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Magnetic Force Microscopy

MFM Imaging and Analysis of Magnetic Hard Disk

Goals / Tasks:

* Imaging of magnetic bit structure of a hard disk,
» Determination of the storage density and capacity,
* Magnetic contrast as a function of distance in MFM lift mode.

Provided samples: Hard disk drive
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Additional Information (downloads)

* Information on HDD

* Information on MFM Cantilever

* SPM Training Notebook

* Unser Manual for Gwyddion Image Processing Software (freeware)

Please watch SPM training video from DVD before the experiments. This

can be obtained and handed out from the instructor
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Experimental Tasks:

1. Set-up AFM instrument:

* set AFM to MFM mode

* mount MFM tip

* magnetize the MFM tip,

e tune cantilever frequency

» set-up lift mode to desired lift height

2. Disassemble the HDD.

e Take photographs of the HDD for documentation.
* Mount the HD in the AFM stage.
* Set xy stage coordinates to zero at disk center.

3. Record AFM+MFM images at three different positions of HD
(inner, middle and outer edge of data region).

« Image size in the range of 10-50 um
« the horizontal image axis should be aligned parallel to the data tracks.
» determine the inner and outer radii of written data regions

to be able to calculate the effective storage area of HD.

4. Storage density .

« Determine the local bit size and track distance of the three regions.

e Measure, plot and compare the MFM profiles measured from the images.

» Calculate the average bit density and total storage capacity of HD from the
smallest bit size in the images

5. Magnetic contrast versus lift height.

» Select a certain region of HD with high density of bit patterns, if possible a
regular pattern

* Record a sequence of MFM images with 1:8 aspect ratio of the same surface

region at increasing lift heights starting from z =10 nm until the magnetic
contrast totally disappears.

* Note: It is advisable to increase the increments in z with increasing distance.

Contrast Analysis:

* Plot and compare the MFM images at different lift height. Explain what is seen.
What is the maximum lift height at which individual bits can still be resolved?

» Extract profiles of the same surface region at different lift height z and plot
them o n top of each other to see how the profiles change.

* Determine amplitude AC of MFM contrast as a function of z.
Plot the contrast as a function of z on a linear scale and on a log-log scale.
How does the contrast decrease as a function of z ?
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Written Report (Protokoll):

1. Task description (Aufgabenstellung)
2. Basic principle of NC AFM and MFM and instrumentation.

3. (a) Experimental parameters
Cantilever specifications (parameters) and its video microscope picture,
screenshot of resonance spectrum, list resonance frequency and FWHM of
resonance curve, imaging conditions.

(b) Sample description and specifications

Written Report - Results

4. Characterization of Hard Disk

4.1 Presentation and description (text!) of MFM and AFM images .
Compare AFM and MFM image.

Discuss difference between MFM of different regions and explain origin.

4.2 Present, describe and compare the MFM profiles of the different regions.

Show how bit size and bit density is determined.

Table of results for three regions: bit width, length, local bit density + error
estimate

Plot bit width and local bit density versus radius.

Calculate the average bit density and from the effective area the total storage
capacity and compare it to the nominal value.

5. Magnetic contrast versus distance  (lift height)

Compile figure with MFM images recorded at different lift height and compare them with
each other. What is the maxima lift height at which individual bits can still be resolved ?
Plot MFM profiles for different lift heights on top of each other. Describe how they
change.

Plot amplitude and RMS value of profiles versus lift height on a linear and log-log scale.
Discuss how it changes (trends, scaling behavior- exponential, power law, etc.... as a
function of lift height.

= Important aspect for data presentation:
For all figures, the figure captions should include all essential information about
what is displayed. Example: “MFM images of xxx HD recorded at a lift height of e z
= ... using an xxx coated MFM cantilever (type ..... )”. Image size: ... ."
"Contrast amplitude e C plotted versus .... extracted from the profiles shown in Fig.
..., for a xxx HD with bit size of xxx um ... *
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Magnetic Force Microscopy

MFM Imaging and Analysis of Magnetic Hard Disk

Goals / Tasks:

* Imaging of magnetic bit structure of a hard disk,
» Determination of the storage density and capacity,
* Magnetic contrast as a function of distance in MFM lift mode.

Provided samples: Hard disk drive

Additional Information (downloads)

* Information on HDD

* Information on MFM Cantilever

* SPM Training Notebook

* Unser Manual for Gwyddion Image Processing Software (freeware)

Please watch SPM training video from DVD before the experiments. This

can be obtained and handed out from the instructor
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Experimental Tasks:

1. Set-up AFM instrument:
* set AFM to MFM mode
* mount MFM tip
* magnetize the MFM tip,
* tune cantilever frequency
» set-up lift mode to desired lift height

2. Disassemble the HDD.
e Take photographs of the HDD for documentation.
* Mount the HD in the AFM stage.
e Set xy stage coordinates to zero at disk center.

3. Record AFM+MFM images at three different positions of HD
(inner, middle and outer edge of data region).
* Image size in the range of 10-50 pm
« the horizontal image axis should be aligned parallel to the data tracks.
« determine the inner and outer radii of written data regions
to be able to calculate the effective storage area of HD.

4. Storage density.
» Determine the local bit size and track distance of the three regions.
e Measure, plot and compare the MFM profiles measured from the images.
» Calculate the average bit density and total storage capacity of HD from the
smallest bit size in the images

5. Magnetic contrast versus lift height.
» Select a certain region of HD with high density of bit patterns, if possible a
regular pattern
* Record a sequence of MFM images with 1:8 aspect ratio of the same surface
region at increasing lift heights starting from z =10 nm until the magnetic
contrast totally disappears.
* Note: It is advisable to increase the increments in z with increasing distance.

Contrast Analysis:

* Plot and compare the MFM images at different lift height. Explain what is seen.
What is the maximum lift height at which individual bits can still be resolved?

» Extract profiles of the same surface region at different lift height z and plot
them o n top of each other to see how the profiles change.

* Determine amplitude AC of MFM contrast as a function of z.
Plot the contrast as a function of z on a linear scale and on a log-log scale.
How does the contrast decrease as a function of z ?
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Written Report (Protokoll):

1. Task description (Aufgabenstellung)
2. Basic principle of NC AFM and MFM and instrumentation.

3. (a) Experimental parameters
Cantilever specifications (parameters) and its video microscope picture,
screenshot of resonance spectrum, list resonance frequency and FWHM of
resonance curve, imaging conditions.

(b) Sample description and specifications

Results:

4. Characterization of Hard Disk

4.1 Presentation and description (text!) of MFM and AFM images.
Compare AFM and MFM image.
Discuss difference between MFM of different regions and explain origin.

4.2 Present, describe and compare the MFM profiles of the different regions.
Show how bit size and bit density is determined.
Table of results for three regions: bit width, length, local bit density + error
estimate
Plot bit width and local bit density versus radius.
Calculate the average bit density and from the effective area the total storage
capacity and compare it to the nominal value.

5. Magnetic contrast versus distance (lift height)

Compile figure with MFM images recorded at different lift height and compare them
with each other. What is the maxima lift height at which individual bits can still be
resolved ?

Plot MFM profiles for different lift heights on top of each other. Describe how they
change.

Plot amplitude and RMS value of profiles versus lift height on a linear and log-log
scale.

Discuss how it changes (trends, scaling behavior- exponential, power law, etc.... as
a function of lift height.

= Important aspect for data presentation:

For all figures, the figure captions should include all essential information about
what is displayed. Example: “MFM images of xxx HD recorded at a lift height of [z
= ... using an xxx coated MFM cantilever (type ..... )”. Image size: ... ."

"Contrast amplitude [C plotted versus .... extracted from the profiles shown in Fig.
..., for a xxx HD with bit size of xxx um ... *
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Definition of a Hard Disk

To many users, the hard disk drive is the most important and yet the most mysterious part of a com-
puter system. A hard disk drive is a sealed unit that a PC uses for nonvolatile data storage. Nonvolatile,
or semi-permanent, storage means that the storage device retains the data even when no power is
supplied to the computer. Because the hard disk drive is expected to retain data until deliberately
erased or overwritten, the hard drive is used to store crucial programming and data. As a result, when
the hard disk fails, the consequences are usually very serious. To maintain, service, and upgrade a PC
system properly, you must understand how the hard disk functions.

A hard disk drive contains rigid, disk-shaped platters, usually constructed of aluminum or glass (see
Figure 10.1). Unlike floppy disks, the platters cannot bend or flex—hence the term hard disk. In most
hard disk drives, you cannot remove the platters, which is why they are sometimes called fixed disk
drives. Removable hard disk drives are also available. Sometimes this term refers to a device in which
the entire drive unit (that is, the disk and the drive) is removable, but it is more commonly used to
refer to cartridge drives, where the platters are contained in a removable cartridge.

Head arm

Head
actuator

Disk platters

Mounting
chassis

Read/write head

Mounting holes

Figure 10.1 Hard disk heads and platters.

Note

Hard disk drives are sometimes referred to as Winchester drives. This term dates back to 1973, when IBM introduced the
model 3340 drive, which had 30MB of fixed platter and 3OMB of removable platter storage on separate spindles. The

drive was codenamed Winchester by project leader Ken Haughton, because the original capacity designation (30-30)
sounded like the popular .30-30 (caliber-grains of charge) cartridge used by the Winchester 94 rifle infroduced in 1895.
The original 3340 "Winchester” drive was the first to use a sealed head,/disk assembly, and the name has since been

applied to all subsequent drives with similar technology.

Hard Drive Advancements

In the almost 20 years that hard disks have commonly been used in PC systems, they have undergone
tremendous changes. To give you an idea of how far hard drives have come in that time, I've outlined
some of the more profound changes in PC hard disk storage:

B Maximum storage capacities have increased from the SMB and 10MB 5 1/4-inch full-height
drives available in 1982 to 180GB or more for even smaller 3 1/2-inch half-height drives
(Seagate Barracuda 180), and 32GB or more for notebook system 2 1/2-inch drives (IBM
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Travelstar 32GH) that are 12.5mm (or less) in height. Hard drives smaller than 10GB are rare in
today’s desktop personal computers.

B Data transfer rates from the media (sustained transfer rates) have increased from 85KB to
102KB/sec for the original IBM XT in 1983 to an average of 51.15MB/sec or more for the fastest
drives today (Seagate Cheetah 73LP).

B Average seek times (how long it takes to move the heads to a particular cylinder) have decreased
from more than 85ms (milliseconds) for the 10MB XT hard disk in 1983 to 4.2ms or less for
some of the fastest drives today (Seagate Cheetah X15).

B In 1982, a 10MB drive cost more than $1,500 ($150 per megabyte). Today, the cost of hard
drives has dropped to one-half cent per megabyte or less!

Hard Disk Drive Operation

The basic physical construction of a hard disk drive consists of spinning disks with heads that move
over the disks and store data in tracks and sectors. The heads read and write data in concentric rings
called tracks, which are divided into segments called sectors, which normally store 512 bytes each (see
Figure 10.2).

A single
sector
Outer track (@)
Middle track
Inner track

Tracks and Sectors

Figure 10.2 The tracks and sectors on a disk.

Hard disk drives usually have multiple disks, called platters, that are stacked on top of each other and
spin in unison, each with two sides on which the drive stores data. Most drives have two or three
platters, resulting in four or six sides, but some PC hard disks have up to 12 platters and 24 sides with
24 heads to read them (Seagate Barracuda 180). The identically aligned tracks on each side of every
platter together make up a cylinder (see Figure 10.3). A hard disk drive normally has one head per
platter side, with all the heads mounted on a common carrier device or rack. The heads move radially
across the disk in unison; they cannot move independently because they are mounted on the same
carrier or rack, called an actuator.

Originally, most hard disks spun at 3,600rpm—approximately 10 times faster than a floppy disk drive.
For many years, 3,600rpm was pretty much a constant among hard drives. Now, however, most drives
spin the disks even faster. While speeds can vary, most modern drives spin the platters at 4,200;
5,400; 7,200; 10,000; or 15,000rpm. High rotational speeds combined with a fast head-positioning
mechanism and more sectors per track are what make one hard disk faster than another.

The heads in most hard disk drives do not (and should not!) touch the platters during normal opera-
tion. When the heads are powered off, however, in most drives they land on the platters as they stop
spinning. While the drive is running, a very thin cushion of air keeps each head suspended a short
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distance above or below the platter. If the air cushion is disturbed by a particle of dust or a shock, the
head can come into contact with the platter while it is spinning at full speed. When contact with the
spinning platters is forceful enough to do damage, the event is called a head crash. The result of a
head crash can be anything from a few lost bytes of data to a completely ruined drive. Most drives
have special lubricants on the platters and hardened surfaces that can withstand the daily “takeoffs
and landings” as well as more severe abuse.

Outer cylinder (@)

Middle cylinder

Inner cylinder

Cylinders

Figure 10.3 Hard disk cylinders.

Because the platter assemblies are sealed and nonremovable, the track densities on the disk can be very
high. Hard drives today have up to 38,000 or more TPI (tracks per inch) recorded on the media (IBM
Travelstar 30GT). Head Disk Assemblies (HDAs), which contain the platters, are assembled and sealed
in clean rooms under absolutely sanitary conditions. Because few companies repair HDAs, repair or
replacement of the parts inside a sealed HDA can be expensive. Every hard disk ever made eventually
fails. The only questions are when the failure will occur and whether your data is backed up.

Caution

It is strongly recommended that you do not even attempt to open a hard disk drive’s HDA unless you have the equipment
and the expertise to make repairs inside. Most manufacturers deliberately make the HDA difficult fo open, to discourage
the intrepid do-itryourselfer. Opening the HDA almost certainly voids the drive's warranty.
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Magnetic Force
Microscopy

Silicon-MFM-Probes

For visualisation of magnetic domains by Scanning Probe Microscopy different Magnetic Force Microscopy
probes are offered. They are designed to match the demands of a wide range of applications defined by the
variety of magnetic samples with different properties. All the different magnetic coatings of the probes have

proven an excellent long-term stability.

Topography (leff) and magnetic frequency shift image (right) of an experimental hard disk (courtesy of IBM) measured with a
PPP-MFMR probe (z-range fopography: 72nm, magnetic image scale: 22.5Hz).

In general, the measurement performance of Magnetic Force Microscopy is a compromise between sensitivity,
resolution and sample disturbance. High sensitivity fo magnetic signal requires a strong magnetic moment of
the fip. However, this high magnetic moment may disturb the domain structure of the sample itself and usually
the lateral resolution drops with increasing magnetic moment of the tip. For improvement of the lateral resolution
sharp High Aspect Ratio tips and thin magnetic coatings are required. Because of the low magnetic moment

of such thin magnetic fims the sensitivity is decreased. An optimum trade-off between lateral resolution and

sensitivity is necessary.

The magnetic domains of low coercivity samples are predominately “wiped out” by hard magnetically coated
fips. This kind of sample can only be visualised by low coercivity probes which, on the other hand, may change
their magnetization under the influence of a magnetic sample with higher coercivity. Therefore, in order to
achieve optimum results, the MFM probe has to be chosen carefully and in accordance with the particular

sample under investigation.
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B General Features
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The NANOSENSORS™ Magnetic Force Microscopy probes are based on a well-established cantilever type that is
specially tailored for the Magnetic Force Microscopy yielding high force sensitivity while simultaneously enabling
Tapping Mode, Non-Contact and Lift Mode operation in air. In particular, the stiffness of the cantilever is a trade-
off between preventing the tip snapping to the surface during Tapping Mode or Non-Contact Mode operation

and sensitivity to magnetic forces during Lift Mode operation.

Technical Data (Cantilever)

Nominal Value

|
| Thickness [um)] | | 3 |
|Wid'rh [um] | | 28 |
| Length [um] | | 225 |
| Force Constant [N/m] | | 2.8 |
| Resonance Frequency [kHz] | | 75 |

The detector side of the cantilever is covered with a reflex coating o enhance signal of the optical read-out
and, thus, reducing the noise of the optical detection system. The reflex coating is an approximately 30 nm thick
aluminum coating on the detector side of the cantilever which enhances the reflectivity of the laser beam by a

factor of about 2.5.

B Comparison of Lateral Resolution

254158 ,‘ . '

PPP-MFMR

Magnetic images (phase shift) of an experimental hard disk with varied bit length (courtesy of Maxitor).
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B PointProbe®Plus Low Coercivity Magnetic Force Microscopy Probe (PPP-LC-MFMR)

The PPP-LC-MFMR probe is coated with a soft magnetic thin film enabling the measurement of magnetic domains
within soft magnetic samples. Due to the low coercivity of the tip coating the magnetization of the tip will easily
get reoriented by hard magnetic samples.

The soft magnetic coating on the tip has a coercivity of app. 0.75 Oe and a remanence magnetization of app.
225 emu/cm? (these values were determined on a flat surface).

Probe Features at a Glance

® Coercivity of app. 0.75 Oe

® Remanence magnetization
of app. 225 emu/cm?

o Effective magnetic moment 0.75x of standard
PPP-MFMR probes

o Guaranteed fip radius of curvature < 30 nm
o Magnetic resolution better than 35 nm

E Beam Spot Magn Det WD Exp F————— 360nm

bOkv 30 50000x SE 210 Nanosensors . . .
® Reflex coating on detector side of cantilever

SEM image of a PPP-LC-MFMR fip (close-up).

Application Example
Magnetic bits of a hard disk

The magnetization of the tip is easily reversed by the stray field of magnetic bits written intfo a hard disk. As a
consequence affractive magnetic forces are detected at both halves of the bits. Although this effect makes the
interpretation of results more difficult, it can be used to examine extremely hard magnetic samples. Instead of
a random reorientation of the tip magnetization the magnetic moment of the LC-MFMR probes will always be
directly opposed to the magnetization of the sample.

Magnetic image (frequency shift) of a hard disk with 254 nm Comparison magnetic image (frequency shift) of the
long written bits (sample courfesy of Maxtor) acquired with a identical sample acquired with a standard PPP-MFMR probe.
PPP-LC-MFMR probe.
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B SuperSharpSilicon™ High Resolution Magnetic Force Microscopy Probe (SSS-MFMR)

The SSS-MFMR probe is optimized for high resolution magnetic imaging. The SuperSharpSilicon™ tip basis
combined with a very thin hard magnetic coating result in an extremely small radius of the coated fip and a
high aspect ratio on the last few hundred nanometers of the tip apex — the essential requirements for high lateral
resolution down to 20 nm in ambient conditions.

Due to the low magnetic moment of the tip the sensitivity to magnetic forces is decreased if compared to
standard PPP-MFMR probes, but the disturbance of soft magnetic samples is also reduced.

The hard magnetic coating on the fip is characterized by a coercivity of app. 125 Oe and a remanence
magnetization of app. 80 emu/cm? (these values were determined on a flat surface).

Probe Features at a Glance

o Coercivity of app. 125 Oe

o Remanence magnetization
of app. 80 emu/cm?

® Effective magnetic moment 0.25x of standard
PPP-MFMR probes

® Guaranteed tip radius of curvature < 15 nm
® Magnetic resolution better than 25 nm

E Beam Spot Magn Det WD Exp F—— ] 350nm

L R IR L ® Reflex coating on detector side of cantilever

SEM image of a SSS-MFMR ftip (close-up).

Application Example

High density hard disk

Magnetic bits on a hard disk can be characterized with the high resolution Magnetic Force Microscopy probe

SSS-MFMR down to a bit length of 25 nm. This resolution capability is demonstrated by means of an experimental
hard disk with varied bit length ranging from 254 nm to 22 nm.

] ) ) » I 3 ) 4 254 nms
322200020000 ) ) ) A0
BRRRRRRRADRANRRRRRD G0
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}-,-._-',.,-|~._-.-;'.'_.-|-|.:.-:.'--;I_-.n.|1,l_151nm .

% 1 42 nm

36 nm

'32nm

Magnetic images (phase shiff) of an experimental hard disk with varied bit length (courtesy of Maxtor)
measured with a SSS-MFMR probe.
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Resolution Perfomance Demonstration (SSS-MFMR)

The spatial resolution of the magnetic image can be determined by fourier analysis of measured magnetic bits
at the experimental hard disk sample. In case of resolved bits the spectrum contains a clear peak corresponding
o the length scale of the magnetic bits. Due to the definition of bit length as distance between opposite
magnetization directions (maximum flux change) the determined spatial wavelength is exactly twice the bit
length.

Bit Length /nm
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Fourier analysis of the 23 nm bit frack (average profile between white lines of the left MFM image
showing a significant peak at a spatial wavelength of 48 nm corrsponding to a bit length of 24 nm.

B High Quality-Factor Magnetic Force Microscopy Probes (SSS-QMFMR and PPP-QLC-MFMR)

The high resolution MFM probes and the low coercitivity MFM probes are also available in a special version for
applications under ultra high vacuum conditions. The SSS-QMFMR and PPP-QLC-MFMR probes are designed to
achieve a Q-factor in UHV higher than 30,000.

The magnetic characteristics are identical to the properties of the SSS-MFMR and PPP-LC-MFMR probes,
respectively. The typical Q-factor of over 35,000 under UHV conditions and the aluminum coating on the detector
side secure excellent resolution and an enhanced signal to noise ratio.
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:}Ej =l . *
3 g=3a58y +
e 0.06 j
= i
= 0.04 |
= I\
0.02 j \
6355 ©.398 6357 6358 6.35%
- P w A
Frequency | HZ | <10
Photographs of high quality factor MIFM probes with partially coated Resonance curve of a fypical high Q-factor

cantilever (left: fip side, right: detector side). MFM probe.
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+— NANOSENSORS

B Probe Features

Force Constant (nominal) 2.8 N/m 2.8 N/m 2.8 N/m 2.8 N'm
Resonance Frequency (nominal) 75 kHz 75 kHz 75 kHz 75 kHz
Tipside Coating Hard Magnetic Hard Magnetic Soft Magnetic Hard Magnetic
Coercivity™ 300 Oe 250 Oe 0.75 Ce 125 Oe
Magnetization* 300 emu/cm?® 150 emu/cm? 225 emu/cm?® 80 emu/cm3
Magnetic Tip Moment*2 = 103 emu x0.5 x0.75 x0.25

UHV Quality Factor™® > 30000 > 30000

*I coating properties measured on planar substrates

"2 estimation based on assumed effective magnetic volume at fip apex
"3 radiius of curvature including magnetic coating

*4 achievable resolution at optimized measurement conditions

** measured under UHV conditions

For more details please refer to the product datasheet on our website
WWW.NANOSENsOrs.com

NANOSENSORS™, Rue Jagquet-Droz 1, CP 216, 2002 Neuchdtel, Switzerland
info@nanosensors.com
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Force Sensors: Micromechanical Cantilevers
Generally, forces are measured using a spring sensor, in which case the force F, acting on a spring

leads to a length change or deflection dz of the spring.
In AFM, not a spiral spring but a cantilever spring is

used due to the simpler fabrication. i F L -
Az

The relation between the force acting on the cantilever end
and cantilever deflections is given by the Hook’s law:

F, = k¢, Az |with k¢, = cantilever force constant T ‘ F
X
= Thus, the measurement of vertical cantilever TF
deflection Az yields magnitude of the vertical

force acting between tip and sample surface.

Typical interatomic force constants are of the order of 10 N/m, depending on bonding type).
Typical cantilever force constants for contact mode AFM: k;=0.01 —10 N/m
Magnitude of deflection: For AF,=0.1nN »Az=10A for Kez = 0.1 N/m (in NC mode).

Basic considerations

(a) Small k:  Large deflection for small AF
» high sensitivity, important for soft samples.

But: High sensitivity to environmental noise.

(b) Large k:  Smaller sensitivity but higher stability.
(also higher resonance frequencies).
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Cantilever Design

1. Spring constant in the range of 0.01 — 100 N/m:

The force constant k¢, of a cantilever is determined by its geometry, i.e., length L, thickness d and
width w, as well as by the elastic constants (elastic modulus E ) of the cantilever material.

For simple cantilever geometries with constant cantilever cross section,
the force constant can be calculated analytically using elasticity theory

Rectanqular beam of width w, length L, mg
and thickness d, elasticity module E and ke, =EO W
and a tip at a distance As from the end: 4L - AIS)3

W d

= By choice of the geometry the spring constant can be tuned arbitrarily over a wide range !

Common cantilever and tip materials:

Property Young’s Modulus (E) Density (pg) Microhardness Speed of sound (/E/p)
(GPa) (kg/m*) (GPa) (m/s)

Diamond 900-1,050 dalb 78.4—-102 17,000

SizNy 310 3,180 19.6 9,900

Si 130188 2,330 9-10 8,200

A 350 19,310 32 4,250

Ir 530 - - 5,300
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2. Resonance Frequency s Of the Cantilever

The fundamental resonance frequency a simple spring-type
harmonic oscillator (mass load attached to a spring) is given by:

/7]
For a cantilever s the situation is somewhat different because
the cantilever mass is distributed along the cantilever beam. #*
Thus, different cantilever parts oscillate with different amplitude

and velocity.

Rayleigh solution : = Equating the maximum kinetic energy and maximum strain energy of the cantilever,
where: z(X,t) = z,(x* —4x°L* + 6x°L?)/ L* [@n(at) for the free ended cantilever.

By integration from x = 0 to L , one obtains: Egan =1/201.60K,)Z; and E,, =1/2{0.256 [n,) v’z;

Lowest frequency mode: K, or with additional _ K,
(vertical bending mode) Wres =110.24 On, | tiP mass myp: ‘s 7 1/0.240n, + Mip
2
o = EO '
Higher order modes : n |_2 p[A
’; L
with «, = 1.875, 4.694, 7.855, 10.996, .... . and X o
A
=plV =plAIL and k=3EI /L =Ewd®/4L°
. K, ;
V-shaped cantilever: Wyes = Y I
0.163 L, + M| 0 05 I

The first three modes of vibration of a lever.
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From the equations above it follows that for a given k-value, defined by the geometry and shape of
the beam, a high resonance frequency can be achieved by reducing the cantilever mass.

This means miniaturization of the cantilever beams to achieve a high resonance frequency !

= If w and the d/L ratio is fixed, then k is constant and «es increases if L is made very small.

Example: Rectangular bar-shaped cantilevers made of silicon

3.4 mm
R
a
rd
i
i
g -‘\
AN
= 3
[= =]
|
)

N — -~
0.4 mm 1.6 mm <\/\\ \\\\\\ 7
90-130 pm 250-300 pm - ﬂI y S - -
SEM images of 3 rectangular silicon cantilevers (A, B, C) with two different length series. ¢ ;;/&%\\:\:\\ ﬂ
E% = P
Specifications for different cantilever parameters T/\;V\\?:\; Q‘
Cantilever Length, Width, Thickness, Resonant Force Constant,
Type L5 pm w3 um dpm Frequency, kHz N/m
A 11N+ K0/ B+ R0/ 2 N+1N0/ 21N0+72N0/ 7 5+2N0/
B 90 35 2.0 315 14.0
C 130 35 2.0 150 4.5
A 110 35 1.0 105 0.95
B 90 35 1.0 155 1.75
C 130 35 1.0 75 0.60
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Optical Beam Deflection Measurement Systems

a) Mirrored b) Laser diode Viewing Laser diode
e AFM photo- v positioner window X positioner
AFM signal Diode laser diode
(A+B)—(C+D) Mirror & lens positioner
Preamp
. FFM housing
photodiode | Beam path
FEM positioner | _
signal Split-di | Holding arm
(A+C)—(B+D) | photo- Photo- ® : | Cantilever
detector diode mount
HonsnpE=—— | la= @) | Cantilever
T T10 |
Interlock

x—y Positioning stage sensor
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(a) Tip-scanning systems (b) Sample scann ing systems

& control Photodiode
» Height datector
slgnal Deflection
rF 3 satpoint

XY scAn f—
comtrol [T T *

Laser

Cantilever

Faadback
aleclroncs

Feadback
electronics

XY scan
—1 control

Current v Pieza
ool Z control |
Most common for STM More common for AFM
Advantages: Advantages:
» Low inertial mass , high resonance frequency. » No lateral tip movement ; more easy
» Faster scanning. implementation of optical detection
» No limitation for sample size
» Free sample access, e.g., for heating, cooling etc..
Disadvantages: Disadvantages:
» Moving tip makes optical measurement » Higher inertial mass, slower scanning.
more difficult to implement » Limited sample size and weight.

Other combinations __: (x,y) sample scanning, z-movement of tip, etc. ...
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Feedback Loop and Scan Control

For the constant interaction mode, an electronic feed-back control loop is needed to keep the tip-
sample distance constant during the scanning process and to reconstruct the surface topography.

r -~ - - - - —---"-=-=--"- _l u t “‘1“--..'...‘
‘ : 3) PID drive [~ (0 »IScanner| + censtant ™, Constant
C o E(Y)  (4) foalfent Y interaction
I [ . :
' & ZI‘iI ZI” T signal -
:Feed-back A |(t) (1 : ' RN
' loop for . path of tip
1 z contr ol | | | L
\ e ey x -
set-point L] | — S = C(inst. i
A 4 |
User sample

Working principle of the feed-back Loop:

e (1)+(2): In the feed-back loop, the measured interaction signal I(t) (1) is constantly compared to the user
chosen set-point interaction Is, value (2).

e (3) The difference between signal and set-point yields the so-called error signal E(]t) =1t) - lsp (3)

e Case #1: When the error signal is zero, the interaction strength is equal to the desired set point.
Thus, the tip-sample distance has the correct value and the z- extension should be unchanged.

e Case #2: If the error signal is non zero, a drive voltage Ju(t) = f(E(t)) | (4) must be generated and
applied to the scanner to change the z-position of the tip until the measured interaction signal again
reaches the desired set point value, i.e., until the error signal again goes to zero.

e If the error signal E(t) is always ~ zero during the scanning process, then the tip follows exactly
the surface topography zs(X,y). The topography is then simply given by: Zscanner(X,Y)

10



Praktikum - Nanocharakterisierung |

Generic block-diagram of a feed-back control system

Measured System ;
Reference + error input ystem output
»| Controller p————a3p System >
=lsp -4 =E(1) u(t)
Measured output
il e Sensor |
=1(t)

In general, a feed-back control loop consist of:

1.

ok~ wnN

The system of which the state should be controlled.
It is constantly driven by the drive signal but is also
exposed to perturbations from the environment (e.g.
vibrations) and by the sample topography (SPM).

a sensor that measures the status I(t) of the system,
a reference channel that inputs the set-point value Isp,
a comparator that generates the error signal E(t),

a feed-back loop controller that generates (or
calculates) from the error signal a drive signal u(t)

an input of the drive signal to the system to change
its state towards the desired set-point value Is.

Examples :

Temperature controller, pressure controller, velocity
controller, position controller, .....

Gunther Springholz

Example: Block diagram for AFM

Microscope head

——— — Setpoint

A

ATE =I(t)

B

Laser

l—ﬁ“ =2(1)
zl .

XY

uf(t)

Error Signal

=E(t)

68 KHz AIDI

Control electronics

,ADA converters

D/A

-220V | High
to Voltage
+220V |Op Am

Multiply
by
Proportional
Gain

u(t)

:|Sp

Operator's
etpoint

Add to Suni

Z Voltage
latol

PID controller

Computer

11
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PID Feed-Back Controller

The design and optimization of a feed-back loop and the control algorithms is the main issue of
control theory, which is used in many different fields of engineering.

The task is to generate a drive signal u(t) that adjusts the piezo extension based on the known
guantities of the system, i.e., the momentary error signal e(t) and the output drive u(t-4t) at time t-At.

PID controller

The most common feedback control design is the “Proportional-Integral-Derivative” (PID) controller.
In this system, the control (drive) signal u(t) is derived from the measured error signal e(t) using the
sum of three different components u(t) = P(t) + I(t) + D(t) with the weighing factors Kp, K; and Kp:

Here: u(t) is the

d
u(t) = Kpel(t) + K f e(t)dt + Kp—e(t)| voltage applied to

dt " | the SPM scanner
— P K e(1)
Proportional
SPM :
IntSeerna%Iron
L EW) : u(t). | §
,gc[poll11@ Error -»| I K}j‘e(r)dr =
Integral 0 V ~
- Sample
D Kd de(t)
Differ ential dt teedback

12
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Example for the action of a PI controller:

PV & SP

62

B0

58

56 -

54

52

50

i
u(t) = MV(t) = Kpe(t) + K; | e(7)dr

0

s 7 Intégral sum = 135~ ------------ SR e S

Each box has

Integral term continuall
|meas(t) é g ‘_‘f
- ntegral sum of 20 o g

(2 high x 10 wide)
N

v

b sums e(t) =ISF' - E‘u’
A

|ﬂtegra| SUM = — Scﬂ - Integral SU”-E: T s

L. I - .. PR | LY, N — e SRS 1. - S

© Copyright @ 2006 by Douglas J. Cooper. All Rights Reserved

10 20 30 40 50 &0 70 a0 a0
Time (minutes)

13



Praktikum - Nanocharakterisierung | Gunther Springholz

Practical Examples: ent scan parameters
White lines: Forward scan direction ("trace”). Yellow lines: Backward scan direction (“retrace”)

2 Range'
30.00 nm/div

AFM line scans of a calibration grating with differ

Z Range

S AFM line trace with tao high scan speed

-
||" |

AFM line trace with too low integral gain

» Trace
«— Retrace

Z Range
30.00 nm/div

AFM line trace with too high gain

» Trace
«— Retrace

Z Range
30.00 nM/div

AFM line trace with optimal gain

= T R
|

[hﬁamﬁaﬂ “W‘MT‘ |
w ______ (. ” ______

| . "1 |'
u h | l ” +» Trace
Bsammnscio i Hsermmion

+~—— Retrace +—— Retrace

(o)}
o
=

24.99 ms/div 24.99 ms/div

» General conclusion:  Optimum feedback parameters depend on
(a) SPM scan head construction (resonance frequency)
(b) Scanning speed |,
(c) the sample topography (lateral size and height of surface features)
(d) AFM: Force constant of cantilever force sensor

» Must be optimized for a given sample and scan conditions.
14
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Non-Contact/Tapping Mode AFM

Gunther Springholz

Basic Principle : The cantilever is used as a driven harmonic
oscillator (tuning fork) excited into a high frequency vibration
by an piezo actuator mounted underneath the cantilever chip.

Interaction sensing _: When the tip interacts with the sample
surface the oscillator properties such as resonance
frequency, amplitude and phase are slightly changed.
These changes (frequency shift, phase shift or amplitude
change) are detected and are used as a measure of
tip/sample interaction instead of the force itself.

Main operation modes:

- Tapping/intermittant contact  mode (large amplitude,
intermittent contact between tip and sample)

- Non-contact mode AFM (large tip-sample distance)
- Derivative force imaging (small oscillation amplitudes)
Detection schemes for the interaction:

- Amplitude modulation (excitation with fixed excitation
frequency): Measurement of change of amplitude.

- Phase detection (fixed frequency excitation):
Measurement of the phase difference between the AC
excitation current and the detector oscillation.

- Frequency modulated detection  (variable excitation
frequency tuned to the resonance frequency):
Measurement of frequency shift due to interaction.

Piezo
=
+ ti %
P Sample
l_,_,_\_\___,_,_.---'—'_‘—'---._,_‘_\_‘_'_.J_|

Detector
Mirror &
P

&
Laser y

E=d

.
[ Detector

signal A

Lock-in amplifier

= Phase

Q_‘nlimde

Reference
signal

Excitation
signal

S
Cantilever :
Function
generator
[ I
Error
C—I—b z-Signal signal -
-4— Set-point
Y U o_soannet FPlD-controller
Force
repulsive force

intermittent-
contact

Force and force
gradient in AFM

distance

(tip-to-sample separation

—

U

attractive force
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Oscillating Cantilever Interacting with a Sample Su  rface

When the tip interacts with the sample, an additional force Fs acts on the tip when it is in close vicinity
of the sample surface. As a result, the

= This means that interaction strength can be sensed by measuring the changes in the resonance

frequency Awand/or changes in the oscillation amplitude 4A and phase 4¢ as shown below.
These changes can be used alternatively for the measurement of the cantilever deflection.

= These scanning modes are called tapping or intermittent contact or noncontact scan modes
P %

¢!

/2

0 @, O 0 On Cn Q
Fig 4.2. Varnation of the oscillations phase with Fig. 4.3. Variation of the oscillations amplitude
resonant frequency. with resonant frequency.

= In general, if the interaction is dominated by repulsive forces, the resonance frequency increases
because the cantilever is pushed back more strongly to the zero position.

= On the contrary, when attractive forces dominate the resonance frequency is lowered.

16
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Detection Modes: Amplitude versus Frequency Detecti on

(a) Amplitude Detection:

Excitation at constant excitation frequency fey close to fies

Measurement of amplitude change 4A using lock-in technique.

(b) Ereguency modulation mode

Excitation frequency is kept tuned to resonance and amplitude

kept constant. Measurement of frequency change Af relative to free-air resonance frequency

15 . |
I B . ® distance ~ 10 nm
Asp { - 7/ " _V____x
- —— Aole, Y
E‘ |W/_ \< sample
= 10 . ] &
< Applying interaction —=g ?' =—No mnteraction
Pa— & ‘ti.\ »
o ¢ &L Maximum slope position
5 i :- .ri i/’"__ pe p
e | o [] Y T
= g & %1
o 5 | 4
E
<
O I | 1 1 1
0.50 0.75 1.00 1.25 1.50
o/,

(a) > (b)
Al DR
'§ W \AA
- \
frequency frequenc{i

Fig. 3.7. Two dynamic modes for the detection of tip—sample interactions. In
dynamic force microscopy (a), the shift in frequency caused by the tip—sample
interaction is detected. The oscillation is driven at the actual eigenfrequency of
the cantilever. This mode is mainly applied in vacuum, where high Q-factors allow
a precise determination of the resonance frequency. In the intermittent contact
mode (b), the change in amplitude is detected at a fixed frequency fo. This mode
is suitable for systems with low Q-factors, where the amplitude changes fast enough
upon tip—sample interactions. The decrease in amplitude at fo may be due either
to a frequency shift (I) or to an additional decrease in the total amplitude due to
damping (II)

17
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Intermittent Contact (Tapping) versus True Non-Cont
Tapping mode _ (= intermittent contact) AFM

In this operation mode, the excitation fre-
guency is set slightly below the resonance
frequency of the free cantilever and the
amplitude set-point for scanning at a value
lower than the amplitude of the free cantilever

at the excitation frequency.

Cantilever

Response
12.54 nm/div

Setpoint

As the tip comes into the contact regime (tapping
on the sample), the resonance curve shifts to the
right hand side to higher frequencies and thus, the
cantilever amplitude at the drive frequency is

reduced until the set-point value is reached.

Non-contact mode  (far distance attractive force regime)

In NC-mode AFM, the excitation frequency is set slightly
above the resonance frequency of the free cantilever and
the amplitude set-point for scanning at a value lower than the
amplitude of the free cantilever at this excitation frequency.

As the tip comes in the non-contact regime, the resonance
curve shifts to the left hand side to lower frequencies because
the attractive force retards the cantilever oscillation. Thus, at

the fixed excitation frequency, the cantilever amplitude is

reduced until the set-point value is reached.

Gunther Springholz
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Comparison of the different AFM Imaging Modes

Table: Operation modes in atomic force microscopy

Gunther Springholz

Mode

Advantages

Disadvantages

Contact Mode
Static (DC)

High lateral resolution (A)
simple operation
simple interpretation

Large tip wear due to strong
tip-sample interaction,
limited force resolution

Contact Mode
Dynamic (AC)
intermittent or
tapping mode

Highest spatial resolution
(atomic) and sensitivity,
high force resolution (pN)
low noise, high stability
reduced sample damage

More advanced

instrumentation

Noncontact

Mode -Static (DC)

Nondestructive: No

tip wear, and no sample
damaging, sensitivity to

long range forces (MFM)

Poor spatial and force
resolution (~10nm)
unstable operation
very sensitive to drifts

ce

intermittent-
contact

repulsive force

distance
(tip-to-sample separatio

Noncontact
Dynamic (AC)

Nondestructive

higher sensitivity as DC,
sensitivity to long range
forces (MFM)

Poor spatial resolution

(~10nm)

y

attractive force
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