. Therefore, for a
temperature controller to be stable, it must execute control loops on the order of a few
Hertz, as thermal processes are slow. It is the degree of uncertainty or "jitter" with each

control loop cycle time that defines the real-time requirements of the system.
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Three parameters of the controller are determined by the design process; Kp, K, and Kp.
For a particular control regime one or more of the controller gains may be set to zero. For
an inherently stable control system generally only the P and I gains are implemented in
SPM feedback. The derivative is rarely used as it may amplify high frequency noise [54].
If a digital system has a sufficiently small sampling period, an analogue control design
method can be used to estimate Kp» and K;. The design can be tested and tuned, such that to

begin with only a simple system model is required for gain parameter estimation.

The electrical behaviour of a piezoelectric transducer can be considered as capacitive when
operated below resonance. Closer to resonance it can be modelled as an R, L, C equivalent
circuit. There are generally several resonance frequencies for a piezoelectric transducer,
ranging from several kHz to 10's of kHz, although in this case the lowest is of interest [55].
Therefore, the piezoelectric's characteristics can be described as a flat response at low
frequency, a resonance at frequency w,, and a 20 dB/decade roll off after resonance. This
can be simulated using a standard second-order transfer function Gp(s) with two conjugate

poles,

ko?
€ = L 5
#(5) st + 2o, 5+’ (>)

r

where £ is the piezoelectric gain constant, @, is the resonance frequency and ¢ is the

damping ratio.

Following previous work [47], the resonance frequency and damping ratio for the
piezoelectric were estimated by applying a small sinusoidal signal of 0.5 V peak, causing a
displacement in the vertical (z) plane of approximately 6.35 nm peak at very low

frequency. The gain G(w,) at resonance @, was then measured. To increase the accuracy

of the gain estimation this testing was carried out with the piezoelectric tube loaded with




the passive extender and sample, as in normal image scanning. Given the gain at
resonance the damping ratio is calculated using Equation 6 [56] [57].

1

IG(jw)| = 2

(6)

From the test on the piezoelectric in this MFM, @, is 47.9 krad/s and the gain at resonance
is 3.5. Therefore, the damping ratio ¢ is approximately 0.14. For a fast and steady

response, with a favourable settling time this can be increased.

The gain constant H(s) of the OBD detection system used in this MFM was measured at
approximately 35 mV/nm. This value was measured by bringing the tip into contact with a
sample surface, then driving the cantilever in the z plane using the tube scanner. Later,
calibration (see Section 5.2) would allow the value to be measured again, and if necessary
the controller gain estimation process reviewed. Substituting @y, ¢, H(s), and & (as defined

in Section 3.2.2) into Equation 5, the transfer function is given by,

1.1x10°

G(H(s) = 7
(DH(s) s +1.3x10°s+2.3x10° )

The transfer function of a PI controller is given by
Go(s) = Kes+ K (8)

5

The gains Kp and K; can be estimated using the frequency response design method [58].
The PI controller is assumed to behave like a phase-lag controller. In this case the design
is based on the Bode diagram of the open loop transfer function (Equation 7), as shown in

Figure 29.
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The images in Figure 46 do appear 'unfocussed' to the human eye, probably due to the use
of an older blunted pyramidal tip, however they contain the information necessary to verify
the calibration of the system. In image d the slow scan axis (horizontal on image) actually
shows 23 grid lines, against the 21 lines in the fast scan axis, an increase of almost 1 um
(10%) over the expected range. This image required a long overall scan time; for accuracy
with relatively low resolution (compared to images a, b & c), and because the DSP
feedback loop was used in this case (but not images a, b or ¢) as the scan area was
relatively large and so subject to much greater tube scanner bowing. This long scan time
would have introduced a large creep non-linearity to the slow axis, as described in Section

2.1,

From Figure 47 it can be seen that a measurement was taken over 16 grating lines in both
the x and y direction (with no feedback control), with a measured sc;an size of 7.4 pm by
7.4 um, corresponding to a tube scanner response of 148 nm/V. The difference in the non-
linearity in the two scan directions is probably due to the different line scanning speeds
causing different amounts of hysteresis in the tube scanner. The measured scanner
response value compares to the response of 157.7 nm/V calculated in Section 3.3.2, this

reduction in the actual system value may be due to PZT ageing as described in Section 2.1.

90










PC Oscilloscope

Computer based oscilloscope to check signal(s) from system electronics.

DC Motor Approach

Displays photo-detector signal and controls DC-Motor for cantilever coarse approach.

Computer can also display video feed from CCD camera simultaneously.

Z Approach/Signal Test

Displays photo-detector signal and controls PZT translator for fine approach and

cantilever positioning. Also used for test signals to z-axis for calibration and so forth.

Static Non-PID Scan (Contact/Non-Contact)

Sample raster-scan with no PID control, real-time imaging and image save, with

limited image processing options.

Static PID Scan (Contact/Non-Contact)

Sample raster-scan with PID control loop, real-time imaging and image save, with

limited image processing options.

DC-Motor Withdrawal

Sends DC-motor to original start position, moving cantilever away from sample.

Quick Image View

View in 2d or 3d image data, usually from images taken in current session. Includes

calibrated scaling of image in x, y and z.
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¢ Image Processor Suite

Link to Scanning Microscope Image Processing Suite (LabVIEW based) - BSc Final

Year Project by Sam Glasser, 2002 (University of Plymouth).

To conclude this section, Table 2 outlines the specifications of the SPM instrument

described in this work.

Table 2, SPM Specifications.

Detection System Focussed Laser Optical Beam Deflection
Scanning Mechanism Piezoelectric Tube Scanner with Pas.sive Extender
Maximum Scan Size 15.77 pum x 15.77 um

Resolution 30.54 nm (500 steps)

Minimum Scan Size 240.5 nm x 240.5 nm
Resolution 4.81 A (500 steps)

Image Resolution Image Size - 500 x 500 Pixels
(Typical, can be 1000 - 5000 per side)
Number of Image Scales — 65535

Sample Coarse Approach Mechanism Closed Loop DC-Motor

Sample Fine Appreach Mechanism Piezoelectric Translator

Sample Positioning Resolution Coarse Approach - 14.3 nm
Fine Approach - 0.7 nm

Measured Lateral Resolution Topographic Mode - 10 nm (Contacr)
Magnetic Mode - 50 nm (Non-Contact)

Vertical Sensitivity 1 nm {Static mode measured noise figure)

The specifications outlined in Table 2 show that a functional SPM instrument has been
produced that is capable of high-resolution imaging comparable to previous similar
systems [47] [49]. One point to note is the measured vertical sensitivity of 1 nm, which
appears relatively poor when compared to the original specification in Section 2.2.6. This
value is the actual overall measured level when in normal static mode operation. If a
resonant mode was implemented the sensitivity of the instrument would be expected to

increase by two orders of magnitude, i.e. to a possible 0.1 A, as identified in Section 2.2.6.

94




5.4 Future Work

At the time of writing the microscope system was working in contact force microscopy
mode for topographical studies and static magnetic force microscopy mode for imaging
magnetic structures. These are the two simplest methods of acquiring images. In the
magnetic case, this mode of operation is only effective for samples with strong magnetic
fields, however for the further work described in the following Chapters this method is
acceptable for proof of concept. [t must be taken into account that the main contribution to
knowledge of this work is not the development of the instrument, but rather the new probe
for MFM discussed in later Chapters. The system is designed to operate in a LiftMode
style, using the DSP control structure, however this has yet to be successfully
implemented. In addition, it should also be possible to implement resonant modes of
imaging, both for magnetic studies and topographic (Tapping™ mode); producing much
greater sensitivity in the z plane. A further possibility is to implement laser modulation,

using lock-in techniques to reduce noise and hence increase the instrument's sensitivity.

Although the mechanical and electronic systems are completely operational, there are
several possible enhancements that could be made. For example, the instrument currently
uses a manual micrometer based XY table for sample positioning. This could be
motorised, and hence computer controlled, using DC-motors similar to that used for coarse
approach of the cantilever. In a similar vein, it would be possible to do the same for the
mirror laser alignment and photo-detector alignment. Also the laser focus could be
enhanced using a PZT fine-focus attachment. All of these additions would be computer
controlled by the user. This opens the possibility of automating certain processes, for
example laser alignment and laser focussing. It could also allow the instrument to be

operated remotely, although of course to change the sample and cantilever would still

require a physical presence.




The instrument is designed to be used to implement the novel electromagnetic MFM probe
described in following Chapters. The probe is based on a standard cantilever chip form
that can directly replace the industry-supplied AFM/MFM cantilevers used in the
instrument. The probe is also designed to utilise the standard modes of imaging discussed
in the preceding work, requiring no operational changes. The probe will require additional
signal wiring, however the instrument has the necessary spare capacity for this, Further
design considerations for implementing the novel probe and new methods of operation are

discussed in later Chapters.
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7  The New Electromagnetic MFM Probe

One of the fundamental subjects in MFM research is the design and function of the probe
used to interact with a magnetic sample's stray fields. Standard MFM probes, based on
AFM cantilevers, use silicon tips that are magnetically sensitised using ferromagnetic thin
films. Unfortunately this design has several inherent problems. First of all a variety of
different designs and coatings need to be used depending on the magnetic properties of the
sample being imaged, most significantly if the sample is magnetically ‘hard' or 'soft, as, for
example, the magnetisation of the tip may alter the magnetisation state of the sample being
imaged. This means that an instrument must be reconfigured with a new probe each time a
new type of sample is to be imaged. Furthermore, the magnetisation of the standard
probe's tip can suffer from hysteresis over lime, as well as wear and damage during its
usefu] life. Also, the domain structure at the tip may change even during scanning,
because of its interaction with the sample's stray field, making imaging inconsistent. These
imperfections can have serious consequences in the acquisition of useful and quantifiable
data. The following sections present a novel design as an answer to the standard probe's

weaknesses.

7.1  The Initial Idea

The new probe uses an electromagnetically-induced field as a replacement for the standard
probe's stray field. Although electromagnetic MFM probes have been reported before, this
design is unique [62]. The uniqueness of this new design is now discussed. The field is
induced around a micro-fabricated aperture in a conductor sheet using a controlled current.
The aperture is situated near the end of a standard cantilever that has been coated in a
conductive material, for example gold. This design has the advantage that the probe's field

intensity is standardised, and can be varied, and hence its interaction with the specimen can

be controlled. The field distribution can be calculated to high accuracy since it arises
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solely from the geometry of the current flow and aperture, not from a highly non-linear
magnetic material. This means that the results wiil be both repeatable and quantifiable. In
addition, it may be possible to vary the probe’s magnetic characteristics during imaging,
allowing many different measurements to be made on a single sample during the same scan

session.

7.2 Modelling the eMFM's Field Distribution

Using the Biot-Savart law, a change in magnetic field intensity, H, normal to the

conductive material's surface is produced by changing the current density within it, given

by,
H=. I—'—ds (20)
4r ! IR[

where, J is current density vector and R is the vector describing the position in space at

which H is calculated.

By placing an aperture in a sheet of conductive material with constant linear current
density, such that the current flows parallel to the sides of the conductor, current must flow
around the aperture, resulting in a change in its density. This is depicted in Figure 57,
where a cantilever is coated top, base and end with a conductor, such that the current flows
down the base and past the aperture, where in this case the aperture is placed on a
pyramidal tip, therefore allowing the probe to be used for topographic scanning. The
current then returns by flowing around the end of the coated cantilever and along its top

surface.
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where i corresponds to the directions x, y, or z, M is the x, y or z component of the

magnetisation of a specimen volume element and H,”(r +r') is the stray field from the tip

at that specimen volume element.

This then allows the simulation of the new probe, since the calculated field intensity, as
shown in Figure 62, can be used with (24). Note that the force calculated in (24) is that
produced when an MFM is operating in static, or DC, mode. The resonant, i.e. force
gradient, or AC, mode can be described by taking the second derivative of the tip's stray

field.

7.4  Computer Image Simulation

In order to create image simulations a model is needed for the magnetisation of the
specimen. In this work both perpendicular and longitudinal magnetic media bit transitions
have been considered [68]. Each uses a simple arctangent model, as for example for a

perpendicular transition in the x (along track) direction, as given in Equation 25,
2 X
M, =— M, arctan| — (25)

where M, is the vertical magnetisation component, M, is the remanent magnetisation state,
x is the position on the transition and a, is the transition width parameter. This is then

extended in the y direction to produce a model magnetic specimen.

To produce a quick, efficient computer image simulation of the interaction between the
probe and a magnetic specimen, a FFT convolution of the probe's gradient field and the

specimen magnetisation distribution is performed [67].
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Firstly it is assumed that the tip-specimen system is two-dimensional, unvarying in the y

direction, then the force, following Equation 24 is given by

wd+D pf 1 0
sz_tpec(f)z I IM:pEC(xt_f)?_]-%Lf_’z_)dz'dx' (26)
-

If it is then assumed that the tip field gradients are in effect constant throughout the
specimen, then Equation 26 becomes

BH"(x',z' =d

)
2 = @7

Fe(®)= D [M7(x -5)

which is a correlation of the specimen magnetisation and the derivative of the tip field at

the surface of the specimen.

To obtain the transfer function for this system we take the Fourier transform of (27) to give

F.:pcc(k)z DM:FEE(k)*—aEIH:iP(k’Z' =d) (28)
z

where k is the wavenumber or spatial frequency and * denotes complex conjugation. This
complex conjugation can then be calculated using a FFT convolution. In this work
National Instrument's LabVIEW software was used to perform this function on the raw

data from the aperture field and specimen magnetisation models.

To take this further, in this form the field at a distance z' below the surface of a two-
dimensional field source in free space is equal to the field at the surface of that source

multiplied by an exponential spacing loss term exp(- | k|z').
This allows (28) to be rewritten as

F7<(k) = —|k| DM 7 (k)* H (k, 2’ = 0)exp(-[k|) (29)
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so that the transfer function is actually || D times the product of the transform of the tip
surface field and the exponential loss factor due to tip-specimen spacing. Therefore, in
cases where the variation in stray field gradients through the specimen cannot be ignored,

(29) is taken and transformed to obtain

d+D

Free(k)= M (k)* H? (k,2' = j—exp [k|2" )tz (30)

which can be solved as
Fe(k) = M (k)* H (k, 2’ = 0)xexp(-|k|a Jexp(-|¢|D)-1] 31)
this now contains an additional term due to the finite thickness of the specimen.

In the work that follows Equation 28 was used to simulate the MFM images, with the
assumption that errors due to varation of the field through the sample will not greatly
affect the overall result, i.e. to give a basic proof of the validity of this probe as an imaging

mechanism.

Prior to running computer simulations, the probe imaging process, for a perpendicular
domain transition, was considered as illustrated in Figure 64, to provide a check on the
expected result. In this case, as the twin peaks from a circular aperture pass over the
domain transition, it can be anticipated that their effect is cumulative, either negatively or
in this case positively, because the magnetisation is either matched with the field peaks, or

their inverse.

114



Field intensity _ _
(z-plane}

Perpendicular
Domains l T

Probe response /\

{Scanning left to right)

v

Figure 64. Simplified 2-d illustration of probe response simulation.

7.5 Initial Results

The simulated static mode MFM images shown in Figure 65 and Figure 66 were created
using the technique described in Section 7.4, using an aperture field similar to that shown
in Figure 62. In Figure 65 an image of a perpendicular bit pattern has been creatéd. The
aperture 'probe’, with a scanning height of 25 nm, has successfully imaged the pattern,
specifically highlighting the bit domain transitions as dark or light lines, as discussed in 7.4
above. The shading of the line indicates the transition direction, although this depends on
the orientation of the probe field, i.e. the direction of the current flow past the aperture. In
this case the probe scanned left to right, with the negative field peak leading. Changing the
direction of current flow, whereby the field is inverted, only reverses the contrast, not the

tesolution.










8 Developing the Electromagnetic MFM Probe

8.1 Practical Design

Before attempting to build a probe an examination of its practical implementation was
carried out. 1t was foreseen that the probe aperture would be placed on a tip, near the end
of a standard bar or v-shaped cantilever, coated with a conductive material, e.g. gold, in
such a way that the design allows for current flow down past the aperture, then back to its
source. Because of this design, the fields from the coating on the whole of the cantilever
must be taken into account. Also, the conductive material must be able to tolerate
sufficient current to create the required field intensity, without damaging the probe, e.g.

through thermal effects or electromigration.

8.1.1 Cantilever Fields

One potential problem of the new probe is the effect and possible interference of the
cantilever design and its conductive coating on the specimen magnetisation, the probe field
and their interaction. In Figure 67 the magnetic field intensity normal to the surface of a
bar shape cantilever is shown. This field intensity is of similar magnitude to the probe
field, depending on the size of probe aperture and cantilever. However, this is
considerably reduced, since with this design it is necessary to have a conductor on the top,
end and base of the cantilever to create a current flow past the aperture. For example, a
cantilever 20 um wide, with a 0.5 pum thick conductive coating, and current density of 2
mA/um?, would have field peaks of approximately 7 Oe reduced to 2 Oe. A further step
will be to place the aperture on a coated tip, moving it away from the cantilever surface,
reducing the field from the sides of the cantilever further, as seen in Figure 67. This tip

would also act as a topography probe for pre-MFM scanning in a LiftMode type mode of

operation.







/kf
m=_|——
kt

given Q=J%p, and k, k,, ¢ and dare the thermal conductivity and thickness of the
conductor and substrate respectively. Given a probe conductor thickness (¢f) of 500 nm, as
used in Section 8.2, grain boundary scattering and the Fuchs size effect will not produce a
significant effect on the resistivity, allowing the use of the bulk value [70]. Therefore it ts
taken that the thermal conductivity is also not affected, following the Wiedemann-Franz

law [71]. The solution of (32) for the temperature from the conductor, T, is then as given

in (33) below.

T =- Zk?nz e (e™ +e ™)+ Qe'"“(%— krlnz ]+ kgz (33)
where, x is O at the centre of the conductor, and L is half the length of the conductor.
Considering a gold conductor (k=320 W/m.K,p =22 x 10°® Q).um) on a silicon substrate
(ks =1 W/m.K, d = 1 pm), the temperature at the conductor is calculated to be 0.29 x 107
°C over ambient, with a dc current density (J) of 2 mA/pmz, as used to simulate imaging
successfully in Section 7.5. It was calculated that the conductor temperature would reach a
temperature of 220 °C above ambient at a current density of 1.74 A/um?, a temperature at

which previous research has shown that a thin film conductor would fail [69].

8.1.3 Electromigration

A metal thin-film has a polycrystalline structure, wherein the orientation differs for each
crystal grain, such that defects are scattered around the grain boundaries and some of the
metal atoms in these defects have weak inter-atomic bonds. Electromigration, as described
by Lloyd [72], is the transport of those metal atoms due to the momentum transfer from

collisions between conducting electrons and those metal atoms. Lloyd describes this
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momentum transfer with the help of a simplified argument. Considering an electron in a
metal conductor; if there is no current flowing the electron can be treated as being at rest.
Obviously there are no electrons at rest in any conductor, but an ‘averaged’ electron is
imagined as an entity that possesses the average momentum of all the electrons that are
equally distributed in all directions, such that this imaginary entity is considered as being at
rest. Thus, although any specific electron is not at rest, the ‘averaged’ electron is, when
calculated from the vector sum of all the moments. Upon application of an electric field
and the passage of current this imaginary averaged electron would be accelerated by the
electric field until it collides with a defect. When this collision occurs, the entire
momentum gained from the field is transferred to a metal atom at the defect. Metal aloms
with this momentum then migrate in the direction of the electron flow along the crystal
grain boundaries where diffusion is easy. This migration can cause voids to form and

grow, producing the problems of increased resistance and eventually open circuits.

Electromigration in the integrated circuit industry is usually considered in terms of the
mean-time-to-failure of a circuit, and is calculated using scaling factors generated by
experimental tests of the circuit’s physical structure [72]. Whilst modelling work has been
carried out to support this, it has not yet reached the point of replacing empirical data [73].
However, rule-of-thumb electromigration limits for dc current density in integrated
circuitry, including large safety margins, have been given in the literature; these range
between 10 and 100 mA/um? [73] [74] [75]. It is these values that have been taken into
account when using the new probe’s field model, thus ensuring that the new probe is a

feasible concept.

To take this further, for an ac signal, the electromigration conditions are different. Most
importantly, given a symmetrical ac current, there is effectively no electromigration [72].
Thus, for symmetrical ac signals, current limitations should be based on thermal effects

only [76]. This would still place a limit on the maximum rms current, as discussed in
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Section 8.1.2, but the limit is considerably higher than the current limitations given in the
literature. For asymmetrical ac signals, e.g. pulse trains, the frequency, and duty cycle
(therefore average current value), require consideration. Low frequency asymmetric
signals (e.g. <100 kHz) can be considered as very similar to dc, because any relaxation is
significantly less than the electromigration caused by the current. At higher frequencies
the system cannot respond dynamically, to the current ‘pulse’ or relaxation, so that in this
case the limit due to electromigration is the average current. This fact has been used in
industry to simplify testing procedures, as only a dc current equivalent need be applied in

experimental testing of circuits.

Returning to the new probe, this discussion shows that if an ac current signal (symmetrical
or asymmetrical) were used then the maximum limit on current and therefore field
intensity could be greatly increased, an important factor which is exploited in later

sections.

8.1.4 Controlling the Probe Current

In order to test the new probes a regulated current source was required, which could be
controlled either by computer or manually. The initial circuit design to accomplish this is
shown in Figure 68. The current regulator uses a low-dropout voitage regulator (U2)
whose voltage feedback is derived from the input current by a current-sense amplifier
(U1). This connection allows the regulator IC to oppose any change in output current.
When powered from 5 V, the current source has a compliance range of 0 Vto 4.7 V. A
specific, regulated output level, between 0 mA and 250 mA, is set by applying 0 Vio 5V
at the DAC Voltage Control Input, where 0 V =250 mA and 5 V = 0 mA, thus providing

digital control of the output current. Therefore, with a 16-bit resolution DAC (0-10 V), 7.6

pA current resolution is obtained at the Current Qutput.


































The modelling work covered in this Chapter describes only a small variety of the actual
number of models created. It has shown that the FEM agrees with the classical theoretical
calculations previously done. This then allowed the extension into different three-
dimensional structures, more closely resembling the physical design put forward. These
designs have allowed the proof of concept for probes of the physical structure planned, and
allowed further improvements in the field distribution, physical manufacturing constraints
allowing. The work shows that a good system for modelling this type of probe was
achieved, producing valuable and reliable results. In the following Chapter a practical
field result is obtained from a micrometer sized aperture in a conducting sheet. The author
has been involved in the investigation of other types of electromagnetic probe, as described

for example in [77], work that has also used the modelling techniques described in this

thesis.










9.3  Future Probe Manufacture

A small company in the USA called NovaScan Technologies produces conductive-coated
AFM cantilevers for use in Scanning Capacitance Microscopy. Using original v-shaped
silicon nitride cantilevers (Microlevers manufactured by TM Microscopes), they first
chemically etch all of the gold from the probe surfaces (if required). Then specialised v-
shaped masks are applied to the probe surface using customised optics and
micromanipulators. In addition to coating the cantilever two electrical contact pad regions
are created, one pad extending from each cantilever leg over the chip. Gold, plus an
adhesion layer if required, is then sputter-coated so that the bottom surface of the
cantilever/tip and the pad regions are coated. Finally the mask is removed and the gold
'circuit' is scribed and cleaned using micromanipulators. There are inherent problems with
this technique; firstly it is very easy to warp the cantilever beyond use. If a fairly thick
layer of Au (greater than 100 nm) is required this becomes a real concern (particularly with
very soft cantilevers). Fortunately if warping occurs it can usually be addressed by canting
the chip in order to get the right angle to compensate for warpage. Secondly, the coating
must be confined to the right areas or shorts may occur, thus the masking must be as
accurate as possible. Thirdly a chip holder must be fabricated that allows electrical
contacts with the pads while still allowing clearance to make sure the tip touches the
sample surface and not the leads to the contacts. As everything is on the bottom of the

chip, the leads have to be made fairly thin.

NovaScan can produce apertures in the gold coating, but only with a minimum size of 1-2
microns in diameter. In the case of the new probe, the author proposes that Focussed lon
Beam (FIB) milling is used to create the aperture instead. A FIB system is similar to that
of a Scanning Electron Microscope (SEM), where the major difference is the use of a

gallium ion beam instead of an electron beam. In imaging mode, the best image resolution

that can be obtained by FIB is approximately 5 - 7 nm. The ion beam is raster-scanned
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over a sample, which is mounted in a vacuum chamber at pressures of around 107 mbar.
When the beam strikes the sample, secondary electrons and secondary ions are emitted
from its surface. The intensity of these electrons or ions is monitored and used to generate
an image of the surface. Secondary electrons are generated in much greater quantities than
ions, providing images of better quality and resolution, consequently the secondary
electron mode is used for most imaging applications. Of course, for our purpose, ion
beams can also be used to remove material, i.e. milling, from the surface of the sample,
again at resolutions of approximately 10 nm. FIB systems do have drawbacks; including
damage to the milled surfaces from ion implantation, and the fact that some milling will
occur during the imaging process. The latter problem can be avoided by using dual-beam
FIB systems. These combine a FIB and a SEM, where the ion beam can be used for

milling and the electron beam for imaging.

NovaScan strip all the original gold coating from the cantilevers; whereas this design calls
for a conductive coating on both the top and bottom of the cantilever, see Section 8.1.1.
Discussions with NovaScan confirm that the only reason for removing the top gold coating
is the possibility of shorting between the different conductive surfaces. Again, in this case
the use of FIB, to trim and remove electrical shorts, is a conceivable answer to the
problem. Several chips incorporating cantilevers with different levels (30 - 100 nm) and
design of coating (top etched or not) are being purchased from NovaScan. These will then
be imaged and apertures created using one of the FIB facilities in the UK. The probes will
then be tested within the microscope system described here. If these tests are successful it
is hoped that future work will continue with both probes from NovaScan, possibly
including gold coating onto MFM (ferromagnetic tip) cantilevers, and also an investigation

into manufacturing eMFM probes from start to finish in the UK.
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9.4  Using the Probe for Data Storage

Probe storage has been discussed as a potential candidate for future recording systems, and
work has progressed in several laboratories around the world [78] [79] [80]. Given the
ability of the novel probe described in this work to vary the field strength about the
aperture, an additional aspect that merits investigation is whether the probe can be used not
only as an image or 'read'’ mechanism, but also if it can be used to write data in a

reproducible manner.

The typical coercivity of the latest commercial hard drive media is now in the region of at
least 3.2 KOe. The field strength to write to this reliably can be taken as twice H, [81]. It
would be impossible to generate this field reliably with the new probe because of the
practical limits of the current density. However, a field of 130 Oe, as shown in Figure 81,

can be achieved using this probe, given a current density of 50 mA/um?

. This appears to
be a large current to take into consideration, but when writing only a very short pulse is
required, reducing the energy used. Using the calculation from Section 8.1.2, a steady-
state temperature rise of 1.5 °C over ambient would occur with a steady-state current of 50

mA/pm®.  In addition, electromigration would not be a factor, due to the use of an ac

current, as discussed in Section 8.1.3. Therefore the probe can withstand the recording

current pulse suggested above.













and drug development. The very latest work in the area has focussed on the theoretical use
of MRFM in quantum computers, as it is predicted they will be capable of single-electron
spin measurement. The new probe design, proposed here, will allow integration of the
resonant field with a spatial distribution proportionate with the intrinsic imaging resolution,

as against a system using a macroscopic external coil.

The new eMFM probes may also offer additional sensing modes, which could ultimately
alleviate the requirement for optical sensing. The impedance of the current-driven probe
will change according to the interaction between the magnetisation of the sample and the
field associated with the probing current. This potential ability to integrate the sensing of
the cantilever’s deflection into the probe design itself would be particularly advantageous
as it simplifies the system, thus removing several noise sources, i.e. the laser, and other
elements, sensitive to physical vibration. In addition, it should be noted that a possible
avenue of exploration is to apply the new eMFM aperture tip design to a cantilever whose
tip is also coated with a low coercivity magnetic material. This could potentially increase

the field intensity of the tip, but still retaining the controllability of the eMFM probe.

The probe could also be used in a micro- or nano- manipulation technique utilising its
integrated and controllable field for localised positioning of micron-sized magnetic objects,
in a similar manner to that discussed by Barbic et al. [92]. This could provide a non-
invasive, low cost alternative to the optical trapping techniques normally used in such
manipulation. Possible advantages could include reduced heating of the manipulated

sample and the ability to perform studies in a fluid.
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10 Conclusions

10.1 The New Instrument

A new Atomic/Magnetic Force Microscope has been designed and constructed, based on
previous work in this field. This uses the Optical Beam Deflection detection technique
incorporated on a novel removable head assembly containing the cantilever and detection
system. The head is mounted via a kinematic design onto a lower section that includes the
sample, tube scanner, piezoelectric translator, and DC-motor. The ability to remove the
head assembly allows easy replacement of both the sample and the cantilever. These two
sections are constructed within a vacuum system to allow for improved imaging sensitivity
in resonant imaging modes. The instrument comprises a computer controlled DC-motor
for coarse sample approach, a piezoelectric translator for fine sampie approach, a
piezoelectric tube scanner for sample motion, a DSP based proportional-integral feedback
and data acquisition system, and an overall control software suite implemented in
LabVIEW on a host PC. In addition, the sample and cantilever can be viewed via a stereo
microscope and digital camera, thus allowing live video, and still picturé, capture via the

host PC.

The instrument can be set up, including power-on, computer boot-up and software load,
changing the canttlever and sample, laser beam alignment and sample approach in less than

10 minutes.

The instrument is capable of scanning a maximum area of 15.77 um by 15.77 pum (30.54
nm step) and a minimum DAC limited area of 240.5 nm by 240.5 nm (0.481 nm step). A
lateral resolution of 10 nm has been achieved in contact topographic mode (1 pm by | pm
scan) and approximately 50 nm has been achieved in the static magnetic mode of

operation. The vertical resolution or sensitivity of the instrument, limited by vibrations of
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the cantilever and the noise in the detection system, has been found to be 1 nm (static

mode).

The control, operation and image formation of the whole system is undertaken by an AMD
Athlon Windows PC, with the appropriate development of hardware for electronic
interfacing to the DSP/DAQ cards, and the coding of an extensive amount of LabVIEW
software to facilitate a friendly and efficient user interface. An image is built up, pixel by
pixel, and stored in the memory of the DSP card, which simultaneously controls the scan
operation, before being streamed to the host PC. The DSP card can be used to implement a
proportional-integral control system. Images are generally 500 pixels square with 65536
grey scales, although higher pixel counts are possible. It is also possible to enhance

images by adding false colour, or applying image filtering.

The instrument has successfully imaged both topographic and magnetic samples including
CD Audio data tracks and bubble memory garnet layers. The cantilever deflection was
initially calibrated using calculations of the tube scanner motion. Samples with known
features were imaged in order to calibrate the instrument. The cantilever deflection and
piezoelectric z motion were calibrated against a z step calibration grating with rectangular
steps 100 nm high. This was in general agreement with results from scanning CD Audio
data pits. The x-y scanning range has been calibrated using a calibration grating with 2160
lines/mm in two orthogonal directions. This has given an accurate figure for the scan size

and has also produced figures for the non-linearity of the tube scanner.

There are a number of improvements that could to be made to the instrument. The system
is designed to operate in a LiftMode™ style, separating the topographic and magnetic
features, using the DSP control structure, however this has yet to be successfully
implemented. Additionally, the implementation of resonant modes of imaging, both for
magnetic studies and topographic (Tapping™ mode), would produce much greater
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sensitivity in the z plane than the static imaging mode used in the work presented here.
There are also several possible enhancements to the current mechanical and electronic
systems. The instrument currently uses a manual micrometer based XY table for sample
positioning. This could be motorised and computer controlled, possibly providing a
method of image scanning a larger area either at a low resolution, or by building up an
image from several normal scans. Also, mirror and photo-detector alignment and laser
focus could be powered via computer control. Non-linearities in the tube scanner, e.g.
creep and ageing, have been shown to cause distortions in images; these could be reduced
using movement detectors and a closed loop feedback system on the tube scanner. This
would produce accurately calibrated images and allow certainty in the results from

repeated scans of the same area of a sample.

10.2 The New Probe

The development of a novel design of electromagnetic MFM probe, to complement the
current standard coated tip probe, has been presented. The standard coated MFM tip
suffers several inherent problems, for example different tips are required to match different
sample characteristics, tip coatings can suffer hysteresis and wear and damage, in addition
tip domain alteration can occur due to interaction with a magnetic sample. These
weaknesses can affect the acquisition of useful and quantifiable images. The new design
presented in this work employs a field induced around a micro-fabricated aperture using a
controlled current as a replacement for the standard tip's stray field. The advantage of this
design is that the field intensity can be standardised, and varied, and hence the sample-tip
interaction can be controlled. As the field distribution is due solely to the geometry of the
current flow about the aperture, i.e. is not from a highly non-linear magnetic material, it
can be calculated to high accuracy. This means that the results will be both repeatable and

quantifiable.
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Two methods of modelling the field intensity distribution from the new design have been
used. Initially a two-dimensional calculation based on previous work was implemented in
MathCAD. This calculated the field above a circular aperture in a flat conducting sheet.
The results from the MathCAD model show that there are three primary variables to define
for a circular aperture in order to generate adequate field intensity, over the smallest area,
whereby image resolution is proportional to spatial field distribution. These variables are
the initial linear current density, the scanning height and the diameter of the aperture. A
field model was generated, that applied practical limits to these variables, and agreed with
previous work on standard MFM tip field distributions. A current density of 2 mA/um?,
with a scanning height of 25 nm, and a circular aperture of 0.5 pm diameter, were chosen

as the optimum levels, given practical limits, for the new probe design.

MFM images were simulated of the interaction between the field distribution of the initial
design and simple models of both perpendicular and longitudinal magnetic domains, using
the reciprocity principle. These show that perpendicular magnetic domains can be
observed by way of their transitions. Furthermore, the transition direction can be
determined, given that the probe field distribution is known. Unfortunately, the simulated
images of longitudinal domains contained a large artefact produced by the two peaks of
field intensity generated above a circular aperture. As an answer to this problem a
semicircular aperture was suggesied in order to produce a dominant 'imaging' field
intensity peak. Also, it was seen that the resolution of the new probe with a circular
aperture is related to the minimum possible aperture diameter, due to the cumulative effect
of the two peaks in field distribution, which in the case of a single dominant peak in the
field intensily from a semicircular aperture would no longer be relevant. Rather with a

single dominant field intensity peak the resolution would be determined by the spatial

distribution of that one peak.




The initial practical problems of implementing the new probe were discussed and solutions
put forward. From accepted design standards and literature the level of current used in the
field model was taken not to generate electromigration effects. In addition to the work
reviewed, a short investigation of the thermal effects of the current was also undertaken,
which showed the current level to be non-critical. The effect from the fields due to the
conductor on the entire cantilever was also considered. This work suggested that placing
the aperture on the end of a tip on the cantilever, in addition to coating conductor on both
sides of the cantilever, would reduce the influence of these fields significantly. Finally, a
circuit was designed to generate the constant current required by a probe. This was then

used 1n later prototype work.

To develop the probe design further a second method of modelling the field distribution
was implemented. In order to investigate the field from three-dimensional structures, with
different aperture morphologies, an electromagnetic finite element analysis package was
used (Opera-3d). This package calculates the current flow through the entire probe
structure. From this the field intensity can be calculated at any point around the probe.
The finite element work was first used to replicate the original circular model and found to
agree with the MathCAD calculation. This then allowed the creation of many different
probe shapes, however this thesis concentrates on semicircular and then ovoid apertures.
The semicircular aperture design was proven to produce a superior field distribution,
eliminating the artefact found in longitudinal imaging by circular aperture. This was
enhanced further by using an ovoid aperture lying over a cantilever tip. Finally, field
distributions for possible prototype probes were modelled. These also produced reasonable
results, but at the cost of an increased current load on the probe. The finite element
modelling system allows the relatively fast construction of varied probe-aperture

morphologies and generation of field distributions for comparison.
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To prove the theoretical field distributions prototype apertures were created in flat
conductive sheets. Although larger than the modelled designs they have allowed practical
tests of the general field distribution. This very preliminary work does support the

theoretical modelling, indicating that the probe design could be successfully implemented.

This thesis has presented a completely novel design of MFM probe, which has been
successfully modelled and simulated, with practical prototype results verifying the new
research to this point. The following section discusses the continued development, and

posstble future avenues of research, for the new probe design.

10.3 Future Research

Discussions were undertaken with a company, NovaScan Technologies, involved in
coating siandard cantilevers for use in different methods of SPM. This has led to the
purchase of several chips incorporating cantilevers with different levels and design of
coating. Future work will include the use of focussed ion beam milling to create apertures
on the tips of these cantilevers, and their subsequent characterisation and testing as

working eMFM probes.

Variations of the new probe design were also considered for use as a mechanism for probe
data storage via hybrid recording. Probe storage is one of the contenders to replace
conventional magnetic or optical data storage techniques in the future. As current
techniques move ever closer to their physical limits, research into probe storage is being
undertaken in some of the world’s top storage research establishments such as IBM’s
Zurich Laboratories, Carnegie Mellon University and University of Twente (Netherlands).
The brief investigatory work shown here discussed the encouraging potential the probe has

for writing to recording media in a thermally assisted manner, with the data read back

accomplished using the probe in a standard MFM mode.




The use of the probe with an ac or ac/dc current, hence probing the sample with an ac or
ac/dc field, is also suggested as an area for future investigation. For example, this could
potentially allow the probe to operate as a MRFM to image individual atoms in three
dimensions. This would not only be extremely useful for magnetic data storage media
analysis, but also life sciences, drug development and possibly quantum computing. The
new probe may also offer an additional impedance-sensing mode, which could remove the
requirement for optical sensing, as the impedance of the probe will change according to the
interaction between the sample magnetisation and the probe's field. This integration of the
sensing of the cantilever’s deflection into the probe design would be valuable because it
simplifies the system, removing several noise sources such as the laser. An investigation
into using tips coated with an additional magnetic layer, potentially increasing the field
strength, while retaining the eMFM's worthy characteristics, could also be considered.
Finally, the probe could also potentially be used as a method of micro- or nano-
manipulation of micrometre and sub-micrometre magnetic objects, thus providing an

alternative to current optical trapping techniques.
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Appendix 1 - Initial Numerical Model of Field H,

Equation 22 from Section 7.2,
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are cleaned using a hot detergent, such as neutracon, applied with a soft non-shedding
clean room cloth. This removes any particles and grease marks on the surface. The
substrates are then rinsed in de-ionised water before being placed in an ultrasonic bath,
containing a warm solution of weak detergent, for 15 minutes. When removed they are
again rinsed, and then dried with a Nitrogen gun. At this point they are examined under an
optical microscope, whereby if they are not completely clean the procedure is repeated.
Before a substrate is used it is placed in an oven at 135 °C for 30 minutes to remove any
moisture contamination. Finally, when the substrate is first placed in the sputtering
chamber before deposition, it is sputter etched to remove any contamination that may still

remain after the cleansing process.

Deposition — RF Sputtering

The sputtering process is the removal of a deposition material from a target to form a
coating on a substrate. This is carried out in a vacuum chamber containing two electrodes,
where the target is cathode, and substrate is anode. The atoms on the surface of the target
are bombarded by fast moving particles. This collision releases some of the target surface
atoms to condense on the substrate surface. Immersing the target, with a high negative
voltage applied, in a gas plasma produces the particle bombardment. An inert gas, usually
Argon, is introduced into the vacuum chamber at a particular pressure. The plasma’s
electric field ionises the gas particles. These heavy ions are then attracted to the negative
potential at the target surface; bombardment takes place, ejecting target atoms out to
condense on the substrate. This process is carried out at a low pressure, whereby the
number of gas molecules is low, such that the released target atoms do not collide with the

gas molecules to be scattered back to the target surface.

The sputtering process is a very reliable and versatile method of depositing thin films,

particularly for alloys. Although sputter deposition rates are relatively slow, i.e. 5 to 50

154







its covering of photo-resist were baked at 100 °C for 1 minute. This removes any residual

solvent contained in the resist.

The substrate is exposed to ultra-violet light using a Dage Precima in-contact mask aligner.
The substrate holder floats on an air cushion allowing the substrate and mask to be brought
together and levelled. Once this is done the air is turned off, and the substrate can be
aligned by micrometers. The mask and substrate are then held together by vacuum. The
pattern on the mask then blocks the exposure of regions of the photo-resist by the ultra-
violet source, a timed 200 W mercury lamp. After exposure the substrate is developed in a
solution of Shipley AZ developer for 30 seconds to reveal the mask pattern of photo-resist

on top of the coated film.
Etching

In ion milling, see Figure A2-4, Argon molecules are injected into a source discharge
chamber and struck by electrons from a cathode, so generating a plasma. Although some
ions‘recombine with electrons at the chamber’s walls, others form beamlets by passing
through aperture in a screen grid. These beamlets are then attracted to a high negative
voltage at an accelerator grid. However, due to the alignment of the grids, most pass
through without hitting it. These indivi-dual beamlets then form an ion beam as they leave
the accelerator grid. The ion beam is neutralised by electrons from the neutraliser, thus
stopping the beam from expanding by Coulomb repulsion, and preventing charge build up
at the substrate surface. The water-cooled substrate and ion source are located in a vacuum
chamber such that the ion beam is aimed at the substrate. The angle of incidence can be

adjusted to obtain the correct edge profile.
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After etching the photo-resist is removed by soaking the entire substrate in Acetone, thus
revealing the final prototype aperture geometry. This was then rinsed and dried for storage
in the Class 100 rooms within the clean room. If the resist proves difficult to remove, as
may happen if the resist is partly baked by the ion milling process, the substrate is soaked
overnight or immersed in warm acetone or photo-resist stripper to remove the remaining

resist.
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