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Introduction

Volumes of the AR Imaging and Spectroscopy Applications Gui de

The Asylum Research Scanning Probe Microscope (SPM) Saftmanual comes in volumes. To
date these volumes are:

Part I SPM Imaging TechniquesStep by step instructions for various imaging techniquese O
chapter per imaging Mode=(g. Contact Mode, AC Mode, Conductive AFM{c) In some cases
an additional chapter for extensive theoretical backgdoun

Part I SPM Non-Imaging TechniquesStep by step instructions for various non-imaging tech-
niques. One chapter per Mode.q. Force Spectroscopy, Force Volume Mapping, Nanolithrogra-
phy, Nanomanipulatiorgtc)

Part Il Spring Constant Calibration and ThermalStep by step instructions for cantilever cali-
bration techniques. Background and theory are devoted weeessary.

Part IV Supplemental InformatiorExtra applications background information.
Part V Bibliography, Glossary, and IndexSelf explanatory. Covering all parts of this user guide.

AR SPM Software version It is assumed that AR SPM Software version 14 or later is llestan
your system. The current AR SPM Software release is verdon 1

Getting Help There are many ways to get help with your Asylum Researchumsnt, and it is
always free:

 go tohttps://support.AsylumResearch.Cohkfere you will nd FAQ articles, software down-
loads, manual downloads, and a user forum which puts yowichtavith thousands of other
AR SPM users.

e e-mail us asupport@asylumresearch.com

» call us at +1-805-696-6466. During US west coast busineasshyou will get a human being
to speak with. After hours you still have a good chance oflgatg one of our scientists.
Within the US you can call our toll free number if you wish (88472-2795). If you are
outside the US timezones, call your local asylum of ce otrilsitor.

* If necessary we can initiate a remote session and have ang stientists operate your AFM
over the internet.

Updates to the Manual Bundled with the software updates.

Send Feedback Send e-mail tsba.manuals@oxinst.co(s— clickable link) and mention which
version of the user guide you are using and what chapter anidisezour commenting on.
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Prerequisites

We recommend that you have a running AFM, or at least a fumictipcopy of the Asylum Re-
search SPM software installed on your computer. For an @awref a properly set up MFP-3D
AFM, please refer ttMIFP-3D User Guide, Chapter: InstallatiorLikewise, for the Cypher AFM
a properly operating AFM system includes a PC with the AR SBfil\are installed.
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INVISIELE LASER RADIATION
DO NOT VIEW DIRECTLY WITH
OPTICAL INSTRUMENTS
{(MAGNIFIERS)

CLASS 1M LASER PRODUCT
1.0 mW AT 860 nm

Part |

SPM Imaging Techniques

Part I: Who is it for?  Succinct step by step instructions for various imaging némples. Light on
theory and gets to the point.
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Ch. 1. Contact Mode

1. Contact Mode

CHAPTERREV. 2038,DATED 08/29/2018, 16:17. BERGUIDE REV. 2053,DATED 09/28/2018, 15:06.

Chapter Contents
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1.1.2 Preparation and Tutorial . . . . . . . . . . .. e e 7

1.2  Parameter Selection . . . . . . . . . .. 7

1.3 Optimize Imaging Parameters . . . . . . . . . . . . . . o 9
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Ch. 1. Contact Mode Sec. 1.1. Preparation

1.1. Preparation

1.1.1. Cantilever Selection

Any standard contact cantilever will work in this mode. A lig contact cantilevers we offer can
be found hereContact Cantilevers

1.1.2. Preparation and Tutorial

Contact Mode imaging is suf ciently commonplace that a tigbhas been developed for it. If you
own an MFP-3D family AFM, please followFP-3D User Guide, Chapter: Tutorial: Contact
Mode Imaging in Air If you own a Cypher AFM, please follolypher User Guide, Chapter:
Tutorial: Contact Mode in Air This will familiarize you with the basics of loading the déever,
sample, and such. Once everything is adjusted and the eaattils ready to engage above the
sample surface, you can switch over to the sections thatfdilere in order to create high quality
images by adjusting parameters in the software. Softwdiereinces among the instruments will
be covered as necessary.

1.2. Parameter Selection

Based on the previous section, it is assumed that:
* The cantilever is close enough to the surface that the Zpaeiator can bring the tip and
the sample into contact.

* The laser is aligned on the cantilever and the photodetedference (de ection) signal has
been zeroed.

The Mode Master window:

) ., \_o
 The software should now be showing -

1. the mode master window. A \_\
« |If not, click the Mode Master button
at the bottom of the screell. E) @

I
I /

1

H EA
=)

H B
=
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Ch. 1. Contact Mode Sec. 1.2. Parameter Selection

Standard

2' -

Select Mode:

¢ SelectStandard tab . Contact Mode Topography
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

m Master Panel (Ctrl+5) | = | B | 23

Image = Thermal | Force | Tune Fmap
Set up Master Panel: . i
* In the Main tab of the Master Panel, Poms Alnes e
selectContact from thelmaging Mode oo o
pull-down menu. 100Hz 3

e Setpoint: 1.0 V.
* Integral gain (I):

— MFP-3D:8-10 TSE‘ST 40 mn : BEO
— MFP-3D Extended Z: 2-3
— Cypher: 30
3 e Scan rate: 1 Hz; for softer samples,
choose a slower scan rate, perhaps 0.5
or 0.2 Hz. Save Options
» Scan angle, resolution (scan points & | | f ™ e
lines), and image size is up to you. Note

These are found in the Parms. tab to
the right of the Master Panel.

Note Parameters highlighted in orange will
be mainly used to ne tune imaging
parameters when scanning.
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Ch. 1. Contact Mode Sec. 1.3. Optimize Imaging Parameters

Image channel selection: I ThEcter CHarmel P Eg—@—:@
» Go to the Master Channel panel.

» Select the leftmost tab and select

Ht Df | Z8 4 5 6 7 8

Height under thenput pull-down ki Zsensr el =
Image Display
menu. Also set th&aved pull-down i :
to None [JAuto  colorMap Grays256 v ?
« For the next two tabs do the same for Fix | Data Scale | 10.00 nm # |2
4 Zsensor andDe ection . Fix_| Data Offset |0 nm AR
Note TheReal Time andSaved pull-downs e M. :
should be examined before scanning Hediums|  Ponefti ) | &
. . . 7
commences. It is important that no effect is saved i = ik
applied to the saved data in order to Capture & Display Retrace v| 2
preserve at least one unaltered copy of [JuseArgyle [¥]Auto Channels [ JAutoTile [3
original data. An effect may be selected for show scope 7] Ao [7] 5
scanning, but this setting could also cause e Seim s
image artifacts depending on the
topography.

A brief summary of these data channels:

Height: The voltage applied to the Z piezo to maintain de ned positile ection per X,Y scan
point. This signal is a linear approximation to a non-linsignal, meaning it is inaccurate at larger
scales; for larger scales, you should use the Z sensor. Mamizdje of the height channel is that it
has less noise than the Z sensor channel.

De ection: The error signal of the feedback loop used to maintain thesetpoint de ection.

Z sensor: The movement of the optical lever detection assembly as torewi by a closed loop
sensor. It is recommended to always activate the Z sensanehwhen imaging, especially when
sample features are larger than a few tens of nanometerg;lt¥i®T sensors are more linear than
the piezos, and thus give a more precise Z measurement.

Mode Master: Most of what was described in this section is automaticalyby the Mode Master
whenContact Mode is selected from the standard modes.

1.3. Optimize Imaging Parameters

1. Click the ‘Frame Up' button on the Image Tab. After a brief moment, imaging wiltjioe
Tune the parameters with Set Point, Integral Gain, and Seés. RIse the arrow clickers to
right of setvar windows to adjust parameters.
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Sec. 1.3. Optimize Imaging Parameters

» Alternately, you can ne-tune the
parameters using the Hamster Wheel
on the front of the controller. The
Hamster Wheel on the rst generation
controller, ARC1 black, is
permanently attached to the controller
whereas on the second generation
controller, ARC2 silver, it is
detachable.

Any parameter with a “radio” button
next to it can be changed during a
scan when it is activated by the
Hamster Wheel. The Hamster gives
“digital control with analog feel.”

For the ARC1, there is a toggle switch

which allows you to scroll through
the parameters. For the ARC2, the
outer ring allows you to select the
parameter whereas the inner ring
changes the value. This is a GREAT
feature for tuning on the y, and
eliminates the need for the mouse.

Master Panel (Ctrl+5)

—

Image Thermal Force Tune Fmap

=]

[ 23

Pixel Size
78.1 nm

Scan Size
20.00 pm =

Scan Time
00:04:16

Points & Lines
256 =

Scan Rate

a

1.00 Hz =

imaging Mode

Set Point Integral Gain
80000mvV 20 10.00

Drive Amplitude

10000 mV 2

' | Radio Button I
Drive Frequency
75.000kHz S O

Save Options

Suffix
0000

Base Name
Image

Note
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e = = & &

YRRV

0 10 20 Vi) 40 50

[ |EEIRY | = Re]
IS 000 B ®

-0

-1

-1
1

]
Moo

Determining Image Quality:

* Image quality can be monitored by image resolution and byathount of noise
in the line traces (located below images).

« Start the learning process on a sample with a known topbgrdike an Asylum
Research Calibration Grating (basically a matrix of squu®. Then you know
immediately if the image looks sub-optimal.

» Look at the Scope Trace below the image. This graph repietam most recent

3. line of the imageBlue indicates the tip moving left to righttace) andRed

indicates tip returning from right to leftétrace).

On most samples with relatively slowly changing features;e and retrace should
look the same. In other words, the landscape should lookattme $f you are ying the
exact same route one way or the other. In the image aboveythare quite different;
this is an indication that imaging parameters need to bestatju

Nomenclature In the previous image the tip is not following the surface.tlde blue
trace shows (left to right), the tip seems to climb up out efpits of the calibration
grating quite nicely, leaving a sharp edge along the lef sideach pit, but then it
descends back into the next pit along a relatively gentlgesl®uring this descent the
tip actually ies through the air while it is completely unéeted, a bit like a hang
glider running off a cliff. The lateral motion of the tip sitypgmarches on as dictated by
the XY scan pattern. The feedback control algorithm is synmoit aggressive enough
to bring the tip back down to the bottom of the pit. Such bebtwad commonly called
parachuting or poor tracking.
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» The Setpoint voltage and Integral gain
should rst be adjusted to achieve
good tracking. The picture to the right
shows an example of imaging a
calibration grid, with corresponding
parameters from the Main tab below.

» Panel A) shows the initial tracking of
the tip upon engagement with a
Setpoint voltage of -0.4V when the

4. free air voltage was about -0.45V.

» Panel B) shows that with an increase
in the Setpoint force and a slight
increase in the Integral gain, tracking
is improved greatly.

Note Don't be alarmed if you have to
crank up the Integral gain when using long
oppy cantilevers - the gain is related to the
optical lever sensitivity (more gain for less
sensitivity).

Height Channel
A e B B BB

-0.9
-1.0
-1.1
-1.2 ]

| [PER B ®
[ B | =)

5. The second parameters to adjust are the Scan Rate and Sckn Aaying a vague idea

of the orientation of the tip on the cantilever can make sitanat 90 degrees more advan-

tageous than 0 degrees because of the shape of the tip atdhed e cantilever. Some

cantilever manufacturers compensate for the slight amgecantilever is mounted relative

to the surface by having the front and back angles of the pgratrdifferent angles.

TheDelay Update checkbox allows
the user to change the parameters
during a scan, which will take effect
at the end of that scan.

» During the period before update, the
parameters changed will be
highlighted in a orange color.

* Notice that there are setvars without
radio labels; highlights occur here
because these values only take effect
when the frame is nished (e.g. scan
rate).

e TheDelay Update checkbox can be

found by clicking on the Parms. Tab

to the right of the Master Panel as

=] Master Panel (Ctrl+5) = = -' Advanced Scan Parms =)

= Parms

[J0slay Update Reset Delay

Image | Thermal | Force | Tune | Fmap

Scan Size Pixel Size
2000pm 2 781 nm

Points & Li Scan Timk

zzlg 8 lnes 0230"4 '69 Scan Speed Scan Angle
s 50.08 ymis [ 000°

Scan Rate

1.00 Hz

Imaging Mode
Setpoint Integral Gain
1.000 V g0 10.00

X Ofiset Y Offset
0nm = 0nm

Scan Points Scan Lines
256 ~ 256

Width Height
1 B 1

P. Gain
0.00

Feedback Filter
1500 kz S

Clear Image

shown by the image on the right.
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Q When | make changes to scanning parameters, when do thosgeshtake effect in the
scanned image?

A Most imaging parameters in the main tab of the main panel 8p@éll update as soon
as you make a change. Points, Lines, and Scan Rate do notech@idgmage; those
parameters will only change at the next frame.

If you check the'Delay Update' box just above the Setpoint parameter, then any changes
you make to parameters above that box will only update wheavaimage is started.
Until the image is complete, the changed variables are iigigted in orange.

You can always force a new image by clickifijame Up' or “Frame Down'. A nice way to
see the effect of changing imaging parameters can be asvfollo

» Check the Delay Update' box as described above.

* Click “Frame Up'and collect a dozen scan lines. Observe the image quality

» Make some changes to the scan parameters (number of paigtsgains, setpoint).

* Click “Frame Up' again.

» Observe as the exact same scan region is painted over witbata taken with your new
parameter choices.
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2. Contact Mode Imaging: Scienti ¢ Background
and Theory

CHAPTERREV. 2021,DATED 07/09/2018, 12:21. BERGUIDE REV. 2053,DATED 09/28/2018, 15:06.

Chapter Contents
2.1 Theoryand Background . . . . . . . . . . e e e e e 14

Contact Mode AFM, also known as Constant Force Mode, is onieimore commonly used
imaging modes in AFM. It is often used in imaging hard mateyian some electrical techniques,
and in imaging biological materials, such as cells, undsrdetpoint forces and scan rates (Because
cells are big bags of water, they can be easily oscillatecCifode is used on them. Contact Mode
works better, and the De ection images shows a great deatw@iilyl It is also among the simplest
methods to explain, and therefore leads the chapters on ARd\ding modes. The typical user
will do more AC Mode imaging than Contact Mode imaging (S@®n page??), but should know
Contact Mode imaging as well.

2.1. Theory and Background

An AFM imaging technique typically requires a method by whike tip can track the topography
of the sample. A relatively simple method of doing this is tonitor the cantilever de ection.
Please refer teigure 2.2 on page 16

For the purposes of this discussion, we will assume the tigtsoabove the sample surface by a
few microns with the Z feedback turned off and the Z actuaitly fretracted. The lever is now in
its relaxed position. The photodetector is aligned so tkerlaeam is centered and the difference
output from the photo detector is zero. Any de ection of teedr away from the relaxed position
registers as a non-zero voltage: negative for bending tbiveer sample and positive for bending
away. Next, a setpoint voltage for this output is chosenrespronding to a certain de ection.
Usually the quantity of interest is the force exerted on thege by the lever.Chapter 20 on
page 278&hows how to calibrate detector output voltage in terms®fdince on the sample. Once
you are familiar with using a particular type of cantilevggu will become accustomed to the
forces involved and will probably skip the step of calibngtithe force.

To conceptually aid the process of selecting of a setpoiltage, a qualitative depiction of can-
tilever de ection vs. Z Sensor is shown Figure 2.1 on page 1%t the far right of the graph, the
tip is above the surface. Further left, the tip is approagtite surface, but since it is not yet touch-
ing, the de ection stays the same. At the contact point thbcomes xed against the surface,
and the de ection voltage starts the increase. The more thetdator extends, the more the lever
bends, and the bigger the de ection signal gets.
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Figure 2.1.: Qualitative depiction of Cantilever De ection vs. Z Sensor.

The Z feedback loop is what controls the Z actuator. It tresnintain the speci ed setpoint
voltage (sed-igure 2.2 on page 16 If the measured de ection voltage is less than the setpoin
voltage it extends the Z actuator. If the measured de ecisogreater than the setpoint voltage it
retracts the Z actuator. When the Z voltage is railed at 150mplies that the Z actuator is full
extended, and the de ection is still below the required setp What this means is physically the
cantilever is not in contact enough or at all with the surfddkewise when the Z voltage is railed
at -10V it means that the Z actuator is fully retracted, yet¢hntilever is still so bent against the
sample the de ection remains higher than the setpoint.

While the Z feedback keeps the de ection constant, the ssaimrastered in X and Y. As the
cantilever goes over the sample, voltage to the Z actuatbckange due to the feedback. The Z
actuator is made from piezo electric material which is iendly non linear over large distances.
Over small ranges it acts very linearly and the voltage seitheé Z actuator is an accurate mea-
surement of the sample topography. In the software thisgelscaled is theleightchannel. For
large ranges, it is more appropriate to useZteensorchannel. The sensor is much more accurate
but introduces some noise to the measurement. Over largesdhis noise is neglible compared
to the range itself. If your sample features are around lugneater it is good idea to ugesensor
rather tharHeight

If the Z feedback worked perfectly the de ection would neebange. In reality the Z feedback is
close to maintaing a constant de ection but not perfect.d@mdchanges in the sample topography
cause the Z feedback to either under or over compensate D&leetion channel is therefore a
measurement of the error signal. This channel can be usefdetecting features that don't show
up well on the other channels.
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Figure 2.2.: Contact Mode AFM. Z actuator feeds back to keep cantilever de ecti on at a given setpoint.
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Figure 2.3.: Contact Mode tracking of the surface. Feedback keeps the cantilever de ection constant.
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Ch. 3. LFM

3. Lateral Force Microscopy

CHAPTERREV. 2014,DATED 05/09/2018, 18:29. BERGUIDE REV. 2053,DATED 09/28/2018, 15:06.
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3.1. Lateral Force Imaging

3.1.1. Introduction

Lateral Force Microscopy (LFM) can easily be performed othbaf the MFP-3D and Cypher
family systems. It is a close cousin of Contact Mode, howéver instead performed with the
“fast scanning” direction orthogonal to the length of thatdaver. Contact mode AFM is typically
performed by scanning the tip (or sample) back and forthemtlanner of sawing a piece of wood.
The cantilever (saw) moves along a path that is parallektovitn length. For LFM it moves more
like a blind man's cane; in a path perpendicular to its owrgthn This is referred to as the&stan
Anglé€.

LFM fundamentally performs Contact Mode AFM but also morstan extra piece of information;
how much the cantilever twists from the friction experieshog the tip during scanning. This signal
is measured by the same quadrant photodector that meakarearttilever de ection, except that
“left” and “right” halves of the photodector are differemcy measure the lateral de ection (twist)
of the cantilever.

Lateral Deflection

A B A L B

—8—— (0

emmenesnens
Y

Figure 3.1.: The De ection signal versus the Lateral signal on the photodetecto r.

3.1.2. How to Guide

It is assumed the user is already familiar with Contact ModMA(1). If you own an MFP-3D
family AFM, please followMFP-3D User Guide, Chapter: Tutorial: Contact Mode Imagiimgy
Air. If you own a Cypher AFM, please follol€ypher User Guide, Chapter: Tutorial: Contact
Mode in Air. This will familiarize you with the basics of loading the ¢#dever, sample, and such.
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The Mode Master window: - A
) .. N Y T
* The software should now be showing R e e
1 the mode master window. 2> o Y
* If not, click the Mode Master button
at the bottom of the screel=]. E) @

| Standard

Select Mode:

e SelectStandard tab . Lateral
* The screen will now re-arrange and present all the contretgssary for this
type of AFM imaging.

Note LoadingLateral mode will also load the Friction Loop panel automaticallpuY
may not need to perform this for LFM imaging, but will coveistiiechnique
separately. (Seg.2)

3.1.3. Zeroing the Lateral Signal

LFM will produce best results if performed on eithe€gpher family AFM
Note or MFP-3D In nity AFM, as the electronic gain for tHeateral signal on the
photodector is higher and, therefore, more sensitive.

Just the same as e ection signal, theLateral signal should be centered/zeroed on the photode-
tector during LFM as well. Please consult the manual of yartipular AFM on how to do this.
However, the three options are:

3.1.3.1. MFP-3D Classic/Origin/Origin+

A standard MFP-3D Head does not have a mechanical meansddleekateral signal on the
photodetector, for reasons not to be discussed herein. eTisehowever, an electronic way to
zero thelLateral, in the form of an Igor procedure le (.ipf) calledlFM Rocks.” Please contact
Support@AsylumResearch.com for a copy of this le.
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1. Load theLFM Rocks.ipf - Go to File>Open File>Procedure; load LFM Rocks.ipf from
wherever it was saved.

Compilethe .ipf by clicking the compile
button at the lower left of the .ipf window. Iy » ® TempErz=| Pmedmsv]m%

2. | Once compiled, this button will no longer
be visible. To learn more about compiling
Igor procedure les, read the Igor manual.

A Sumass N

Deflection-0.51 | |
Lateral 0.98 | | B
To zero the lateral signal, go to kacros ZVoltage0.00 [ 49 =
>ZeroLateral and the lateral signal will be
electronically zeroed. | MFP3D 071217
» The top image shows a typical lateral -
signal from a given cantilever. B Macos Windows Panel
e With LFM Rocks compiled, select ' !
) CopyContour Trace
3. ZeroLateral from Macros in AFM Py ]
software menu bar, as seeninthe | . ImportLithoContour

middle photo. | BigPSD

* Image C demonstrates the result: Toced atceal
electronic zeroing of theateral : k

signal. .

sumi4.s3 I
Deflection-0.53 | T &
Lateral 0.01 |

Z Voltage 0.00 | | IIEGEGN

3.1.3.2. MFP-3D In nity or MFP-3D with LFM Option

The MFP-3D In nity or MFP-3D Classic/Origin/Origin+ with EM option has a special adjust-
ment mechanism built in to the Head to mechanically centeiaber spot on the photodetector.

3.1.3.3. Cypher S/ES/VRS

Has built-in motorized zeroing of the de ection and lates@gnal. It all happens automatically.
When the Cypher is prepared to do Contact Mode imaging, Issr@ady to do LFM. Please see
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Ch. 3. LFM Sec. 3.1. Lateral Force Imaging

3.1.4. Setting the Parameters

] Master Panel (Ctrl+5) [=] ® [ | Advanced Scan Parms =]
[ image | Thermal [ Force | Tune | Fmap
Scan Angle - st st
 LoadingLateral mode automatically o v S
sets theScan Angleo 90°. e S
 To check this, select thearms.icon D '
1. in the Master Panel Pom
: . Foninck
Note Itis also possible to set tHécan Prretame . '
Angleto 270° instead during LFM. This

will essentially switch the Trace and
Retrace with respect to 90°.

ClearImage

Channel Con guration

» LoadingLateral mode automatically
con gures thelLateral channel in the
Maser Channel Panel.

» 5 channels are automatically
displayed:Height, De ection,

2. Lateral: Trace, Lateral: Retrace,

and Friction: Trace

Note TheFriction: Trace channel is a
“User Calculated” channel. It displays the
measuredLateral: Trace -Lateral:
Retrace)/2channel in real-time during the
scan.

[ ) (Y 5

oy

Figure3.2shows a couple images from a sample which has bands of dlteymaolecules adhered
to its surface. This was achieved by micro-contact printidgte that Height image in Figui@2a
shows nearly imperceptible evidence of these two mole@gacies. Since only their termination
differs, they are the very nearly the same length. The Lhit@@ge in Figure3.2ly however, shows
great contrast, indicating a difference in tip-sampletivical forces between these two molecular
species.

3.1.5. Example of LFM Imaging
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Sec. 3.2. Friction Loops

35

30

25

20

um

15

10

dSANDONMMOD
nm

0 10 20 30
(a) Height Image

10 20 30

(b) Lateral Image

Figure 3.2.: Micro-contact printed alkanethiols on polycrystalline gold. The bright areas of the LFM
images are terminated with a carboxylic acid, while the dark areas are a methyl terminus.

3.2. Friction Loops

3.2.1. Introduction

Another major method of performing LFM measurements isughosomething called &tiction

Loop”. This is a non-imaging technique where the “slow axis” o tbcan is disabled and the
cantilever is simply rastered back and forth over the saneedn the sample. This Friction Loop
measurement can be used in a variety of ways to calculdteaal the lateral optical lever sensiv-
itiy (Lateral InvOLS) in order to quantify the friction mea®ments, a bit like a De ection force

curve might be used.
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Ch. 3. LFM Sec. 3.2. Friction Loops

(@) A diagram of LFM (b) A typical Friction Loop

Figure 3.3.: An example of a standard friction loop measurement.

TheFriction Loop Panel will ramp the Y-axis of the AFM Scanner to move orthogonaltte tong
axis of the cantilever, while the tip is engaged in contacttensurface. It will record the Lateral
signal as a function of the Y-sensor position during thise $aftware will aim to t the Static “turn
around” regions to a straight line to obtain the Lateral Ib@value for the cantilever, however
this can be problematic if the data is not very clear; if there particularly jagged turn around, it
can produce inaccurate values. The main goal of this pat®pi©vide a means to collect the data,
the automated analysis is provided as a starting point, duitnged to con rm its validity before
fully trusting it.

In 3.3 note that in the forward Trace (red), the lateral signalkew +20 mV, while in the
backwards Retrace (blue), the Lateral signal is about -20 The “Average Friction” signal is
taken to be the difference of the Trace (forward) and Retflaaekward) path signals divided by 2
(e.g., 20 mV)

One aspect to note is that, if the cantilever, laser, andcttetare all perfectly aligned, and the

sample is perfectly at, the Friction Loop will appear cergd and symmetric about zero. Needless
to say, this is most often not the case. By taking the diffeeeof the Trace and Retrace of the
Lateral signal, most offsets can be eliminated due to “@ptReam” misalignments and sample

slope.
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Ch. 3. LFM Sec. 3.2. Friction Loops

3.2.2. Lateral Calibration

One way to calibrate the Lateral InvOLS is to run a Frictioropmn a stiff, at, very high friction
surface such as mica or glass. At the beginning of the looac€lrand at the point the cantilever
turns around (Retrace), the tip actually sticks to the sertaefore it starts sliding. This sticking
portion is the Static Friction portion of the Friction Load arrow and blue arrow showna3h).

The slope Kt) of this represents the lateral stiffness of the lekgf), the stiffness of the tipk(,),
and stiffness of the contadt.():

1 1 1 1
_— = —+ —+
k(ot klat k(ip kcont

Note that if the stiffness of the tip is very high (e.g. a silizall) and the stiffness of the contact is
also high (e.g. a silica ball on a silica surface), then theseterms approach zero and the total
stiffness just approximates the lateral stiffness of there

3.2.2.1. The Wedge Calibration Method

A method that bypasses the separate determination of grallaiptical sensitivity and the lateral
force constant is named the “Wedge Calibration Method”. hthiis method, the De ection and
Lateral signals are monitored while scanning on a slopef@seie.g., reconstructed SrTiO3 or a
silicon grating.) This method is based on the geometridicglahip between the components of the
normal and lateral forces as the probe slides over a substitit aknown slope. Experimentally,
what one measures are the load dependence of the half-Wigtar(d the offsetD) of the Friction
Loops, representing the cantilever's torsional sensjtidue to the frictional force and the slope,
respectively. Static force analysis of the sliding, assignlKR contact conditions for adhesive
friction, leads to the instrument-dependent lateral faaibration factora (in N/V units).

For more on this topic, see referentés

1Ogletree, D.F., Carpick, R.W., Salmerson, M.: Calibratdririctional forces in atomic force microscopy. Rev. Sci.
Instrum. 67, 3298-3306 (1996)

2varenberg, M., Etsion, I., Halperin, G.: An improved wedgéiliration method for lateral force microscopy. Rev. Sci.
Instrum. 74, 3362-3367 (2003)
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Sec. 3.2. Friction Loops

Figure 3.4.: Friction loops on at, inclined, and declined surfaces at a given ap plied load. The half-
width (W), representing the frictional response, only slightly varies, while the offset (D), due to the
surface tilt, varies substantially. The load dependence of W and D are used to determine the lateral

force sensitivity of the cantilever

3.2.3. How to Guide

Mode Master

* When theMode Master window
appears, choose tl&tandard tab.

1. » Select thd_ateral mode icon. All the

necessary panels for Friction Loop

operation will now automatically load

and arrange on the desktop.

Friction Loop Panel

» The Friction Loop panel has a few
parameters to control:

2. — Rate: Tip scan rate

— Dist: The distance the Y-piezo
will ramp

— Setpoint: The tip
de ection/normal force
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3.3. Friction-Load Maps

3.3.1. Introduction

A Friction-Load Map is a plot of the friction (Lateral) foragersus the normal load (De ection).
The slope of this curve (assuming that it is linear) is thenefthe Coef cient of Friction (COF).
This plot is generally linear at high loads, but typicallycbees less linear at low loads. | can
better understood and interpretted with the appropriateach model (Hertz, JKR, DMT). With-
out explicitly calibrating the De ection and Lateral SpgirConstants, and the respective Optical
Leer Sensitivities, you can still plot the Lateral versusiNal signals (se8.5 and make relative
comparisons of changes in friction between tip and sample.

Figure 3.5.: Uncalibrated, relative comparison of the COF for HOPF and Mica

Everything considered, a Friction-Load Map is essentialiriction Loop (se&.2) in combination
with a Force Curve (seBg). In this technique, the cantilever is rastered back arnti facross a sin-
gle line like in a Friction Loop, however the normal force Iiscincremented after each completeld
line up to some maximum value (“loading”); and then decretméin the same manner (“unload-
ing”). Both the Lateral signal and Normal signal are mongonaltaneously, which utimately
constitute the data for a friction-load map.

Note that the De ection signal i8.6 looks like a lot like a Force Curve, in that it: starts out at
away from the surface at the beginning of the loading segnsedtenly snaps to the surface when
it comes very near, increases as the tip pressed in to thecsuffioading”), decreases as you start
to move away (“unloading”), and then nally snaps of of thefage. You can create a similar
Friction-Load Map by simply collecting individual FrictioLoops at different de ection Setpoints
while engaged on the surface, but you will not see the dataegboint of contact, pull off, and at
negative loads.
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Figure 3.6.: An example of a typical Friction-Load Map dataset

3.3.2. How to Guide

Performing a Friction-Load Map requires an Igor procedues(.ipf) called
Note RampZDuringNap_stepwise.ipf.Please contact
Support@AsylumResearch.com for a copy of this le.

Mode Master

* When theMode Master window

appears, choose tl&tandard tab.
1. » Select thd_ateral mode icon. All the

necessary panels for Friction Loop
operation will now automatically load
and arrange on the desktop.

Disable Slow Scan

¢ |In the Master Panel select theAdv.

tab.
2.  Select the checkbox fdSlow Scan

Disabled.” This will cause the AFM
to scan the same line repeatly when
the AFM scan is begun.
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1

Nap Panel

* In the AFM Controls>Nap Panel.
3. + Set theNap Mode in the Nap Panel

pulldown menu td'Nap” . This will
enable standard Nap Mode.

Launch the .ipf

» Launch the
RampzZDuringNap_stepwise.ipfby
double clicking the le icon.

» To 2 variables for the user to adjust
are: and : |

Note This le hijacks whatDo Scan/Frame
Up/Frame Down does. Instead of
topographic imaging, it will lift the Z-piezo
away from the surface to a de ned initial
position, ramp a de ned stepwise amount
towards the surface while scanning a line,
then retract to the initial de ned position.

Adjusting the Variables

. adjusts the magnitude of the

S. stepwise loading/unloading.
. adjusts the offset of the

relative to sample surface.
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Once you have set these 2 variables, you
mustCompilethe
RampzDuringNap_stepwise.ipfby

clicking the Compile' button at the lower

left of the .ipf procedure window. Once
compiled, this button will no longer be
visible. To learn more about compiling Igor
procedure les, please read the Igor
manual.

Select'Frame Up' or “Frame Down' in the
7. | Master Panelto begin the Friction-Load
Map.

3.3.3. Data Processing

Friction-Load Map data generally require a bit of procegsmunderstand well. This section will
step through a typical procedure.

Retrace Layer

» Open Friction-Load Map .ibw le and
select theNap Lateral Retrace

image tab.
1.  Navigate toCommands>Extract Layer

at the top of the image window. This
will copy the Nap Lateral Retrace
image to an Igor wave called
LayerData

In the Igor command line (CTRL+J), copy
the LayerDatawave to a new wave using

2. | the command. In the example
here, that new wave is given the name
“latretrace0010.
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Trace Layer

» Go back to the Friction-Load Map
.ibw le and select theNap Lateral

Trace image tab.
3 » Navigate toCommands>Extract Layer

at the top of the image window. This
will copy theNap Lateral Trace
image to an Igor wave called
LayerData This will overwrite the
data of the previoukayerData.

In the Igor command line (CTRL+J),

4. | subtract théNap Lateral Trace wave from
the Nap Lateral Retrace wave and divide
that result by 2.

Insert the Layer

* Navigate toCommands>Insert Layer
at the top of the image window.
 This will insert the result of that

subtract LayerDatawave) as a hew
layer into the Friction-Load Map .ibw

5. le.
* In this example, this inserted layer is

namedNapLateralTraceModO or
LINTmO in the tab.

Note This is the Average Friction image
and is actually the same data as the
NapFrictionTrace.

SYLUM
an Oxfﬁi?sﬁﬁgocmp!:g B ETA Page 30



Ch. 3. LFM Sec. 3.3. Friction-Load Maps

Average the Friction Data:

» Use theSection tool in theCommands>Analyze Panel in order to average the
data over the “slow scan” axis for the inserted layeaLateralTraceMod0).

« Increase the width of the section to the number of pixelswih to average. In
the example here, it is averaged across 100 pixels.

< Copy the section data to another wave and separate therityaahd
“unloading” segments.
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De ection Offsets:

« Open the tab for either thidap De ection Trace or Nap De ection Retrace
channel.

e Create a histogram of the channel usingHsogram tool in the
Commands>Analyze Panel.

e PutCursor A on the tallest peak of the histogram and in ¢w@nmands menu of
the histogram, sele&@et Cursor Ato 0

Note This will remove any offests in thBe ection image and set the at regions of
the De ection image to be zero.
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Average the De ection Data:

e Use theSection tool in theCommands>Analyze Panel in order to average the
data over the “slow scan” axis for the offsetted ection layer.

 Increase the width of the section to the number of pixelswal to average. In
the example here, it is averaged across 100 pixels.

» Copy the section data to another wave and separate therfpaahd
“unloading” segments.

Apply the Calibration

» You may wish to convert thBe ection data to a Voltage signal or Force units
using theDe ection InvOLSor theSpring Constant (Bending)espectively.

9. ¢ You may also wish to convert tHeateral/Friction data to Force units used the
Lateral InvOLSandSpring Constant (torsional)

Note This step is is only necessary if you wish to perform quatitigacomparisons.

Graph the Data

* Graph theLateral/Friction data versus thBe ection data to get the nished
10. Friction-Load Map in as seen B5.

Note You may wish to remove the regions where the tip is away froarstirface;
where theDe ection signal is at or where théd.ateral signal is zero.
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4. AC Mode in Air
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4.1. Introduction

This section assumes you are already capable of startinghtging process If this is new to you
then:

 For MFP-3D family AFMs, follow this tutoriak:

* For the Cypher family AFMs, follow this tutori&:
The following sections assume the cantilever is ready tagegbove the sample surface, meaning
the tip is within piezo range of the sample. At that pointnira software perspective, the particular

AFM you are using does not make much difference. In case theralifferences in how the
software interacts with our different instruments, wedldaess that as necessary.

The Mode Master window:

» The software should now be showing

1. the mode master window.
« |If not, click the Mode Master button
at the bottom of the screeLJ.

Select Mode:

» SelectStandard tab . AC Air Topography
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

4.2. Video Tutorial

Consider watching this introductory video tutori&lC (Tapping) Mode Imaginginternet connec-
tion required)

1MFP-3D User Guide, Chapter: Tutorial: AC Mode Imaging in Air
2Cypher User Guide, Chapter: Tutorial: AC Mode in Air, StdaBier.
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4.3. AutoTuning

The tutorials recommended above brie y touch upon the mssrof tuning the cantilever. Since
this is at the heart of AC imaging, we'll talk a little more alidhat now in more detail. If you
just completed your AC mode imaging tutorial, you may be iriadesof collecting an image. In
this case please halt the scan by clicking aep!!"" button in the'Main' tab of theMaster Panel.
This will retract the tip from the surface and stop the XY sdag of the sample. If you left your
system not scanning but with the tip simply engaged on thfaser click the'withdraw' Button on
the Sum and De ection Meter . This pulls the tip from the sample.

Note These instructions are for repulsive mode AC imaging.

Figure 4.1.: Tune tab

1. Open the Tune tab of the Master Panel.

2. Choose a Target Amplitude of 1.0V; this will be the free airpditnde voltage. This is the
peak to peak voltage of the oscillating cantilever.

3. Change th&arget Percento -5.0%. The minus sign indicates that the drive frequenithbe
on the left side of the resonant peak, which helps ensuréghélt remain in NET repulsive
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mode when engaged & scanning. Sgection 5.3 on page 4fr further description of
repulsive mode.

4. The defaultAuto Tune LovandHigh values for air imaging are typically 50 kHz to 400 kHz,
respectively, accommodating most fundamental drive fagies for common commercially
available AC Mode cantilevers.

5. Click the"Auto Tune' button for the frequency sweep to commence. The shake pEdiea
a frequency ramp through the Auto Tune low to high frequesciehe cantilever will give
the greatest oscillation amplitude at its resonant freqyeallowing the tune algorithm to
locate it and determine the Q factor (quality) of the peak.

6. The Drive Frequencyvalue will automatically update in th&une' and "Main' tabs of the
Master Panel, and the Q factor of the cantilever will be determined angldiged at the top
of the cantilever tune graph.

The tune graph, similar to the one ligure 4.2 on page 3will appear. The rst tune will most
likely appear similar td-igure 4.2a on page 3¥hich then updates to one similarkigure 4.2b on
page 37 The software automatically:

» Picks aDrive Frequencyat the speci edTarget Percen{default of -5%).

 Adjust theDrive Amplitudeapplied to the shake piezo needed to make a 1.0 V (peak to peak)
amplitude voltage on the photo diode, as displayed in the &uwhde ection meter.

« Adjusts thePhase Offseto have the phase signal at 90° on resonance.

(a) Early stages of Auto Tune (b) Final result of Auto Tune

Figure 4.2.: Auto Tune of an Olympus AC160 Si (f 300kHz; k= 40N/m; nominal values) cantilever in
air.

4.3.1. Auto Tune Troubleshooting

If you see a message about the drive amplitude being too &®®%on page??.

If you do not know the resonant frequency of your cantileseeChapter 21 on page 290
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Sec. 4.4. Saving Tune Data

4.4. Saving Tune Data

Tip How to Save Tune plots?

Click Save as Force Plot. The saved
tune can then be reviewed in the
Master Force Panel.

Click Rename. The graph is saved in a
separate window. Subsequent tunes can
be overlaid on top of each other if they
are given the same name or saved in a
new graph when given a new name.
Click FTP. This saves the experiment
on the computer in a Temp Folder.
This allows you to upload the le to

the Asylum Research FTP site for
discussion with Asylum Research
technical staff.

Click Layout. This appends the graph
to a layout.

4.5. Optimizing Imaging Parameters

Please refer to the tutorfallt has a very good explanation of how to get going in AC moasy h
to adjust gains, how to interpret the images and gure outtigigoing wrong. It may be written
to be MFP3D centric, but it covers the basics, and even if yaeha cypher, a lot of what is in
there is still very useful, you just may need to adjust theeslof the gains and rates a bit for your

cypher.

4.6. Net Attractive & Repulsive AC Mode

Repulsive AC mode is the most common AC mode. It is where this in repulsive (hard) contact
with the surface in some fraction of its oscillation. It is chueasier to perform, but it is rougher on

the tip and sample.

Attractive AC mode attempts to image while sensing only gy weak attractive forces by gently
oscillating the tip just above the surface. In this way tipeaill experience attractive forces over a
large range of its oscillation. This is much more dif cult i and can not be done with all levers
and samples. But it is much gentler on the samples and is soegetequired for soft biological

materials.

See als®.3.2for a good summary of attractive and repulsive modes.

3MFP-3D User Guide, Chapter: Tutorial: AC Mode Imaging in Air
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4.6.1. Net Repulsive Mode Imaging
Imaging in repulsive mode was used in the example tutoriahfthe ARMFP3DUserGuide.pdf, it
is much easier, and tends to give better phase contrast.

You can tell you are in repulsive mode when your phase sigrald0°.

4.6.1.1. Use a New Cantilever

If all else fails, the tip apex may be too blunt to stay in resiud mode. Yes, this is actually true.
Large radius, blunt tips can experience too much attraétikee approaching the surface, and get
stuck in attractive mode. Put in a new cantilever and staet.ov

4.6.2. Net Attractive AC Mode

Imaging in attractive mode is great for soft samples thattmdamaged or situations where you
want your AFM tip to stay sharp for a long time. Since it can tieky when you actually want
attractive mode imaging to occur, here are some simple stdpep keep the tip in attractive mode.

You can tell you are in attractive mode when your phase sigraB0°.

4.6.2.1. Chose the Right Probe

Softer longer levers with relatively low resonance fregties are a good choice. We always have
good luck with theAC2400r AC160. Also seeAsylum Research Probe Store

4.6.2.2. Gently Drive the Probe Above Resonance

Smaller amplitudes with drive frequencies above resonanpeove attractive mode imaging sta-
bility. For an Olympus AC240 probe the process is as follows:

1. In the Tune tab of the Main panel set tharget Amplitudg¢o 250mV.

2. Setthe Target Percent to +10 to +20%; this will set the Dniegdiency on the higher (right)
side of the cantilever's resonant peak, a position mordylitcekeep the tip in attractive mode
while imaging.

3. Click theAuto Tunébutton. If this does not do well, try again withfarget Amplitudesf 500
mV.

4.6.2.3. Try Q control with positive Qgain

Higher Q resonance peaks favor attractive mode imaging.naajives some control.

Figure 4.3 on page 46hows this process with an AC240 (~76kHz Si lever) with sowm@mon
visuals to look for, although every lever shows differengrdes of response relative to the amount
of Q gain.

Figure A shows the last tune of an Auto Tune; no Q gain is added.
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Figure B shows the response after a small increase in Q gaticerthe top of the peak is starting
to look more round than sharp; this means the ringing is atwostiart.

Figure C Ringing shows up to the right of the frequency peé&khia point, you should decrease
the Q gain until the ringing goes away.

Figure D Is an example of going even higher, showing even maogeng in the amplitude and
phase data.

Notice with additional Q gain, the amplitude response wolugp. You may need to lower therive
Amplitudeto get back to the desired free air amplitude .

(a) post Auto Tune - no Q gain (b) almost ringing

(c) ringing (d) freakout

Figure 4.3.

4.6.3. Preventing Mode Hopping

Mode hopping is where the tip will jump between repulsive aftdactive mode while scanning.
While it is good to stay in one mode or the other for imaging, timcontrolled switching between
them makes analysis dif cult. The imageshkigure 4.4 on page 4dhow red regions where phase
is much smaller than 902(6.1) and blue where phase is much larger than 90° (attractivavief).
During each scan line the probe is switching back and fortivéen attractive and repulsive mode
depending on what features of the sample it is interactin.wi

The rst thing to do to prevent mode hopping is to go more repal. Repulsive mode is easier
to achieve, decrease the drive frequency, increase the aniplitude, and possibly decrease your
setpoint.

If mode hopping is occurring and it is desired to be in attvacinode, reduce the drive amplitude
then the setpoint. This should work most of the time, but daes not, retune and selecDaive
Frequencyslightly more to the right of the peak.
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(a) edge effects (calibration grid) (b) streaking (polymer Im)

(c) polymer particle (d) bacterial Im

Figure 4.4.: Examples of mode hopping in the Phase Channel

4.6.3.1. Make the Sample Less Attractive

If mode hopping is still problematic, it could be due to thengée - here are a few things that may
be contributing to it.

» Surface charges: use the Static Master device to ionizaitteround the sample and make
it slightly conductive. This dissipates surface chargéscé’the Static Master in the vicinity
of the sample (se4.5. Sometimes the glass slide the sample is glued to is theicafghe
excess charge. In these cases, mounting the sample on atiogyd and placing it on a
metal sample holder can help quell this charge.

» The tip could be sticking to the sample. Our ndings havevghthat a Pt coated Si cantilever
can sometimes work well with sticky samples. We ectrilevers(Olympus AC 240s
coated with Pt).

4.7. The Set Point Based Imaging Method

Set point based imaging is an iterative method of deterrgisganning parameters. Formerly, the
procedure involved setting an arbitrary free air amplitade adjusting the set point accordingly.
In this alternative method, a set point is chosen based oedtimated roughness of the sample
surface and InvOLS of the cantilever. Once this has beenrdeted, the set point as left as is
and the drive amplitude is instead adjusted to maintaireedktractive or repulsive mode imaging.
Overall, the goal is to establish the minimum set point tontzan a stable image.
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Figure 4.5.: Placing static master near sample on an MFP-3D AFM to dissipate charge.

This is accomplished by rst determining the optical sem#it of the cantilever. In a physical
sense, this refers to how much the laser point on the phacietmoves relative to the vertical
motion of the cantilever.

Getting Started

e Make sure the cantilever is engaged
on the surface of the sample. For
instructions on how to do this for the
MFP3D, se€?? on page??. For the
Cypher, se@? on page??.

 Click on the Thermal tab of the main
control panel.

* Click GetReal Probe PanelThe
panel will open.
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Initiating Cantilever Calibration

* You will see a list of different
cantilevers. Select the cantilever you
are using.

* Itis also possible to select a similar
cantilever, though the results will be
slightly inaccurate.

2. « If you are using a cantilever not on

the list, there is a link on the Asylum

user forums that allows you to
request information about special
cantilevers. It also includes
instructions for performing your own
calibrations, with reference to the

John Sader paper on the subject.
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Calibration Results:

¢ Click GetReal Calibration After some time, a graph of the calibration will
display. It should resemble the gure on the left.

< Once the cantilever has been calibrated, a value will agpgae Amp InvOLS
eld. This represents the amplitude in nm/V.

Note “InvOLS” stands for “Inverse optical lever sensitivity."dwever, the number is the
4. reciprocal of the optical lever sensitivity rather thaniigerse.

Engaging on the Surface

« Choose a set point that is slightly higher than the freerapldude. This will
cause the cantilever to retract.

¢ Increase the drive amplitude until the tip is just on thdae. The Z voltage

S. will stop changing at this point.

 Start imaging.

Note The set point can never be lower than the sample height. Bah&ple height is
unknown, determine it before proceeding.

Attractive or Repulsive Mode

 For repulsive mode, increase the drive amplitude untilpthase drops below 90
degrees. If this doesn't seem to work, it might be necessargdtart scanning

6. with a higher set point.
-OR-

 For attractive mode, keep the same set point but adjustritee aimplitude for
closer tracking of the trace and retrace lines.
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Figure 4.6.: An example of closely tracking trace and retrace lines

Tip Better Tracking

For better tracking in attractive mode,
increase the integral gain. Increasing the
g | integral gain too much may cause
feedback oscillations, pictured at right;
aim for a gain that minimizes amplitude
error without introducing feedback
oscillations.
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5. AC Mode Imaging: Scienti ¢ Background and
Theory
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5.1. Feedback

In AC mode the cantilever is typically oscillated mechaltichy a small piezo electric actuator
very near the cantilever chip. Prior to imaging, the drivegfrency is swept over a broad range to
locate the rst resonance of the cantilever. The drive feany is then set at or near that resonance
frequency. The name “AC mode” stems from the tip oscillatitiink of AC current vs. DC
current. The optical detector senses the oscillatory matiothe cantilever and the electronics
inside the controller measure the amplitude of this odmlteand also the phase with respect to the
drive signal.

When thinking about AC mode, it is a useful experiment toetis@n AC mode force plot. An
AC mode force plot collects the cantilever amplitude as tballating tip is moved towards the
surface, and away again. This is showrbi® On the right side of the graph, the cantilever is
oscillating 100 nm above a at sample surface. In this forle# fhe cantilever was oscillating at
resonance with an amplitude of 60 nm. That means the tip sagimgisoidally from 60 nm below
the rest, to a position 60 nm above. Now we move the base oktlez (as well as the resting
point of the lever) towards the surface, and we follow on thegph from right to leftFigure 5.3
on page 48The amplitude remains constant until the resting positibtine cantilever gets within
60 nm of the surface, then the bottom of the oscillation i pasely touching the surface. As we
bring the cantilever closer to the surface the tip oscdlatinust be reduced. You may think that the
tip motion will now have the form of a truncated sine wave, inuteality the equations of motion
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Figure 5.1.: An oscillating cantilever leads to an oscillating signal on the photodetector.
Pause to consider the absolute magnitude of these osmilatiPicture a 12m tall cone. The
absolute motion is twice the amplitude (120nm) or only 1%h@ entire conical tip structure.
Clearly this is quite exaggerated as it shows an oscillaimplitude a thousand times larger than
reality. Keep in mind that the oscillation amplitudes am@lgequite small and that nearly any gure
you see in any paper, book, or manual, will greatly exaggetst amplitude of oscillation.

Figure 5.2.: Basic diagram of AC mode imaging.

produce something that is very nearly a sine wave with a rdi@enplitude. You can see this in
the plot, the amplitude is linearly decreasing as the sariialibits the oscillation.

This linearly sloping amplitude with Z is well suited for fdl@ack signal. In continuing our ex-

ample, an amplitude setpoint of 40 nm will cause the feedbacdkduce the average tip sample
separation (z-position) to 40 nm. If, during scanning, tese suddenly slopes up, the oscillation
amplitude will decrease and the feedback will drive the zgigp until the amplitude is back at its
setpoint.

5.2. Phase

A phase image has a wealth of information, it is equivalena tmap of dissipation. Polymer
samples may show little of interest in terms of topographiydmntain a lot of phase contrast in
terms of nanovariations in sample mechanical propertiehiléNprevious sections explain a lot
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Figure 5.3.: Tip oscillation amplitude as it approaches the surface. The small glitch in amplitude is
explained later, see 5.4.

about AC mode imaging in terms of amplitude, it is only hak #iory since any driven oscillator
has both amplitudend phase. Phase is expressed in degrees. A cantilever drivencadgal
below resonance is said to be in phase (0°), i.e. while the bethe cantilever is slowly driven up,
the entire lever moves up at the same speed. A cantilevasrda\good deal above resonance will
do the opposite at its tip and base. This condition is caltad 6f phase” (180°). At resonance it
is neither in phase nor out, but in between. We can think attositwith a human scale example,
a swing. When swinging, you change the sign of the drive wheramplitude of the swing is at a
maximum, meaning the drive signal is 90° behind the amgditsignal.

5.3. Attractive and Repulsive Behavior

Lets revisitFigure 5.3 on page 4&nd this time we'll show the phase signal as well.

Again we'll start at the right hand side of the graph. The ewér is driven nearly at resonance.
The amplitude is 60 nm, the z-position is 100 nm. The tip da#dauch the surface, even at it's
lowest point. The phase is nearly at 90° (slightly largamylicating that the cantilever is almost
being driven at resonance.

As soon as z-position decreases to the point where the ftis stderacting with the surface, the
phase starts to grow larger than 90°. This behavior can blaierpl by the attractive force the tip
experiences from the sample during the brief time durind)eacillatory cycle it spends near the
surface. The closer we move the cantilever to the samplantite attractive force experienced,
the larger the phase grows. But as the tip gets closer to tifiécsyi there is also repulsive forces,
damping the oscillation. At some point during the decreasifiz-position, the repulsive forces
are greater than the attractive forces, and the phase &hifislow 90°. The attractive forces are
pulling down on the lever at the bottom of the cycle, and thmuigve forces are pushing at the
bottom of the cycle. The attractive forces will shift thearance frequency to lower frequencies,
so if you started driving on resonance, the shift of the rasoa to lower frequency means your
phase is > 90°. Then when the repulsive forces exceed traciate forces, it is net repulsive.
That repulsive pushing at the bottom of the oscillation tshifie resonance frequency to higher
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Figure 5.4.: Cantilever amplitude and phase as a function of average tip-sample separation.

frequencies, meaning the drive frequency is below resa@amd you see a phase < 90°. This shift
in resonance frequency is further illustratedio.

Notice fromFigure 5.6 on page 5that if you choose a negative Target Percent amplitude gurin
an Auto Tune $ection 4.3 on page }6it helps keep the tip in repulsive mode during AC Mode
imaging (black vertical line crosses blue dotted lin&attion 4.6.1 on page Bdikewise, positive
Target percent amplitudes help the tip stay in attractiveer(dlack vertical line crosses red dotted
line; seeSection 4.6.2 on page R9

For more on this topic, see referentés:4.

5.3.1. Selecting Attractive vs. Repulsive

In practice it can be quite dif cult to select between atthae mode and repulsive mode imaging.
For the speci c case oFigure 5.5 on page 58 setpoint chosen too close to 60nm will lead to
unstable imaging. A setpoint chosen too close to 43 nm wilkeathe phase to constantly ip
between attractive and repulsive. Luckily we have not exguidhe option of choosing a different
free amplitude. The 60 nm free amplitude used in the exanguldar was arbitrary.

1J. Tamayo, R. Garcia, Appl. Phys. Lett., 1998 73(20), p2926.

2].P. Cleveland, B. Anczykowski, A.E. Schmid, V.B. Elinggph Phys. Lett., 1998 72(20) , p2613
3A. San Paulo, R. Garcia, Biophys. Journ., 2000 78, p1559.

4R. Garcia, R. Perez, Surface Science Reports, 2002 47 @1B7-3
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Figure 5.5.: AC mode feedback setpoint of 50nm (red dashed lines) gives attractive mode imaging, a
setpoint of 30nm (blue dashed lines) gives repulsive mode imaging.

Take a look afFigure 5.7 on page 52ZThis is a busy graph, but to get some frame of reference,
the red curves on the graph are the same as we have been lakinthe few previous gures.
The other curves are just repetitions, but with higher ordoWwee amplitudes. For instance, for
the top black curve the cantilever is oscillating with an étagde of nearly 300 nm when it is well
above the surface. Note from the corresponding phase chatdhte cantilever only oscillates in
attractive mode (phase > 90°) for a very small range of setpaiery close to that free amplitude
and then stays repulsive (phase < 90°) for lower setpoints.

The green, blue, purple, and pink curves are for succegdwkr and lower cantilever drive am-
plitudes. The behavior is similar, but there is a growingdref attractive behavior with setpoints
near the free amplitude.

For the blue curve with a 50 nm free amplitude and the blackecwith 20 nm free amplitude there
is a remarkable change of general behavior. No matter wiabisé you choose (below the free
amplitude) the cantilever always oscillates in the ativaategime. Now we can make some pretty
good rules of thumb for imaging in purely attractive modergby repulsive mode, or something
prone to switching between the two.
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Figure 5.6.: A shift in resonance frequency, f, (at constant amplitude) as the tip interacts with surface
results in phase shift of the AC signal: Decrease in f, results in phase increase (attractive mode),
while increase in fq results in phase decrease (repulsive mode). The colors represent the color of the
phase on the Sum and De ection Meter Panel.

5.3.2. Rules of Thumb for Attractive or Repulsive Mode Imagi ng

| Repulsive Mode More Likely

Attractive Mode More Likely

Bigger free amplitude Smaller free amplitude

Stiffer cantilever Softer cantilever

Drive frequency lower than resonance | Drive frequency higher than resonance
Lower Q, Negative Q gain Higher Q, Positive Q gain

Sample with smaller attractive forces Sample with bigger attractive forces
Sharp Tip Dull Tip

Table 5.1.: Attractive/Repulsive AC mode imaging rules of thumb

5.3.2.1. Free Amplitude

Bigger or smaller free amplitude are relative terms. Onlgeoyiou perform a series of AC force
curves with a particular cantilever and a particular samplewill be able to quantify what bigger
and smaller mean. For instance, the experiment&gire 5.7 on page 5&how for that cantilever

and sample bigger means > 150 nm and smaller means < 50nm.
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Figure 5.7.: A family of AC force curves for different free amplitudes.

5.3.2.2. Cantilever Choice

Stiffer and softer are relative terms, but for the sake ofpdicity we will consider the two most
common AC mode levers. On tlesylum Research Probe St@eeme general use AC mode probes
are listed. The rst choice for general AC mode imaging skiquiobably be the Olympu&C160.
With a spring constant of around 40 N/m it is considered divelly stiff probe good for repulsive
mode imaging. The next most commonly used AC mode lever i&@®40, it is 20 times softer,
and considered a good probe for attractive or repulsive rimdging. Note that the data presented
in earlier in this section were for a probe similar to the AG24

5.3.2.3. Drive Frequency Above or Below Resonance

In practice, the AR software makes it very easy to tune thdilesar slightly above or below
resonance. Under th&une' tab of the master panel you can sel&eirget Percent. A value of -
10% is good to promote repulsive mode imaging and +10% hefpaqte attractive mode imaging.
Alternatively you can right click on the resonance curvelaftining and manually select the drive
frequency.
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5.3.2.4. Q (Quality Factor)

The Q factor of the cantilever is a result of both the lever traenvironment (liquid or gas). If
you have a relativity low Q (<30), you may nd it dif cult to sty in attractive mode. In such cases,
consider using the Q control feature of the AR SPM softwarg.ntgans of digital processing in
the SPM controller it allows you to increase or decrease théoQ can read more i4.6.2.3.

5.3.2.5. Sample Attractive Forces

You typically don't have much control over this, but if you dnit particularly dif cult to achieve
attractive or repulsive mode imaging, it may be due to yoorga. SeeSection 4.6.3.1 on page 41
for ways to combat this issue.

5.3.2.6. Tip Sharpness

A dull tip has more contact area and is more strongly attthtdea surface than a sharp tip and
increases the probability of attractive mode imaging.
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6. Piezo Force Microscopy: Scientic
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6.1. Summary

Electromechanical coupling is one of the fundamental meisha@s underlying the functionality
of many materials. These include inorganic macro-molecuoiaterials, such as piezo- and fer-
roelectrics, as well as many biological systems. This apfibn note discusses the background,
techniques, problems and solutions to piezoresponse fioizescopy (PFM) measurements using
the MFP-3D™ and Cypher™,

Figure 6.2.: PFM amplitude overlaid on AFM to-
pography (left) and PFM phase overlaid on to-
pography (right) on (100) oriented BaTiO3 single
crystal (from Castech Crystals). The amplitude
and phase image show 90° and 180° domain
walls in BaTiO3. 10 um scan courtesy of V. R. Ar-

Figure 6.1.. PFM amplitude channel overlaid on ~ avind, K. Seal, S. Kalinin, ORNL, and V. Gopalan,

AFM height (top) and phase image overlaid on ~ Pennsylvania State University.

height (bottom) of lead zirconium titanate (PZT),

20 pm scan.

6.2. Background

The functionality of systems ranging from non-volatile quuter memories and micro electrome-
chanical systems to electromotor proteins and cellular bmanes are ultimately based on the intri-
cate coupling between electrical and mechanical phenoi@he applications of electromechani-
cally active materials include sonar, ultrasonic and nmeddinaging, sensors, actuators, and energy
harvesting technologies. In the realm of electronic deyjipgezoelectrics are used as components
of RF lters and surface-acoustic wave (SAW) devite3he ability of ferroelectric materials to
switch polarization orientation — and maintain polariaatstate in a zero electric eld — has lead
to emergence of concepts of non-volatile ferroelectric méas and data storage devieeglec-
tromechanical coupling is the basis of many biological exyst, from hearing to cardiac activity.
The future will undoubtedly see the emergence, rstin resedabs and later in industrial settings,

3Kalinin, S/Gruverman, A, editorsScanning probe microscopy : electrical and electromecterphenomena at the
nanoscale Springer, New York, 2007.

4Uchino, K.,Ferroelectric DevicesMarcel Dekker, 2005.

5Scott, J. Ferroelectric MemoriesBerlin: Springer Verlag, 2006.
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of the broad arrays of piezoelectric, biological and mola@ecbased electromechanical systems.
Progress along this path requires the ability to image amahtify electromechanical functionali-
ties on the nanometer and molecular sciigire 6.1 on page 5&ndFigure 6.2 on page 35Areas
such as nanomechanics and single-molecule imaging ane feeasurements have been enabled
by the emergence of microscopic tools such as nanoindentatid protein unfolding spectroscopy.

Similarly, the necessity for probing electromechanicalctionalities has led to the development
of PFM as a tool for local nanoscale imaging, spectroscapy,raanipulation of piezoelectric and
ferroelectric materiafs

6.3. Principles of PFM

Figure 6.3.: Depiction of PFM operation. The sample deforms in response to the applied voltage,
which in turn, causes the cantilever to de ect, which can then be measur ed and interpreted in terms
of the piezoelectric properties of the sample. Image courtesy S. Jesse, ORNL.

Figure 6.4.: Sign dependence of the sample strain. When the domains have a vertical polarization
that is pointed downwards and a positive voltage is applied to the tip, the sample will locally expand.
If the polarization is pointed up, the sample will locally contract. The phase of the measured response
is thus proportional to the direction of the domain polarization. Figure courtesy of S. Jesse, ORNL.

6.3.1. Basics

PFM measures the mechanical response when an electritayj@dt applied to the sample surface
with a conductive tip of an AFM. In response to the electrigtinulus, the sample then locally

6 Jesse, S/Baddorf, AP/Kalinin, SV, Dynamic behaviour irzpiesponse force microscopy. NANOTECHNOLOGY,
17 MAR 28 2006 No. 6, ISSN 0957-4484.

SYLUM

ESEARCH
an Oxford Instruments company Support.aSylumresearch.com Page 56



Ch. 6. PFM: Theory Sec. 6.3. Principles of PFM

expands or contracts as showrHigure 6.3 on page 56

When the tip is in contact with the surface and the local mé=ziric response is detected as the rst
harmonic component of the tip de ection, the phaseof the electromechanical response of the
surface yields information on the polarization directiaidwv the tip. For c- domains (polarization
vector oriented normal to the surface and pointing downyyaing application of a positive tip bias
results in the expansion of the sample, and surface ogmillatire in phase with the tip voltage,
j = 0. For c+ domains, the response is opposite jard 180 . More details are given in Section
6.3.2(below).

Detection of the lateral components of tip vibrations pded information on the in-plane surface
displacement, known as lateral PFM. A third component ofdisplacement vector can be deter-
mined by imaging the same region of the sample after rotatjo80°/ Provided that the vertical
and lateral PFM signals are properly calibrated, the cotapméectromechanical response vector
can be determined, an approach referred to as vectorPPFiMglly, electromechanical response
can be probed as a function of DC bias of the tip, providingnmfation on polarization switching
in ferroelectrics, as well as more complex electrochenacal electrocapillary proces$e¥.

PFM requires detection of small tip displacements inducetklatively high amplitude, high fre-
quency voltages measured at the same frequency as the Alnyénstrumental crosstalk between
the drive and the response will result in a virtual PFM baokigd that can easily be larger than
the PFM response itself, especially for weak piezo materidMinimizing crosstalk between the
driving voltage and the response imposes a number of sezimineering limitations on the micro-
scope mechanics and electronics. In the past, signi cast-factory modi cations were required
to decouple the drive and response signals. Asylum's PFM asmique proprietary design of the
head and the high voltage sample holder to eliminate drivestalk (see below) .

6.3.2. Piezo Effect
The relationship between the strain and the applied eteetdl (often referred to as the “inverse
piezo effect”) in piezoelectric materials is described k-3 tensor. The most important com-

ponent of this tensor for typical “vertical” PFM is thias componentt, since it couples directly
into the vertical motion of the cantilever. The voltage &plto the tip is

Vtip = Vet Vaccog wi) (6.1)

resulting in piezoelectric strain in the material that esusantilever displacement

z= z4ct A(W;Vac; Vae) cogwt + j ) (6.2)

"Eng, LM etal., Nanoscale reconstruction of surface crigeaphy from three-dimensional polarization distrilouti
in ferroelectric barium-titanate ceramics. Applied Phgdietters, 74 JAN 11 1999 No. 2, ISSN 0003—-6951.

8Kalinin, Sergei V. etal., Vector piezoresponse force nscapy. Microscopy and Microanalysis, 12 JUN 2006 No. 3,
ISSN 1431-9276.

9Verdaguer, A etal., Molecular structure of water at inteefst Wetting at the nanometer scale. Chemical Reviews, 106
APR 2006 No. 4, ISSN 0009-2665.

1&acha, G. M./Verdaguer, A./Salmeron, M., Induced watedensation and bridge formation by electric elds in
atomic force microscopy. Journal of Physical Chemistry B) AUG 3 2006 No. 30, ISSN 1520-6106.

IEliseev, Eugene A. etal., Electromechanical detectiorcémsing probe microscopy: Tip models and materials con-
trast. Journal of Applied Physics 102 JUL 1 2007 No. 1, ISSR16@979.
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Table 6.1.: Some Properties of common piezoelectric materials.

Coercive bias Breakdown voltage /
Material Application d33opmN T (for local onset of
switching) T conductivity TTT
Bulk Materials
PZT ceramics Actuators & 100-500 10V-1kV N/A
transducers
LiNpOs3 single Electro-optical
. 10-20 10V-1kV N/A
crystals devices
Balances, frequency
Quartz 3 N/A N/A
standards
Polar Semiconductors | RF devices, switches 0.1-0.2 N/A N/A
Calci ed Tissues 0.5-3 N/A N/A
Collagen 0.5-3 N/A N/A
Thin Films and Capacitor Structures
1-5 micron PZT Capacitors 10-30 1-100 100
100-300nm PZT FeRAM elements 3-10 1-10 10-20
30-100 nm B;FeO3 FeRAM 3-10 1-10 10-20
Ultrathin Films
10 (can be below
1-5nm BjFeO3 Tunneling Barriers 1-10 1-5 switching voltage in
air)
10nm PVDF Actuators 20 2-5 10

T The PFM signal is given by equation6.6A:d33VacQ where d33 is material property, Vac is driving voltage, and Q is the quality factor.
Q=1 for low frequency PFM, and Q = 20-100 if resonance enhancement (DART or BE) method is used. Vac is limited by material stability
and polarization switching. The microscope photodetector sensitivity, thermal noise and shot noise impose the limit A > 30pm. The ultimate
limit is A = thermal noise.

”Quantitative spectroscopic measurements require probing bias to be one to two orders of magnitude smaller than coercive bias, limiting
the voltage amplitude.

11 Measurements are not always possible due to sample and tip degradation.

due to piezoelectric effet  When the voltage is driven at a frequency well below thathef t
contact resonance of the cantilever, this expression begsom

Z= d33Vyc+ dzaVaccogwt+ j ) (6.3)

where we have implicitly assumetds depends on the polarization state of the material. From this
last equation and frofigure 6.3 on page 56he magnitude of the oscillating response is a measure
of the magnitude ofl33 and the phase is sensitive to the polarization directiom@isample.

Note In reality, thedsz component in equati@3 is an “effective” ds3 that depends on the con-
tribution from other tensor elements and on the crystadlpgic and real space orientation of the
piezo material, as well as details of the tip-sample contact

Typical values foidss range from 0.1 pm/V for weak piezo materials to 500pm/V far $krongest.
Table 1 shows a listing of representative values.

13esse, S/Baddorf, AP/Kalinin, SV, Dynamic behaviour irzpiesponse force microscopy. NANOTECHNOLOGY,
17 MAR 28 2006 No. 6, ISSN 0957-4484.
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Figure 6.5.: Vertical PFM amplitude overlaid on AFM topography (left) and PFM phase overlaid on
AFM topography (right) images of lead titanate Im, 5 pm scan. Im ages courtesy of A. Gruverman
and D. Wu, UNL. Sample courtesy H. Funakubo.

As mentioned above, the direction of sample polarizatioterdeines the sign of the response.
Figure 6.4 on page 5@emonstrates this idea. If the polarization is parallel alighed with the
applied electric eld, the piezo effect will be positive, dithe sample will locally expand. If the
local sample polarization is anti-parallel with the apglielectric eld, the sample will locally
shrink. This sign-dependent behavior means that the plidke oantilever provides an indication
of the polarization orientation of the sample when an astiilfy voltage is applied to the sample.

The relationship in Equatiof.1and the values fodss in Table 6.1 on page 58uggest that typical
de ections for a PFM cantilever are on the order of picom&tewhile the sensitivity of AFM
cantilevers is quite impressive — of the order of a fractibaroangstrom (or tens of pm) in a 1kHz
bandwidth — it also implies a very small signal-to-noisear&ENR) for all but the strongest piezo
materials.

Because of this small SNR, piezoelectricity is most fredlyedetected by a lock-in ampli er
connected to the de ection of the AFM cantilever. By empfayian oscillating electric eld, low-
frequency noise and drift can be eliminated from the measeng. Until recently, PFM was usually
accomplished by researchers who modi ed a commercial SPiegry with an external function
generator/lock in setup. As a result, in most cases, theatparfrequency was limited to <100kHz.
This and the lack of sophisticated control options prediutie use of resonance enhancement (see
sections below on DART and BE) in PFM since typical contasbrence frequencies are >300kHz.

6.3.3. PFM Imaging Modes

The three typical PFM imaging modes and piezoelectric ¢jtaphy are brie y described below.

6.3.3.1. Vertical PFM

In vertical PFM imaging, out-of-plane polarization is me@s by recording the tip-de ection
signal at the frequency of modulatioRigure 6.5 on page 58hows an example image of vertical
PFM for a lead titanate Im. Antiparallel domains with out-plane polarization can be seen in the
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Figure 6.6.: BST Im with vector PFM overlaid
on AFM topography, 1um scan. Image courtesy
of C. Weiss and P. Alpay, Univ. of Conn., and O.
Leaffer, J. Spanier, and S. Nonnenmann, Drexel

Figure 6.7.: R&D 100 logo written on a sol-gel
PZT thin Im by PFM lithography. PFM phase is
overlaid on top of the rendered topography, 25

pm scan. Oak Ridge and Asylum Research were
awarded an R&D100 award for Band Excitation
in 2008.

University. Color wheel indicates PFM vector ori-
entation.

PFM phase image, while in-plane domains are seen in the PRdtade image as yellow stripes
due to the weak vertical piezoresponse signal

6.3.3.2. Lateral PFM

Lateral PFM is a technique where the in-plane component t#rization is detected as lateral
motion of the cantilever due to bias-induced surface shgafng et al3, Abplanalp et ak*, and
Eng et al*®, have recently shown that the in-plane component of therigation can be observed
by following the lateral de ection of the AFM cantilever, drhave applied this technique to re-
construct the three-dimensional distribution of polaf@a within domains of ferroelectric single
crystals. Roelofs et al. applied this method in order tcedihtiate 90° and 180° domain switching
in PbTiO; thin Ims 18,

1¥ng, LM etal., Nondestructive imaging and characterizati ferroelectric domains in periodically poled crystals.
Journal of Applied Physics, 83 JUN 1 1998 No. 11, Part 1, ISSR168979.

Nbplanalp, M/Eng, LM/Gunter, P, Mapping the domain disttibn at ferroelectric surfaces by scanning force mi-
croscopy. APPLIED PHYSICS A-MATERIALS SCIENCE & PROCESSHNG6 MAR 1998 No. Part 1 Suppl. S,
ISSN 0947-8396.

¥Eng, LM/Abplanalp, M/Gunter, P, Ferroelectric domain shing in tri-glycine sulphate and barium-titanate bulk
single crystals by scanning force microscopy. APPLIED PHYSA-MATERIALS SCIENCE & PROCESSING, 66
MAR 1998 No. Part 2 Suppl. S, ISSN 0947-8396.

LRoelofs, A etal., Differentiating 180 degrees and 90 degseétching of ferroelectric domains with three-dimensibn
piezoresponse force microscopy. Applied Physics Letiar$§iOV 20 2000 No. 21, ISSN 0003-6951.
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Figure 6.8.: Switching spectroscopy PFM dia-
gram (see text for discussion). Reused with per-
mission from Jesse, Baddorf, and Kalinin, Ap-
plied Physics Letters, 88, 062908 (2006). Copy-

i . . . Figure 6.9.: Rendered topography of a LiNbO3
right 2006, American Institute of Physics.

sample with the PFM signal overlaid on top, 4nm
scan.

6.3.3.3. Vector PFM

In vector PFM, the real space reconstruction of polariratidentation comes from three com-
ponents of piezoresponse: vertical PFM plus at least twwogadnal lateral PFMFigure 6.6 on
page 60shows an example of a vector PFM image of a barium strontitemete Im (BST),
permitting qualitative inspection of the correlation ofir size, shape and location with local po-
larization orientation and domain wall character. Here, ¢blor wheel permits identi cation of
the local orientation of the polarization. Regions coloasdcyan (darker blue/green) possess po-
larizations which are oriented predominantly normal toglane of the Im, whereas regions that
appear magenta-blue or light green possess polarizatibith\are oriented predominantly within
the plane of the Im. The intensity of the color map denotes iagnitude of the response.

6.3.3.4. Lithography

For ferroelectric applications, PFM can be used to modify firroelectric polarization of the
sample through the application of a bias. When the appli¢di i®large enough (e.g. greater than
the local coercive eld) it can induce ferroelectric polation reversal. This technique can be
used to “write' single domains, domain arrays, and compltepns without changing the surface
topography.Figure 6.7 on page 66hows an example of PFM bit-mapped lithography where the
color scale of a black and white photo was used to control ihke \wltage of the tip as it rastered
over the surface and then re-imaged in PFM mode.

SYLUM

ESEARCH
an Oxford Instruments company Support.aSylumresearch.com Page 61



Ch. 6. PFM: Theory Sec. 6.3. Principles of PFM

6.3.3.5. Spectroscopy Modes

PFM spectroscopy refers to locally generating hysterespd in ferroelectric materials. From
these hysteresis loops, information on local ferroeledighavior such as imprint, local work of
switching, and nucleation biases can be obtained.

Understanding the switching behavior in ferroelectricstmnanometer scale is directly relevant
to the development and optimization of applications sucle@e-electric non-volatile random ac-
cess memory (FRAM), and high-density data storage. Meltilidies have addressed the role of
defects and grain boundaries on domain nucleation and graeimain wall pinning, illumina-
tion effects on the built-in potential, and domain behawaring fatigue. The origins of the eld
date back to the seminal work by Landauer, who demonstraggcdtie experimentally observed
switching elds correspond to impossibly large (~103 - 1U%kalues for the nucleation activa-
tion energy in polarization switching. Resolving this “ldaner paradox' requires the presence of
discrete switching centers that initiate low- eld nuclieat and control macroscopic polarization
switchingt’. However, dif culties related to positioning of the tip atspeci ¢ location on the
surface (due in part to microscope drift), as well as timest@ints related to hysteresis loop ac-
quisition, limit these studies to only a few points on the pnsurface, thus precluding correlation
between the material's microstructure and local switclihgracteristics.

Switching Spectroscopy Mapping A new spectroscopy technique, Switching Spectroscopy PFM
(SS-PFM), has demonstrated real-space imaging of theyedestgibution of nucleation centres in
ferroelectrics, thus resolving the structural origins loé L.andauer paradék These maps can
be readily correlated with surface topography or other asicopic techniques to provide relation-
ships between micro- and nanostructures and local swigdb@havior of ferroelectric materials
and nanostructuresigure 6.8 on page 6dhows how it works. In SS-PFM, a sine wave is carried
by a square wave that steps in magnitude with time. Betwegmeser-increasing voltage step, the
offset is stepped back to zero with the AC bias still applied¢termine the bias-induced change
in polarization distribution (e.g. the size of the switctammain). It is then possible to see the
hysteresis curve of the switching of the polarization of sheface (bottom diagram). If the mea-
surements are performed over a rectangular grid, a map sfthehing spectra of that surface can
be obtained.Figure 6.9 on page 6§hows an example image of a LiNp®ample with the PFM
signal overlaid on top. The image was taken after switchpersoscopy. The graph shows the
hysteresis loops measured at one individual point.

As additional examplesi-igure 6.10 on page 68hows a sol gel PZT sample where the local
switching elds were measured. After the switching spestapy, the area was re-imaged. The
PFM signal clearly shows ve dots in the phase signal dempportions of the sample where the
polarization was reversed during the hysteresis measutsnkégure 6.11 on page Ghows SSM-
PFM of capacitor structures ardgure 6.12 on page 6ghows an image of phase and amplitude
hysteresis loops measured at ve different locations orad lBnc niobate - lead titanate (PZN-PTi)
thin Im.

1hesse, S/Baddorf, AP/Kalinin, SV, Dynamic behaviour irzpiesponse force microscopy. NANOTECHNOLOGY,
17 MAR 28 2006 No. 6, ISSN 0957-4484.

18 Jesse, Stephen etal., Direct imaging of the spatial andjguiistribution of nucleation centres in ferroelectric mat
rials. Nature Materials, 7 MAR 2008 No. 3, ISSN 1476-1122.
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Figure 6.10.: Sol gel PZT sample where lo-

cal hysteresis loops were measured and dis-  Figyre 6.11.: SS-PFM and hysteresis loops of
played (representative phase angl z.amplltude capacitor structures. Data courtesy K. Seal and
loops shown at top). After the switching spec- g v/ Kalinin, ORNL. Sample courtesy P. Bintac-

troscopy measurements, the area was imaged,  chjt and S. Trolier-McKinstry, Penn State Univ.
the DART amplitude (middle) and phase (bottom)

are shown, 3.5um scan.

6.4. Limitations of Conventional PFM Methodologies

In this section we will discuss how conventional PFM imagamgl the contact resonance, we are
left with the situation where we need to choose between tweomtimal alternatives:

» Operate on resonance to bene t from the boosted signal &g homplicated artifacts that
do not allow unambiguous determination of the sample dorsiaircture,

-OR-

< Avoid resonance to minimize topographic crosstalk, bffesdrom the small signals inher-
ent in piezo materials.

6.4.1. High Voltage Limitations

Traditionally, the use of 1-10Vpp driving amplitude on nré&ks with strong electromechanical
responses (e.gdsz 100 pm/V for PZT, 10 pm/V for LINb@) allowed direct imaging and spec-
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Figure 6.12.: Amplitude (left) and phase (right) hysteresis loops measured at v e different locations
on a PZN-PTi thin Im.

troscopy of ferroelectric materials suf cient for applt@ns corresponding to a detection limit of
50pm at ~100 kHz. Measurements of lower sensitivity mdteriequire the use of higher voltages
or the use of contact resonance.

6.4.2. Imaging at Contact Resonance

For some samples, using a higher drive voltage is undesirdtiigh drive voltages will result in
polarization switching or even damage to the sample. Rexhrinces in theoretical understanding
of the PFM imaging mechanism illustrate that the primanyitition of previous commercial and
home built SPMs is their inability to effectively use resnoa enhancement.

Probe polarization dynamics in commercial low voltagedelectric capacitors is optimal for driv-
ing amplitudes of 30-100mV (to avoid bias-induced changedamain structures), which is 1-2
times below the magnitude of standard, low-frequency PFp&bdities. Finally, the use of PFM
as an electrophysiological tool necessitates operaticdhénmV regime, as required to prevent
damage to biological systems, as well as stray electrocfzméaction®’.

The resonant frequencies are determined only by the weakigge-dependent mechanical prop-
erties of the system and are independent of the relativeibatibns of the electrostatic and elec-
tromechanical interactions. As shown by S&f8@&r the vicinity of a resonance for small damping
(Q > 10), the amplitude and phase frequency response can bébgesasing the harmonic oscil-
lator modet! as

1¥rederix, PLTM etal., Assessment of insulated conductargitevers for biology and electrochemistry. NANOTECH-
NOLOGY, 16 AUG 2005 No. 8, ISSN 0957-4484.

2&5der, JE, Frequency response of cantilever beams immiersestous uids with applications to the atomic force
microscope. Journal of Applied Physics, 84 JUL 1 1998 NoSEN 0021-8979.

2Karcia, R/Perez, R, Dynamic atomic force microscopy methdurface Science Reports, 47 2002 No. 6-8, ISSN
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Figure 6.14.: This gure shows the ideal and
measured PFM response of an idealized tip
(green) scanning over a smooth surface (black
line below the “tip”). The domain structure of the
ferroelectric sample is shown below the surface
Figure 6.13.: In PFM, the cantilever voltage is  Where the arrows correspond to the sample po-
larization direction. The gray hatched regions be-
tween the domains are representative of the do-

modulated, usually at some xed frequency. This
causes the sample to distort at some amplitude . _ :
and phase. Mediated by the contact mechanics, main walls. The “ideal phase” (blue, thin curve)

this drives the tip which, in turn, is monitored by ~ a@nd “ideal amp” (red thin curve) show the ide-
the AFM sensor. alized response of a probe that measures the

piezoelectric response over the domains. The
measured PFM amplitude (red, thick curve) and
phase (blue, thick curve) channels appear above
the scanning tip. Because these measurements
are made below the resonant frequency where
there is no resonance enhancement of the PFM
signal, the signal to noise is relatively small for
the measured signal.

Aw) = g "R (6.4)
(WE  w2)2+ (wowmg)2
. _ WowWw
tanj (w) = W (6.5)

where, Amax is the amplitude at the resonamge andQ and is the quality factor that describes
energy losses in the system. Resonance is a phenomenonnusethy SPM techniques. The
cantilever response at resonance is essentially muttipyethe quality factor@) of the cantilever

A= d33VacQ (6.6)
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Figure 6.16.: This gure shows a practical lim-
itation of using the contact resonance as the
drive frequency. In conventional PFM systems,
the contact resonance can change by 10-30 kHz
over the course of imaging a rough sample. Typ-
ical cantilevers have a full-width half max of 4-10
kHz meaning the phase shift due to the chang-
ing contact resonances will easily be near 180°
over the scan. The PFM phase shift will be added
to the phase of the cantilever contact resonance,
yielding a convolution that makes practical inter-
pretation of domain structures very dif cult. This
is clear in comparing the PFM phase signal to
the sample domain structure. In contrast to the
off-resonance smooth sample, it is quite dif cult
to correlate the domain structure with the PFM
phase.

Figure 6.15.: This gure shows the same situa-
tion as described in Figure 6.14 on page 65, ex-
cept that here we are using resonance enhance-
ment to boost the small PFM signal. The inset
frequency tune in the upper right corner shows
the drive frequency. In this case, since the Q-
factor of the resonance is 100, the SNR of the
measured PFM amplitude (red, thick curve) and
phase (blue, thick curve) has dramatically im-
proved.

Typical Q factors in air for PFM cantilevers range from 10-100. Thiplies that one can amplify
a weak PFM signal by a factor of 10-100 by simply driving thewoltage at the contact resonant
frequency, as shown in guré.15

Figure 6.13 on page 68hows a representative cantilever in contact with a surfabe potential

of the cantilever is being oscillated, which in turn indueegiezo response in the sample surface
(Aip sampJ tip samp. The cantilever in contact with the surface has a resondeced by the me-
chanical properties of the cantilever and the stiffnessefip-sample contact. This resonance can
have a high quality factor) for typical PFM samples that effectively ampli es the piegignal

by a factor ofs Q near the resonance. For samples with small piezo coef gjehis is potentially

a very important effect and could mean the difference batwady noise or a measurable sig-
nal. Unfortunately, because the cantilever resonanceiémsy depends on the tip-sample contact
stiffness, the resonance frequency is very unstable. Afigrsezans over the sample topography,
the stiffness of the mechanical contakiy( samp Will typically change signi cantly, which in turn,

0167-5729.
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affects the resonance frequency.

To understand how resonance is affected in PFM, we rst desan “ideal” situation as illus-
trated inFigure 6.14 on page 65This shows a numerical simulation of the cantilever respon
using realistic cantilever parameters (Olympus AC240ileueatr with a 320 kHz contact resonant
frequency, 2 N/m spring constant) and sample parametigss {00 pm/V). The noise visible in
the PFM amplitude and phase curves were calculated to bel¢la¢ thermal (Brownian motion)
noise of a cantilever at typical room temperature (300K)e;{the domain structure is shown in
the middle of the image with purely vertical polarizatiorctes. The sample is treated as perfectly
smooth, meaning that the contact stiffness remains caresam function of position. The simula-
tion reproduces many of the features present in a real scarevilie measured phase reproduces a
map of the domain structure, and the amplitude goes to z¢he alomain boundaries. This occurs
as the tip is being driven by two oppositely oriented domagaeh canceling the other since they
are 180° out of phase. However, these experimental condiaoe very rare.

Figure 6.17.: PFM phase channel on a polished PZT sample. The cantilever was driven near the
contact resonance to enhance the SNR. There is signi cant crosstalk betw een the sample topogra-
phy and the PFM signal. Red arrows indicate “roughness” where the contact stiffness changes the
measured phase. The yellow arrows indicate a sudden tip change causing a change in the contact
resonance, and consquently casuing signigicant phase shifts. 4 um scan (left), 2 um scan (right).

Usually, the sample will have some roughness, which willliegposition-dependent changes in the
contact resonant frequency. The effects of this resonaquéncy variation on PFM contrast can
easily completely mask the desired PFM sigridhure 6.19 on page 6&igure 6.17 on page 67
andFigure 6.18 on page G8ustrate this.

If we return to our idealized sample and add roughness toutiace, we can see that it modulates
the contact resonance. For example, if the tip is on a tatlgdahe sample, it is in contact with a
relatively compliant part of the sample. Sharp points dtey all, relatively easy to blunt. Because
the contact stiffness is small, the contact resonance éregyuwill drop. If the cantilever is being
driven at a xed frequency, the phase will increase as thenmasce moves to lower values. Con-
versely, if the tip is in a valley, the contact stiffness vl increased, raising the resonant frequency
and the phase measured at a xed frequency will drop. Phafis aksociated with changes in the
contact resonance sum with phase shifts due to domain wtesobf the piezo material. As a con-
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Figure 6.19.: Driving below contact resonance
with conventional PFM. Here, the cantilever is
driven well below the contact resonant frequency.
The effects of surface roughness are minimized,
though still visible in the measured PFM ampli-
tude. However, this reduction in crosstalk comes
at the high price of severely reduced sensitiv-
ity. Thus, for weak piezo materials, this opera-
tional mode is undesirable. The improved topo-
graphic crosstalk rejection results in an immea-
surably small signal with conventional PFM.

Figure 6.18.: PZT showing crosstalk, 14 pm
scan.

sequence, interpretation of the domain structure beconuet more dif cult and in many cases,
impossible.Figure 6.16 on page 6&hows a case where the domains are completely masked by the
large phase shifts originating with the moving contact nesce.

Another source of phase shifts can come from irreversibéanghs to the cantilever itself. PFM is
a contact mode technique and therefore can exert largesforcthe tip. If the tip fractures or picks
up a contaminant, the contact resonance can experiencedarsjinp, usually positive, since
tip wear tends to blunt the tip. The resonance jumps areditpiof the order of a few kHz. This
causes large, discontinuous changes in the measured ptgise= 6.17 on page GhdFigure 6.18
on page 6&how PFM data taken on a rough PZT surface. A number of sugeess changes
caused the contact resonance to change, resulting in aarsilele change in the overall measured
phase. Note that in addition to these jumps, there is sigmtc'roughness” in the phase signals
that probably originates with topographic contact rescaasrosstalk.

By avoiding the resonance, the topographic crosstalk ogirgamples can be reduced, as shown in
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Figure 6.19 on page 6&Vhen the cantilever is driven well below resonance, thealorstructure
is reproduced quite accurately. However, this comes atitite frice of a poor SNR. In practice,
the reduced SNR (see in particular the PFM phase trace) magtebmaging of a large number
of weak piezo materials with conventional PFM.

In the following sections we discuss new solutions for inyomng PFM signals.

6.5. Solutions to Limits of Conventional PFM

Figure 6.20.: For domains with an antiparallel (180°) orientation, conven tional PLLs drive the PFM
frequency away from resonance. (Top) Amplitude, red, and phase, blue, cantilever response over
antiparallel domains. In the measurement, phase is offset by 180° over anti-parallel domains (see
curves on the right). (Bottom) PFM phase signal driving the cantilever off resonance. Note the in-
creased noise in the phase signal away from the resonant frequency. This increased noise would be
apparent in an image as well, similar to the PZT image in Figure 6.17 on page 67 and Figure 6.18 on
page 68.

Figure6.20reprinted with permissics.

6.5.1. Increasing the Drive Voltage

Perhaps the most obvious option for improving the respohBé& W is to simply increase the drive
amplitude. The signal is usually proportional to the drivdtage, so increasing the drive voltage
by 10x will result in a 10x improvement in the SNR. A more pofuédrive ampli er also enables
operation at higher frequencies (%&6).

6.5.2. Using Contact Resonance as a PFM Ampli er

Sometimes increasing the SNR by simply increasing the dilage is not an option. In some
ferroelectric samples, the polarization might be revetsgdoo large a PFM drive voltage. On
others, the sample might actually breakdown, leading gelaurrent ow, sample damage or even

22 Rodriguez, Brian J. etal., Dual-frequency resonancekimgcatomic force microscopy. NANOTECHNOLOGY 18
NOV 28 2007 No. 47, ISSN 0957-4484.
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destruction. Another effective way to increase the SNR iM®Raging and other measurements
is to make use of the contact resonance. Resonance enhhacsgrtal by the natural gain of the
cantilever — by roughly the factor Q of the cantilever.

As noted in6.4, driving near the contact resonance at a xed frequency canetimes lead to
enormous topographic cross-coupling. To avoid this, anddmtain the advantages of resonance,
requires that we continually adjust the drive frequencyaegkit at the contact resonance. If one can
remain on resonance despite changes in the contact resofmaquency, then the artifacts present
in the above examples would not be present, while still rEagie resonance ampli cation.

The most common kind of resonance-tracking feedback locplisd a phase-locked loop (PLL).
It utilizes the phase sensitive signal of a lock-in amplitermaintain the system at a speci ¢ phase
value, typically 90°. The PLL is generally limited to techones where the phase and amplitude
of the driving force is constant (e.g. the mechanical exoiaof a cantilever resonance using an
external actuator). This is manifestly not the case in PFMene the relationship between the
phase of the excitation force and driving voltage stronglpehds on material propertf€s* The
amplitude and phase of the local response are a convolutiomaterial response to the external
eld and cantilever response to the material-dependerdl lfmrce, which cannot be separated un-
ambiguouslyFigure 6.20 on page 68 an example where, for antiparallel domains, a conveation
PLL will actually drive a PFM away from resonance.

23Rodriguez, Brian J. etal., Dual-frequency resonancekimgcatomic force microscopy. NANOTECHNOLOGY 18
NQOV 28 2007 No. 47, ISSN 0957-4484.

2Kalinin, SergeilJesse, Stephen/Proksch, Roger, Inféomaicquisition & processing in scanning probe microscopy.
R&D MAGAZINE, 50 AUG 2008 No. 4, ISSN 0746-9179.
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Figure 6.22.: (A), (D), (G) Resonance frequency,
(B), (E), (H) piezoresponse amplitude and (C),
(F), (1) piezoresponse phase images of antiparal-
Figure 6.21.. Schematic diagram of DART, leldomains inlithium niobate. Shown are images

showing a drive phase independent feedback  ©f the (A)—(C) native domain structure, (D)—(F)
signal. an intrinsic domain and (G)—(l) domains switched

by £176V (locations marked in (E)). The images
are obtained at wf = 4kHz and Vac = 66V. The
frequency images have been attened to account
for minute changes of contact radius from line to
line.

Figures6.21and6.22reprinted with permissicf.

6.5.3. Dual AC Resonance Tracking (DART)

This patent pending dual-excitation method allows theileaetr to be operated at or near reso-
nance for techniques where conventional PLLs are not stélideire 6.21 on page 7dhows how
DART works. The potential of the conductive cantilever is fum of two oscillating voltages with
frequencies at or near the same resonance. The resultitilpeande ection is digitized and then
sent to two separate lock-in ampli ers, each referencednt® af the drive signals. By measuring
the amplitudes at these two frequencies, it is possible &some changes in the resonance behavior
and furthermore, to track the resonant frequency. Spelty,clay driving at one frequency below
resonance (Al), and another above (A2), A2-Al gives an sigoral that the ARC2™ controller
uses to track the resonance frequency cha&fges

DART-PFM studies of polarization switching are illustréiten Figure 6.22 on page 7MWhere
the resonant frequency (A), amplitude (B) and phase (C) @nad a lithium niobate surface are

25Rodriguez, Brian J. etal., Dual-frequency resonancekimgcatomic force microscopy. NANOTECHNOLOGY 18
NQOV 28 2007 No. 47, ISSN 0957-4484.

26Rodriguez, Brian J. etal., Dual-frequency resonancekimgcatomic force microscopy. NANOTECHNOLOGY 18
NOV 28 2007 No. 47, ISSN 0957-4484.
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shown Figure6.22A. The PFM amplitude and phase images show a macroscopic d@@ain
wall and two inversion domains which are typical for this eré&l. Higher resolution DART-
PFM images of pre-existing domains (D-F) illustrate strinegiuency contrast, and nearly constant
PFM amplitudes within and outside the domain. In comparigéigures6.22 (G-1) are DART-
PFM images of domains switched by the application of thre@Vlimagnitude pulses for ~10
seconds in three adjacent locations. Note the signi camtnge of resonant frequency and the
strong amplitude depression in the newly fabricated dofiain

Additional DART images of ferroelectric materials are simow Figure 6.23 on page 7&1dFig-

ure 6.24 on page 73Figure 6.23 on page 78hows a series of images of PFM on multiferroic
BiFeO; nano bers. Figure 6.24 on page 78hows a short relaxation study on a sol-gel sample.
Regions of the sol-gel PZT were reversed by applying a 15¥ tudhe tip. These regions gradu-
ally relaxed over a 1.5 hour period. DART allowed stableyodpcible imaging over an extended
period of time.

6.5.4. Band Excitation (BE)

Band Excitation is an option that can be utilized with PFMeTachnology is exclusively avail-
able with Asylum Research SPMs under license from Oak RidagoNal Laborator§? and has
received the R&D 100 award for 2008. The Band Excitation imler and software extend the ca-
pabilities of Asylum's AFMs to probe local amplitude vs. dueency curves and transfer functions
and map local energy dissipation on the nanoscale.

The applicability of SPM for mapping energy transformasi@nd dissipation has previously been
limited by the fundamental operation mechanism employeatkarly all conventional SPMs; i.e.,
the response was measured at a single frequency. Detegndisisipation with a single frequency
measurement required time-consuming multiple measuresm&mply put, there were more un-
certainties than there were measured quantities (seeiBqsift4 and6.52°. BE surmounts this
dif culty by detecting responses at all frequencies siranéiously. BE introduces a synthesized
digital signal that spans a continuous band of frequeneied, monitors the response within the
same frequency band. This allows ~100x improvement in dajaisition speed compared to other
commercially-available technologies.

Figure6.25reprinted with permissiofd.

The immediate bene t of this approach is that a full respoggectrum can be collected (with
insigni cant [30-50%] decrease in signal to noise ratio)ie amount of time required for obtaining
a single pixel in conventional single-frequency SPM. BEbwH quantitative mapping of local
energy dissipation in materials on the nanostaleéFigure 6.26 on page 78hows an example
image of an amyloid bril (bovine insulin) on mica imaged irater using the BE-PFM technique.
The image size 250nm x 250nm.

2’Rodriguez, Brian J. etal., Dual-frequency resonancekingcatomic force microscopy. NANOTECHNOLOGY 18
NOV 28 2007 No. 47, ISSN 0957-4484.

28 Jesse, Stephen etal., The band excitation method in scaprobe microscopy for rapid mapping of energy dissipa-
tion on the nanoscale. NANOTECHNOLOGY 18 OCT 31 2007 No. &8N 0957-4484.

29Jesse, Stephen etal., The band excitation method in seapmibe microscopy for rapid mapping of energy dissipation
on the nanoscale. NANOTECHNOLOGY 18 OCT 31 2007 No. 43, 1ISS5[7/6-4484.

30Jesse, Stephen etal., The band excitation method in seapmibe microscopy for rapid mapping of energy dissipation
on the nanoscale. NANOTECHNOLOGY 18 OCT 31 2007 No. 43, 1ISS5l76-4484.

3ljesse, Stephen etal., The band excitation method in seapmibe microscopy for rapid mapping of energy dissipation
on the nanoscale. NANOTECHNOLOGY 18 OCT 31 2007 No. 43, 1ISS5l7/6-4484.
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Figure 6.24.: Stable imaging using DART allows
relaxation studies. This series of images shows
Figure 6.23.. PFM of multiferroic BiFeOs the relaxation of sol-gel taken at different inter-
nanobers, 1 pm scan. Collaboration with  Vvals for approximately 1.5 hours. 3.5 um scan.
Shuhong Xie, Xiangtan University, China and
JiangYu Li, University of Washington.

In summary, both DART and BE modes have numerous advantag@$M measurements:

* SNRisincreased by a factor of 100, eliminating crosstsdkies by using, rather than avoid-
ing, resonance.

Eliminates the problems with PLL stability.

For BE, data acquisition is improved by ~100x compared fkeiotommercially-available
swept frequency technologies.

¢ Imaging modes and hardware are fully integrated.
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Figure 6.25.: Operational principle of the BE method in SPM. The excitation signal is digitally syn-
thesized to have a prede ned amplitude and phase in the given fre quency window. The cantilever
response is detected and Fourier transformed at each pixel in an image. The ratio of the fast Fourier
transform (FFT) of response and excitation signals yields the cantilever response (transfer function).
Fitting the response to the simple harmonic oscillator yields amplitude, resonance frequency, and
Q-factor, that are plotted to yield 2D images, or used as feedback signals.

6.6. Emerging Applications for PFM

6.6.1. High Frequency PFM

High-frequency imaging allows for an improved SNR by avoglil/f noise. Furthermore, inertial
stiffening of the cantilever improves contact conditios; probing the PFM signal with higher
resonances, topographic imaging is performed with a sotileger, while PFM is performed with
a higher mode where the dynamic stiffness is much greatés.boith reduces the electrostatic con-
tribution to the signal and improves the tip-surface eleatrcontact through effective penetration
of the contamination layer. Finally, resonance enhancénmng the higher mode ampli es weak
PFM signals. It should be noted that in this regime, the naspds strongly dependent on the local
mechanical contact conditions, and hence, an appropregedncy tracking method is required to
avoid PFM/topography cross-talk, e.g. using DART or BE axcdbed above.

The limiting factors for high-frequency PFM include inetticantilever stiffening, laser spot ef-
fects, and the photodiode bandwidth. Inertial stiffeniagexpected to become a problem for res-
onances n>4-5, independent of cantilever parameters. cbnisideration suggests that the use of
high-frequency detector electronics, shorter levers Widiin resonance frequencies, and improved
laser focusing will allow the extension of high-frequendyNPimaging to the 10-100 MHz range.
Asylum's microscopes allow cut-off at ~2-8MHz and poteltfidnigher, opening a pathway for
high frequency studies of polarization dynami¢dgure 6.27 on page 7ilustrates the different
information that is revealed by imaging a ceramic PZT matet various frequencies.
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Figure 6.26.: Amyloid bril (bovine insulin) on mica imaged in water using BE-PFM technique, 250nm
x 250nm. Image courtesy of G. L. Thompson, V. V. Reukov, A. A. Vertegel, M. P. Nikiforov, Clemson
University, Dept. Bioengineering, and S. Jesse, S. V. Kalinin, Oak Ridge National Lab.

6.6.2. High-Speed PFM (HSPFM)

HSPFM utilizes high speed data acquisition and sample &aitui@ signi cantly enhance imaging
speeds by increasing line rates from roughly 1Hz to well @80 Hz. The strong amplitude and
phase contrast achievable in PFM, as well as the resolutibareeement provided by this contact-
mode based method, have allowed 10nm spatial resolutiom avienage rates of up to 10 frames
per secontf.

In addition to higher throughput, the primary bene t of ttidvance is dynamic measurements,
for example tracking the evolution of ferroelectric donguturing switching, exposure to light,
changing temperature, and other effdeitsure 6.28 on page 7@ndFigure 6.29 on page 77

The more general High Speed Scanning Property Mapping (N$&Rows rapid measurements

3%ath, Ramesh et al., High speed piezoresponse force mappse: 1 frame per second nanoscale imaging. Applied
Physics Letters 93 AUG 18 2008 No. 7, ISSN 0003-6951.

SYLUM

ESEARCH
an Oxford Instruments company Support.aSylumresearch.com Page 75



Ch. 6. PFM: Theory Sec. 6.6. Emerging Applications for PFM

Figure 6.27.: High Frequency PFM using Asylum's fast photodiode on a ceramic PZT sample at
different frequencies (phase left, amplitude right) — below r st resonance (top row) and at cantilever
resonances (all others) using a MikroMasch NSC 35B cantilever. 1um scans. Image courtesy of K.
Seal, S. Kalinin, S. Jesse, and B. Rodriguez, Center for Nanophase Materials Science, ORNL.

Figure 6.28.: This image sequence (left to right, top to bottom) is excerpted from a movie of 244
consecutive High Speed PFM images (4 um scans) depicting in situ ferroelectric memory switching.
For the rst half of the movie, the tip is biased with a positive DC of fset throughout the measurements.
By monitoring the phase of the piezoresponse, this allows direct nanoscale observation of ferroelectric
poling, in this case from white to black contrast (a 180°polarization reversal). The second half of the
movie is then obtained with a continuous negative DC bias, causing a black to white contrast shift.
The switching mechanism is clearly nucleation dominated for this sample and experimental conditions.
Each image is acquired in just 6 seconds. The PZT Im is courtesy of R. Ra mesh, UC Berkeley, and
the HSPFM measurements were performed by N. Polomoff, HueyAFMLabs, UConn.

of mechanical compliance, electric elds, magnetic eldsction, etc, with similar bene ts for
novel dynamic measurements of surfaces

6.6.3. PFM Nanoindenting

For quantitative materials properties measurements, AlRde a few well-known shortcomings.

One is that the shape of the tip is usually ill-de ned. Forbesween the tip and sample have
a strong dependence on this tip shape and, therefore, txtyamaterials properties such as the
Young's modulus can be problematic. Another issue is thattntilever geometry means that the
motion of the cantilever tip is not well de ned. Speci cajlwhen the cantilever de ects, there is

motion along the vertical axis (z-axis) that is well de ndmlit there is also motion parallel to the
sample surface. This motion is not well characterized andadst cases is not even measured.

3Huey, Bryan D., AFM and acoustics: Fast, quantitative naeamnical mapping. Annual Review of Materials Re-
search, 37 2007, ISSN 1531-7331.
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Figure 6.29.: (001) domains in a PZT thin Im,

3.8um scan. Image courtesy N. Polomoff and

B. D. Huey, University of Connecticut Institute of

Materials Science. Sample courtesy R. Ramesh,  Figyre 6.30.: PPLN amplitude (top) and phase

UC Berkeley. image (bottom) acquired with the MFP Nanoln-
denter, 50um scan.

The ability to probe forces and directly image the piezo oesp of a sample with the Asylum
Research MFP Nanolndenter is an emerging applicatior’aréehe Nanolndenter consists of
a exure with a calibrated spring constant to which diamoips$ tare mounted. This exure is
attached to the Nanolndenter AFM head and replaces theasthiedntilever holder. The force
is computed as the product of the spring constant and thereeglisplacement, measuremed by
an optical signal on the standard MFP-3D photodetector.aBse the quantities of indentation,
depth and force are computed based on displacements meagitlmeAFM sensors, the indenter
has much better spatial and force resolution than previgsieiss.

Figure 6.30 on page 78hows an example image of PPLN acquired with the NanolndeNiate
that the topographic resolution is not as high as it would itk an AFM cantilever tip, as expected
given the larger indenter tip. The amplitude and phase alarshow clear, high SNR domain
structure, similar to the results one would expect with ilevdr-based PFM.

Another example of the experiments that can be performduthvé combination of the Nanolnden-
ter and PFM imaging is to study the effects of surface steeesdferroelectric domain structures
with quantitative scratch testing as shownHigure 6.31 on page 78The top image shows the
surface topography of PPLN after it has been purposefuligtsioed with different loading forces
using the Nanolndenter tip.

The next image shows the associated phase signal indicdttiie domain structure. The domain
boundaries have been distorted by the scratches whichamglilattice change which, in turn,
has affected the local polarizability. The nal gure in thisequence shows a higher resolution
scan where the phase has been overlaid onto the renderaegtappy, showing a close-up of the

3Rar, A etal., Piezoelectric nanoindentation. Journal ofeévlals Research, 21 MAR 2006 No. 3, ISSN 0884—2914.
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Figure 6.32.: Zoom of the top surface of a red

blood cell. The surface shape was rendered to

show the topography while the phase channel is

overlaid on top to show piezo response. A small

sub-micron region on top (white) of the cell ex-
Figure 6.31.: Surface topography of PPLN af-  hipited a much different piezo response than the
ter it has been purposefully scratched with differ-  syrronding cell surface. 2um scan. Image cour-
ent loading forces using the Nanolndenter, 10im  esy of B. Rodriguez and S. Kalinin, ORNL.
scan (top images). 1um scan (bottom).

distortion in the domain structure.

6.6.4. Biological Applications

PFM allows organic and mineral components of biologicaleys to be differentiated and pro-
vides information on materials microstructure and localperties. The use of vector PFM may
also enable protein orientation to be determined in reatespr example, the internal structure
and orientation of protein micro brils with a spatial restibn of several nanometers in human
tooth enamel. Additional progress will bring understagdof electromechanical coupling at the
nanometer level, establish the role of surface defects tamipation switching (Landauer paradox),
and probe nanoscale polarization dynamics in phase-atdesgerials and unusual polarization
states. In biosystems, PFM can also potentially open pathiea studies of electrophysiology at
the cellular and molecular levels, for example, signal pggtion in neurons. Ultimately, on the
molecular level, PFM may allow reactions and energy trams&tion pathways to be understood,
and become an enabling component to understanding maledataromechanical machines. Re-
cently, PFM performed on biomolecules has demonstratetreteechanical behavior in lysozyme

SYLUM

ESEARCH
an Oxford Instruments company Support.aSylumresearch.com Page 78



Ch. 6. PFM: Theory Sec. 6.7. Additional Reading

Figure 6.33.: Topographic (top) and PFM phase (bottom) images of collagen bers, 1.4nm scan.
Image courtesy D. Wu and A. Gruverman, UNL. Sample courtesy G. Fantner.

polymers, bacteriorhodopsin, and connective ti¥sd@ 6.33hows an example of vertical PFM
height and phase images of collagen bers. PFM has also tlgdesen performed on biological
systems such as cells as showrFigure 6.32 on page ?& This image shows a zoom of a red
blood cell with the PFM phase channel painted on top to sheaqiesponse.

6.7. Additional Reading

6.7.1. Scienti c Articles of Interest

Although not cited in the application note text, these refiees may be used for additional reading
of the background, theory and applications of PFM.

« Theory of indentation of piezoelectric materffls
« Indentation of a transversely isotropic piezoelectricfradace by a rigid sphefé

« Point force and point electric charge in in nite and semiriite transversely isotropic piezo-
electric solid§®

« Nanoelectromechanics of piezoresponse force microétopy

35Rodriguez, Brian J. etal., Dual-frequency resonancekingcatomic force microscopy. NANOTECHNOLOGY 18
NOV 28 2007 No. 47, ISSN 0957-4484.

3Kalinin, Sergei V. etal., Towards local electromechanisaibing of cellular and biomolecular systems in a liquid
environment. NANOTECHNOLOGY, 18 OCT 24 2007 No. 42, ISSND9%5484.

37 Rodriguez, B J etal., Nanoelectromechanics of InorganicBinlogical Systems: From Structural Imaging to Local
Functionalities. Microscopy, 16 January 2008 No. 1.

35iBiannakopoqus, AE/Suresh, S, Theory of indentation ofgméectric materials. Acta Materialia, 47 MAY 28 1999
No. 7, ISSN 1359-6454.

3Then, WQ/Ding, HJ, Indentation of a transversely isotrqp&zoelectric half-space by a rigid sphere. ACTA ME-
CHANICA SOLIDA SINICA, 12 JUN 1999 No. 2, ISSN 0894-9166.

4Karapetian, E/Sevostianov, I/Kachanov, M, Point force poiht electric charge in in nite and semi-in nite trans-
versely isotropic piezoelectric solids. PHILOSOPHICAL BAZINE B-PHYSICS OF CONDENSED MATTER
STATISTICAL MECHANICS ELECTRONIC OPTICAL AND MAGNETIC PR®ERTIES, 80 MAR 2000 No. 3,
ISSN 0141-8637.

4Kalinin, SV/Karapetian, E/Kachanov, M, Nanoelectrometbs. of piezoresponse force microscopy. PHYSICAL RE-
VIEW B 70 NOV 2004 No. 18, ISSN 1098-0121.
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» Nanoelectromechanics of piezoelectric indentation angpliegtions to scanning probe mi-
croscopies of ferroelectric materidfs

* Modeling and measurement of surface displacements in Babilk material in piezore-
sponse force microscopy

« Nanoscale piezoelectric response across a single antilghfarroelectric domain waft*
« Materials contrast in piezoresponse force microsédpy

» Electromechanical detection in scanning probe microscdpy models and materials con-
trast*®

 Local probing of ionic diffusion by electrochemical straimcroscopy: Spatial resolution
and signal formation mechanisffis

« Spatial resolution, information limit, and contrast trdasin piezoresponse force microscpy
 Nanoscale phenomena in ferroelectric thin Iffs

« Encyclopedia of Nanoscience and Nanotechnofdgy

 Nanocrystalline multiferroic BiFeO3 ultra ne bers by salel based electrospinniRy

« Local bias-induced phase transitios

6.7.2. Comprehensive Material

These references provide key papers and comprehensiesveegn PFM:

« Scanning probe microscopy : electrical and electromeatelphenomena at the nanoscale
« Nanoscale characterisation of ferroelectric materialsasning probe microscopy approaéh

4%arapetian, E/Kachanov, M/Kalinin, SV, Nanoelectrometbs of piezoelectric indentation and applications to scan
ning probe microscopies of ferroelectric materials. Pufthical Magazine, 85 APR 1 2005 No. 10, ISSN 1478-6435.

“Felten, F etal., Modeling and measurement of surface dispiants in BaTiO3 bulk material in piezoresponse force
microscopy. Journal of Applied Physics, 96 JUL 1 2004 NoSEN 0021-8979.

4Scrymgeour, DA/Gopalan, V, Nanoscale piezoelectric raspacross a single antiparallel ferroelectric domain.wall
PHYSICAL REVIEW B 72 JUL 2005 No. 2, ISSN 1098-0121.

4Kalinin, Sergei V./Eliseev, Eugene A./Morozovska, Anna Materials contrast in piezoresponse force microscopy.
Applied Physics Letters 88 JUN 5 2006 No. 23, ISSN 0003-6951.

“Eliseev, Eugene A. etal., Electromechanical detectiortémsing probe microscopy: Tip models and materials con-
trast. Journal of Applied Physics 102 JUL 1 2007 No. 1, ISSR16@979.

4Morozovska, A. N. etal., Local probing of ionic diffusion kjectrochemical strain microscopy: Spatial resolutioth an
signal formation mechanisms. Journal of Applied Physi68, 2010.

48 Kalinin, S. V. etal., Spatial resolution, information linand contrast transfer in piezoresponse force microscopy
NANOTECHNOLOGY, 17 JUL 28 2006 No. 14, ISSN 0957-4484.

4SHong, Seungbum, editoNanoscale phenomena in ferroelectric thin Im&luwer Academic Publishers, Boston,
2004.

5&ruverman, A; Nalwa, H S, editor, Chap. Ferroelectric Namodins. InEncyclopedia of Nanoscience and Nanotech-
nology. Volume 3, American Scienti ¢ Publishers, Los Anggl 2004.

5Kie, S. H. etal., Nanocrystalline multiferroic BiFeO3 altne bers by sol-gel based electrospinning. Applied Plugsi
Letters 93 DEC 1 2008 No. 22, ISSN 0003-6951.

5XKalinin, Sergei V. etal., Local bias-induced phase tramsf. MATERIALS TODAY, 11 NOV 2008 No. 11, ISSN
1369-7021.

5Kalinin, S/Gruverman, A, editorsScanning probe microscopy : electrical and electromecterphenomena at the
nanoscale Springer, New York, 2007.

S4lexe, M/Gruverman, A, editord\anoscale characterisation of ferroelectric materialscaaning probe microscopy
approach Springer, N, 2004.
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* Imaging and control of domain structures in ferroelectrgrnt Ims via scanning force mi-
croscopy®

6.8. Glossary

Band Excitation A scanning technique whereby the cantilever is excited a@ddsponse is recorded
over a band of frequencies simultaneously rather than atéesirequency as in conventional SPM.
This allows very rapid data acquisition and enables thectimeasurement of energy dissipation
through the determination of the Q-factor of the cantilever

Electromechanical Coupling  The mechanical response to an applied electrical stimuidstize
electrical response to an applied mechanical stimulus.

Domain Nucleation The event of polarization reversal when an oppositely jmadr domain is
formed in a ferroelectric material.

Dual AC Resonance Tracking (DART) A scanning technique used in PFM that allows dual exci-
tation of the cantilever to independently measure both thplitude and resonance frequency of
the cantilever, improving spatial resolution and sengtivOvercomes limitations of traditional
Phase-Locked Loops used in conventional SPM.

Ferroelectric Polarization A spontaneous dipole moment existing due to the distortf@onystal
lattice that can be switched between two or more stablesstatehe application of electrical or
mechanical stress.

Landauer Paradox The electric elds required to induce polarization revéigarespond to unre-
alistically high values for the activation energy for domaucleation.

Lateral PFM A PFM technique where the in-plane component of polarinasaletected as lateral
motion of the cantilever due to bias-induced surface shgari

Nucleation The onset of a phase transition or chemical reaction in whinhnoscale region of a
new phase forms, e.g., a bubble during boiling of a liquid oryatal from a liquid.

Phase-Locked Loop (PLL) In AFM imaging, the PLL measures the phase lag between ¢ixcita
and response signals as the error signal for a feedback hadpriaintains the cantilever phase at
a constant value (typically 90°) at resonance by adjustiegitequency of the excitation signal in
order to maintain precise control of tip-surface intei@ucsi

Piezoresponse Force Microscopy (PFM)  Scanning probe technique based on the detection of the
electromechanical response of a material to an applietrieldias.

Piezoelectric Surface A 3D plot depicting the piezoresponse as a function of thdeabgtween
the direction of the applied eld and the measurement axis.

Q-factor Typically referred to as the “Q-factor of the cantilevehid is a dimensionless quantity
inversely dependent on the cantilever energy dissipatiypical values of Q range from ten to
several hundred.

5%Gruverman, A/Auciello, O/Tokumoto, H, Imaging and contofldomain structures in ferroelectric thin Ims via
scanning force microscopy. Annual Review of Materials Scig 28 1998, ISSN 0084—-6600.
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Resonant Frequency Typically referred to as the “resonant frequency of the iterer,” it is the
natural frequency at which the cantilever is oscillateddisieve maximum amplitude.

Switching Spectroscopy Mapping A gquantitative measurement that reveals local switchirag-ch
acteristics for real-space imaging of imprint, coercivashiremanent and saturation responses, and
domain nucleation voltage on the nanoscale.

Vector PFM The real space reconstruction of polarization orientaffom three components of
piezoresponse, vertical PFM and at least two orthogonaldbPFM.

Vertical PFM (VPFM) Out-of-plane polarization is measured by recording thelggection signal
at the frequency of modulation.

SYLUM

ESEARCH
an Oxford Instruments company Support.aSylumresearch.com Page 82



Ch. 7. Single Frequency PFM

7. Single Frequency Piezo Force Microscopy
(PFM)

CHAPTERREV. 2038,DATED 08/29/2018, 16:17. BERGUIDE REV. 2053,DATED 09/28/2018, 15:06.
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Ch. 7. Single Frequency PFM

Single Frequency Piezo Force Microscopy (PFM) is used toacherize the electromechanical
response of piezoelectric materials. Typically, a conglaatantilever is scanned over the sample
surface in contact mode. While scanning the surface, an A€ibiapplied to the tip. The electric
eld causes a strain in the surface which in turn causes agieride ection of the cantilever.

This chapter describes how to run single frequency PFMdbRFM and lithography on ferroelec-
tric materials. The de ection sensitivity producing thetgeections with this technique is usually
quite small, sometimes only a few picometers (pm) per volbxafitation. Noise oors of an op-
tical lever are usually somewhere in the neighborhood of tdrpm, so measuring these samples
requires either using a large AC voltage or some other arogiion technique.

Large voltages can be a convenient way of boosting the semdbnse of piezo samples. However,
large voltages come with potentially problematic largecle elds and, with some samples,
potentially large damaging currents.

In the following, we describe a method of using the contasbmance of the cantilever to boost
small piezo signals. By selecting a frequency close to tinée@d resonance, the piezo signal can be
ampli ed. Figure 7.1 on page &hows a schematic of the drive frequency and resulting Ao
response. By using a lockin ampli er, the amplitude and ghafsthe response can be measured.

Figure 7.1.: A diagram of Single Frequency PFM

The use of contact resonance to boost small piezo signaleris complex than might be expected
at rst examination in that the contact resonant frequengyeahds strongly on details of the contact
mechanics — the elastic modulus, tip shape and sample &gogrcan contribute to cause the
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Ch. 7. Single Frequency PFM Sec. 7.1. Choosing a PFM Cantilev  er

resonant frequency to vary many tens of kilohertz (kHz) agifhscans over the surface. Because
of this resonance variation and because the phase alss,vage frequency drive technigues are
subject to large amounts of topographic crosstalk. Forrazhe users we suggest using Dual AC
Resonance Tracking (DART) as discussed in chaper

7.1. Choosing a PFM Cantilever

Cantilevers for PFM should generally have a spring consjegditer than 1 N/m. The cantilever
should have a conductive coating or be suf ciently dopedrtavjgle an electrical contact from the
spring clip to the tip. If the cantilever is doped Si, it mayrmxessary to scratch the chip to break
through the oxide layer and then use a tiny patch of silvartgaiinsure electrical contact between
the spring clip and the chip.

Single frequency PFM uses the cantilever resonance to bmBtM signal. A good rule of thumb
for most diving board shaped Si cantilevers is that the @ymesonance is typically 3-5 times the
free air resonant frequency. For example, if a probe is naltyirrO kHz resonance, start with a
center frequency of ~300 kHz and a sweep width of a few hunilied You may need to play

around here, especially if you are working with a new typearsitdever.

‘ Cantilever ‘ Suggested Contact Resonance Range for Tuning ‘
Olympus AC240 Electrilever 200-400 kHz
Olympus AC160 900-1,100 kHz
Nanosensors PPP-NCHR | 800-1,200 kHz

Table 7.1.: Typical contact resonance frequency ranges for some common cantilevers

7.2. Single Frequency PFM

It is assumed in this instruction set that the user is pratieith basic AFM operation. This
technique uses the standard cantilever holder for lonageltPFM or a high voltage option for
your microscope.

7.2.1. Sample and Cantilever

The sample used in this example is a 3mm x 3mm x 0.5 piece abgieally poled lithium nio-
bate (PPLN). It is described in Data Sheet 32

, and is available from Asylum Research. The cantilever Umsgd is
an Olympus Electrilever, Ptlr coated Si cantilever with anireal 2N/m spring constant and a free
air resonance of ~70kHz.
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7.2.2. Preparation

The Mode Master window:

» The software should now be showing

1. the Mode Master window.
« |If not, click the Mode Master button
at the bottom of the screeLJ.

Select Mode:

e SelectPFM tab . Single Freq PFM
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

3. Load a cantilever into your cantilever holder. For PFM, adystarting point is an Olympus
Electrilever. There are several versions of cantilevedéd, if you have an MFP3D with the
HVA220 Ampli er option for PFM, make sure you use either th& DC or AC cantilever
holder. These have a small red wire attached to the spripgaiminated with a tiny gold
magnet. Or if you have a Cypher with the high voltage PFM aptibere is also a specic
cantilever holder to use the high voltage.

4. Maximize the sum, and then put de ection near -0.5V. We tgfljcoperate at a set-point
0V to take advantage of the optional 10x gain on the photatiEtsignal (very useful when
measuring the tiny motions in PFM).

5. Load your sample. For most highly insulating piezo and fegctric samples, grounding
seems to be optional; we do not see signi cant differenceénresponse with or without
the ground attached.
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Position the head above the sample

» Check that the red wire is seated into the HV connector glot\(ing red on the sample
holder. The magnet should suck the end of this wire into thecdivhection slot when the

6. head is positioned above the sample.
* MFP3D only: Take care to ensure that the cantilever holddrthe sample clip do not

interfere mechanically with each other. At the least, this cause false engages, at worst, it
could lead to dangerous and damaging arcing between thesbiglye spring clip and the
grounded sample clip.

Engage the Surface

 Hit the Engage button.

7. * Make sure that the z-piezo indicator moves down towardsaneple.

» Lower the head with the thumbscrews. You may nd it usefuldiok at the cantilever and
sample with the video camera during this process.

» Once contact has been made, center the z-piezo at ~70 salsial.

7.2.3. Tuning

1. Once you are engaged, it is time to tunBable 7.1 on page 8§ives ballpark values for
contact resonance for a few different cantilevers.

2. Assuming you are starting with an AC240, try a center fregyesf 320 kHz and sweep
width of 100 kHz. You should see a peak. If not, try widening #weep width and gently
increasing the drive voltage. For an AC240, once the drivesgabove ~5 volts, you may
start to degrade the tip quality. For PPLN and PZT sample@m®0is usually suf cient to
see the peak with the high voltage ampli er. Your goal is te secontact resonance peak
of ~10-50mV. Going higher than that will typically cause Ipiems with feedback stability
and will lead to rapid tip degradation. On these samplesiva @oltage of 1-3V will give a
decent peak.

3. Right click close to the peak and click @et Drive Frequency. Your goal is to select a
frequency close to but not on the peak to allow enough amgtian but to avoid effects by
changes in contact resonance.
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4.
Center Phase
 Click on Center Phase Offset and put the resonance at 90°.
7.2.4. Imaging

At this point, you're ready to image. Since PPLN the domairestgpically many microns across,
it can be advantageous to scan a larger size. Also note — \blnawve more reproducible results if

you scan at 90°.

1. Hit Do Scan to start imaging.
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Inpsecting data

« If all is well at this point, you should
see some 4-10um periodic signals on
the amplitude, phase and frequency
channels corresponding to the poled
domains in the PPLN sample. You
can also adjust drive voltage to
optimize images.

Clockwise, starting from the right,
Topography, Amplitude, and Phase.

3. A common problem is the loading force being too small. If yawéntried adjusting the drive
voltage and still do not see good domain contrast, try irgngathe loading force. Click
Stop and decrease the de ection with the PD knob (or PD motors quh€s), then retune on
the surface. The contact resonance changes depending loadiveg force.
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Phase Wrapping

* If phase wrapping occurs (PFM phase
goes below -180° or above 180 °) you
will see white spots in the phase
image. The scope trace below shows
these spots as peaks.

» Adjust thePhase Offset during scan
from the tune panel shown to the
right.

 Live phase attening should always
be off.

7.3. PFM Lithography

PFM can also be used to modify the ferroelectric polariratibthe sample through the application
of a bias. When the applied eld is greater than the coercigetec eld, the eld can induce fer-
roelectric polarization reversal. The MFP3D LithograplisMPmode can be used to write complex
patterns by importing a grey scale image that is transfortoedbias map.

If the switching voltages are not known, hysteresis loopslEmade to determine what they are,
hysteresis loops are discussed in chapfer

In the following example, lithography is done on a Sol Gel P&Sing the High Voltage PFM
option. Using the High Voltage holder, a bias of 13.2V wagiduseguarantee polarization reversal.

SYLUM

ESEARCH
an Oxford Instruments company Support.aSylumresearch.com Page 90



Ch. 7. Single Frequency PFM Sec. 7.3. PFM Lithography

7.3.1. Software Instructions

The Mode Master window:

» The software should now be showing

1. the Mode Master window.

* |If not, click the Mode Master button
at the bottom of the screell.

2.
Select Mode:
* SelectPFM tab . Litho PFM
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.
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Loading Bitmap Image

e Click Load Image and select a le.
The bit-mapping lithography requires
a 256 x 256 or 512 x 512 image. A

le named Smile.jpgis used for this

example.
 You will need quicktime installed to

load the graphic into Igor

* You can dc;wnload this jpg from here

4. Click Do Scan to start the bitmap bias lithography.
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Writing Bitmap

e The minimum and maximum bias voltages are mapped to thesgig in the
imported image.

» During the lithography scan, the voltages are applied ¢cstirface from the bit
map image. If the voltage is very large, the electrostatiaetive forces will
cause a change in the de ection and topography. A zoom of ¢hection
channel in the above right image shows the pattern apperihg de ection
during a lithography scan, a good sign that lithography isking

» Switch to the tune panel and tune for single frequency PFisrage as normal.
Left image is Amplitude, right Phase.
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3D Overlay

* A nice way to show PFM lithography
is to overlay the Phase onto the
Amplitude image. This can be done
through the Master ArGL Panel found
underAFM Analysis . 3D Surface
Plots.

Right, 3D Overlay image, bottom 3D
Panel.

See also AR Software Manual:Argyle
3D:Overlaying Data on a Surface.

7.4. Vector PFM

Lateral PFM (Vector PFM) is a two-pass technig@dépter 10 on page 1B3dn the MFP-3D Clas-
sic/Origin+/Origin AFM and a single-pass technique on thERVBD In nity and Cypher AFM.
For the MFP-3D Classic/Origin+/Origin, it rst measuregthertical PFM signal in one pass and
then the lateral PFM signal in the second pass. The enhanebtHead option is required to
mechanically center the lateral signal to take advantadgegbfer gains. The sample used in this
example is BiFeO3/SrRuO3/SrTiO3.
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Mode Master

« When theMode Master window appears, choose tRé-M tab.

» Select thevector PFM mode icon. All the necessary panels for Vector PFM
operation will now automatically load and arrange on thektigs
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Lateral Tuning MFP-3D

 To tune for the lateral signal, the cross
point switch must be manually
changed tanFast . Lateral , click
Write Crosspoint and selecNo Auto
Change Crosspoint

» Engage and tune as normal, the
resonance frequency is usually
around 1MHz.

» Manually copy thebrive Frequency,
Drive Voltage and Phase Offset from
the Surface parameter elds of the
Nap Panel to the corresponding Parm
Swap elds. The surface values will
be changing in the next step.

» Make sure to unlock the crosspoint.
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Vertical Tuning

» To tune the vertical de ection signal,
changeinfast to ACDe , click Write
Crosspoint and make surslo Auto
Change Crosspoint is not selected.

3 » Type in theDrive Amplitude, hit
Engage, One Tune and right clickSet
Drive Frequency close to the peak.

» The Surface parameter elds in the

Nap Panel foDrive Amplitude, Drive
Frequency and Phase Offset are now
lled.

Scan
 Hit Do Scan to start imaging.

Clockwise, starting from the right, Vertical
Phase, Lateral Phase and Lateral
Amplitude.

SYLUM

ESEARCH
an Oxford Instruments company Support.aSylumresearch.com Page 97



Ch. 8. PFM with DART

8. Piezo Force Microscopy (PFM) using Dual AC
Resonance-Tracking (DART)
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This chapter describes how to run Dual AC Resonance Tradkiezp Force Microscopy (DART-
PFM), including using the technique to run hysteresis lanpgerroelectric materials.

Piezoresponse force microscopy (PFM) is used to charaetére electromechanical response of
piezoelectric materials. Typically, a conductive cangleis scanned over the sample surface in
contact mode. While scanning the surface, an AC bias isegfdithe tip. The electric eld causes
a strain 5-10nm below the surface which in turn causes agterite ection of the cantilevet.

Recently, a variation on this technique called ElectrodbahStrain Microscopy (ESM) has been
developed at Oak Ridge National LaboraforyThis technique is sensitive to ion transport into
and out of the lattice in energy storage (battery) matesalsh as LiCo@**° For more in-
formation on this powerful new technique, please refer to

In both PFM and ESM, the electromechanical and electroatedrdisplacements are usually quite
small, sometimes only a few picometers (pm) per volt of eticih. Noise oors of an optical lever
are usually somewhere in the neighborhood of tens of pm, ssunimg these samples requires
either using a large AC voltage or some other ampli caticcht@que.

Large voltages can be a convenient way of boosting the sesdbnse of piezo samples. However,
large voltages come with potentially problematic largecle elds and, with some samples,
potentially large damaging currents.

In the following, we describe a novel method of using the aohtesonance of the cantilever to
boost small piezo signals. This is more complex than mighéXmected at rst in that the contact
resonant frequency depends strongly on details of the comtechanics — the elastic modulus, tip
shape and sample topography can contribute to cause thmrgdoequency to vary many tens of
kilohertz (kHz) as the tip scans over the surface. Becausiei®fesonance variation and because
the phase also varies, both xed frequency drive technigrasconventional phase-locked loops
are subject to large amounts of topographic cros&talk

In the following pages we will go through:

1. A basic introduction to the Dual AC Resonance Tracking (DABdncept ...... Pag®9)
2. Choosing cantilevers and imaging with DART software .................. Pagelp0
3. DART hysteresis loop measurement (aka Switching SpedpyseFM) .. .. ... PagelQ7)

8.1. DART concepts

DART is a technique that dramatically reduces the crosstatkto the shift in resonant frequency
by tracking the contact resonant frequency and, using ebéedloop, adjusting the drive fre-

1Gruverman, A. etal., Scanning force microscopy as a toahémoscale study of ferroelectric domains. Ferroelectrics
184, 184 1996 No. 1-4.

2Balke, N. etal., Real Space Mapping of Li-lon Transport in@phous Si Anodes with Nanometer Resolution. Nano
Letters, 10 2010 No. 9.

3Balke, N. etal., Nanoscale mapping of ion diffusion in ailith-ion battery cathode. Nature Nanotechnology, 5 2010.

4Kalinin, S. V./Balke, N., Local Electrochemical Functiditgin Energy Storage Materials and Devices by Scanning
Probe Microscopies: Status and Perspectives. Advanceeridiat 22 September 2010 No. 35.

5Morozovska, A. N. etal., Local probing of ionic diffusion klectrochemical strain microscopy: Spatial resolutioth an
signal formation mechanisms. Journal of Applied Physi68, 2010.

6 Jesse, S etal., Resolution theory, and static and freqesgmgndent cross-talk in piexoresponse force microscopy.
NANOTECHNOLOGY 21 2010.
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quency of the cantilever to match the resonance. Ratherubiaug the phase as the input to the
frequency feedback, DART uses the difference between thatplitudes as the input feedback.
Figure 8.1 on page 10§hows a schematic of the two drive frequencies, and thetmegwEmpli-
tudes (Al' and A2") when the resonant frequency shifts. Asfitequency shifts downward, Al
moves up to A1l and A2 moves down to A2'. The change in the A2sfghal causes the feedback
loop to respond by shifting the drive frequency until the A2-signal is zero again.

Figure 8.1.: Dart Operation

8.2. Choosing a cantilever and starting a DART template with
ModeMaster

It is assumed in this instruction set that the user is pratieith basic AFM operation. This
technique uses the standard cantilever holder for lonageltPFM or the HV option.
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The Mode Master window:

» The software should now be showing

1. the Mode Master window.

« |If not, click the Mode Master button
at the bottom of the screeu.

Select Mode:

e SelectPFM tab . Litho PFM

e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

Note LoadingDART SS PFM mode will also load the template for point switching
spectroscopy (SS PFM) measurements. You may not need twpetiis for PFM with
DART imaging, but will cover this technique separately (Seetion 8.4 on page 1D7

The sample used in this example is a 3mm x 3mm x 0.5 piece ajgieally
poled lithium niobate (PPLN). It is described in Data Shekt 3

,and is
available from Asylum Research. The cantilever used heaa Slympus
Electrilever, Ptlr coated Si cantilever with a nominal 2Ngpring constant
and a free air resonance of ~70kHz.

Note

Cantilevers for DART should generally have a spring corisgagater than 1 N/m. The cantilever
should have a conductive coating or be suf ciently dopedrtavjgle an electrical contact from the
spring clip to the tip. If the cantilever is doped Si, it mayrmxessary to scratch the chip to break
through the oxide layer and then use a tiny patch of silvartgaiinsure electrical contact between
the spring clip and the chip.

DART uses the cantilever resonance to boost the PFM signghofl rule of thumb for most diving
board shaped Si cantilevers is that the contact resonaiyacslly 3-5 times the free air resonant
frequency. For example, if a probe is nominally 70 kHz resaea start with a center frequency of
~300 kHz and a sweep width of a few hundred kHz. You may neethtoground here, especially
if you are working with a new type of cantilever.
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‘ Cantilever ‘ Suggested Contact Resonance Range for Tuning
Olympus AC240 Electrilever 200-400 kHz
Olympus AC160 900-1,100 kHz
Nanosensors PPP 800-1,200 kHz

Table 8.1.: Typical contact resonance frequency ranges for some common cantilevers

8.3. Dart PFM Example

Figure 8.2.: The DART panel.

These instructions are for software version 13 or laterasdaipdate your
Note software accordingly. You can nd the latest software at

DART PFM: Getting Started

» Open a new AFM template by starting the AR AFM software framratch, or by
selectingFile . new AFM template from main menu bar.

1. ¢ From the Mode Master window click apFM.

SYLUM
ESEARCH

an Oxford Instruments company

support.asylumresearch.com

» From the next window click ODART-SS-PFM (SeeSection 8.2 on page 1R0

Note If the Mode Master does not appear, click [ctrl+F2], or seléser Settings .
Mode Master from the main menu bar.

Page 102



Ch. 8. PFM with DART Sec. 8.3. Dart PFM Example

The Dart Panel:

2 * The panel inFigure 8.2 on page 10zhould appear . If it does not, in the main
menu bar go t®rogramming . User Panels. You should see a list of available
panels, including DART. Select it and the panel below shaldear.

PFM Initialization

* In theTuning Area of the DART panel:
— Set the drive amplitudes to 10 mV, which sets the drive anngiditof both
3 frequencies. If you start with larger values, you may end mipegessarily
) degrading your tip.
* In the Master Channel Panel (Ctrl +7):
— Typically, you will want to record-requency Height,Phase]lPhase2
Amplitudel Amplitude2 You can use the difference between the phase
channels to evaluate the dissipation (Q) of the tip-samybractions.

4. Load a cantilever into your cantilever holder. For PFM, adystarting point is an Olym-
pus Electrilever. There are several versions of cantileedders, if you have the HVA220
Ampli er [MFP3D] option for PFM, make sure you use either tH& DC or AC cantilever
holder. These have a small red wire attached to the spripgaiminated with a tiny gold
magnet.

5. Load your sample. For most highly insulating piezo and fegctric samples, grounding
seems to be optional; we do not see signi cant differencebénresponse with or without
the ground attached.

6. Position the head above the sample.

7. Maximize the sum, and then put de ection at approximatelypW0We typically operate at
a setpoint of OV to take advantage of the optional 10x gairherphotodetector signal (very
useful when measuring the tiny motions in PFM).

When using the MFP-3D HV sample holder with metal clip

» Check that the red wire is seated into the HV connector $totigg red on the
sample holder. The magnet should suck the end of this wicethe HV

8. connection slot when the head is positioned above the sample

* MFP3D Only: Take care to insure that the cantilever holdel the sample clip
do not interfere mechanically with each other. At the lethss$, can cause false
engages, at worst, it could lead to dangerous and damagsitg dretween the
high voltage spring clip and the grounded sample clip.
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Engaging the Surface
 Hit the Engage button .
» Make sure that the z-piezo indicator moves down towardsaneple (increasing
9. Z voltage).
» Lower the head with the thumbscrews. You may nd it usefulaok at the
cantilever and sample with the video camera during thisgsec
» Once contact has been made, center the z-piezo at ~70 salsial.

10. Tuning the cantilever

» Refer to Table3.1for ballpark values for contact resonance for a few difféeren
cantilevers. We'll assume you are starting with an AC240.

To nd the contact resonance of an unfamiliar cantileveratithermal
tune off the sample surface (Master Panel->thermal tune &thrt

Note thermal). Look for the rst and second resonance—they shappear
after 10-100 averages of the thermal tunes. The contaataese will
be between these two values.

« Inthe DART panelirFigure 8.2 on page 10y a center frequency of 320 KHz

and sweep width of 100kHz.
» The frequency width refers to the width of the separatiovben f1 and 2

around the selected drive frequency. Putting these vahgeslbse together may
cause the two lock-in ampli ers to interfere with each otHerequency width

should generally be set to 5 - 10kHz.
 Hit the One Tune button and you should see a peak.

Note If no clear peak is visible, as in the graph above, try widgrtime sweep width and
gently increasing the drive voltage. For an AC240, once thedjoes above ~5 volts you
may start to degrade the tip quality. For PPLN and lead zitourtitanate (PZT) samples,
200mV is usually suf cient to see the peak but you may needendfour goal is to see a
contact resonance peak of ~10-50mV. Going higher than thktypically cause problems
with feedback stability and will lead to rapid tip degradati
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11.

12.

13.

Right click on the tuning peak and click @enter Drive Frequency. Your goal is to get the
peak to be between the two red bars. Set the sweep width to 5Gke do another tune.
The “noise” centered on the high frequency red bar is normtatference between the two
lockins and means things are functioning normally.

In the tuning portion of the DART panel click abenter Phase, this sets the resonance at
90°. You should seamp1 andamp2 roughly equal.

Note In contact resonance, it is normal for the resonance to mauend many kHz. You
may need to make multiple tunes before you have stabilizeghdtak between the red bars.
If you wait between tuning and imaging, you may also have lgrob, so if in doubt, tune
again!

Successful tuning result

» The shape of the curve is nice, the amplitude at the two drdguencies are
between 10 and 20mV. The squiggles in the amplitude and @rased the
second frequency are from interference between the rstsaadnd lockin as the
rst lockin frequency is swept through the tune range. Tipple in the amplitude
and phase channels around the higher drive frequency at@from interference
between the rst and second lock-ins as the rst sweeps thindhe tune
frequencies.

Note Itis possible that the position of the resonance peak cdiifdesound during scanning,
especially if the surface is rough or the ferroelectric dmmmare small compared to any
thermal drift the system may be experiencing. You may neédhase” the resonance a bit,
especially after you rst engage with a fresh cantilevendfly, you should not wait too long
between tuning and starting the DART scanning. If the peakendrom in between the red
bars, the feedback loop will actually drive the frequeneiesy from resonance, rather than
tracking it.
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Set Scanning Parameters

* In the Scanning section of the DART pat&eRwe nd it useful to start with a

reasonably large scan range (perhaps 20 by 20 um).
» Set the scan angle to 90° (generates more reproduciblésiesu

14.

Set Imaging Parameters and Start Imaging

15.  Hit Frame Down or Frame Up to start imaging.
 Adjust thelntegral Gain for good image tracking

16.

Typical Images, PPLN sample
« If all is well at this point, you should see some 4-10um paiiesignals on the
amplitude, phase and frequency channels correspondifg foaled domains in

the PPLN sample.
» The gures above show a typical 6 um scan over PPLN with nm&mast over

different domains. A small reversed domain is visible in¢kater of the image
where a ~100V positive voltage was applied.
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Optimizing Images
» Right-Click on one of the images and cho@beAll Scales.
» Depending on the balance of electrostatic and piezo foymesmay see more or
fewer signals split between the amplitude and the phasenel@n
« If frequency tracking is smearing or trace and retrace hoaly different, the

17, DART | Gain should be increased. Don't be afraid to play here, there anel@
range of values that may be appropriate; ranges from 5 to @06cenmon for
normal imaging.

* The frequency tracking may have also “lost lock”. In thiseayou may need to
stop imaging and nd the contact resonance again. If thiajgening
systematically, it may mean that your sample is very roughyaou may need to
decrease the scan speed.

Adjusting Imaging Parameters

» A common problem is the loading force being too small. If ymve tried

18. adjusting the drive voltage and still do not see good domaintrast, try
increasing the loading force. Do not change the setpoittieranit Stop, adjust
the PD thumbwheel to a more negative value and re-engage.thigtyou will
need to go through the surface tune process again.

8.4. Switching Spectroscopy PFM (SS-PFM)
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Figure 8.3.: The DART Spectroscopy Panel

In the following, we will measure point hysteresis loops. Wi# start with loops at an arbitrary
point and nish with an array of loops using the panel aboves Will go through the process of
measuring SS-PFM hysteresis loops as describédHigst we'll review some of the terminology
related to the triangle step functions which will excite tipevoltage.

There are four parameters for the triangle step functior dffects of varying them are illustrated
in Figure 8.4 on page 10%elow.

Amplitude The largest square waves will peak at this value, and is syroraound zero. Care
should be taken that the sum of this amplitude plus the daseilfating) amplitudes never exceeds
10V for the standard holder, 220V for the MFP3D high voltag¢ian, and 150 for the Cypher
high voltage option. Also, remember that since DART appies sinusoidal drives, you must use
2 times the oscillator drive amplitude when calculating thi is generally better to start small and
increase the number gradually, say ~1V.

Frequency The frequency one cycle of the hysteresis loop. For exar@p@mHz implies a single
cycle is acquired in 5 seconds.

Optional Argument 3 This controls the phase of the overall hysteresis measuntenidis value
ranges from 0 to 1, a value of 0.5 means the voltage startsrad @aanps in the positive direction
rst. For some examples sdagure 8.5 on page 109

7 Jesse, S etal., Resolution theory, and static and freqedsmyndent cross-talk in piexoresponse force microscopy.
NANOTECHNOLOGY 21 2010.
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Optional Argument 4  This controls the period of the individual pulses, with srof seconds. For
example, a value of 0.25 here means that a single on-off merasumt will last for 250 ms total. Of
that, 125 ms will be at the applied voltage and 125 ms will b@ \atlts.

The switching voltage for PPLN is >10V, you will need a hightage option
Note to see hysteresis loops. With the standard con gurationwibiunot see the
loops.

Figure 8.4.: PFM drive waveform parameters

Figure 8.5.: Some examples of the effect of Optional Argument 3

8.4.1. Dart PFM Spectroscopy Example

1. The DART | Gain for spectroscopy should be smaller than values used forimgad good
number to start with is 10.

2. On the Spectroscopy Panel panélgure 8.3 on page 108go to theDrive Signal group of
controls.
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Figure 8.6.: A typical scan waveform for measuring in- eld and remnant hysteresis | oops for SS-PFM.

3. Click on theDisplay Drive. This brings up a voltage versus time display for the loop mea-
surements. This is useful for ensuring you are applying tbpgr waveform.

4. Select theaRDolVTriangleSquare waveform in theFunction pull down menu. This waveform
will generate applied steps with a ramping maximum valuavilligenerate two hysteresis
loops — one with the eld on, the “applied loop”, and the othéth it off, the “remnant loop.”

5. Next go to theForce Curvegroup of controls. For measuring hysteresis loops, we useso
of the machinery used in measuring force curves and foraamves.

a) In Data section, by default, Amplitudel, Phasel, and Frequencyselexted versus
Time. You can check this by clickingelect Channels .

b) Trigger is set toDe Volts and should have a absolute value set to the setpoint that was
used for imaging, typically zero volts.

c) Dwell Feedback is set to De ection, this will enable the feedback loop keegpihe
cantilever de ection constant during the hysteresis loops

d) Now select a point or points for the hysteresis loops. @edereference image by
clicking on it to bring it to the top.

i. Click on thePick Point button.

ii. On the reference image, position the round cursor ondbatlon for your hystere-
sis loop.

iii. Click on That's It to nalize your choice.

iv. Repeat for as many locations as you wish. You can alsatsatiitional points
this way after you start measuring hysteresis loops.

V. Show Markers to bring up the locations and indices of the various locatipou've
selected.

vi. Check the showrip Location checkbox. This should place a red ball on the image
at the current tip XY position. Using thgo There button and the position index,
you can put the tip on any of the locations you have selected.
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e) Go to one location and do a surface tune. As before, cdmgraak between the red
bars.

f) Click on Single Force, the data displayed in the Force Graplfiis the entire time record
of all the saved channels. It will take one more step to tuamtlinto the hysteresis

loops.

6. To process the time waves to extract the applied and remyatdrisis loops:

a) Go toDisplay and Analysis.
b) Select the data wave you are interested in. This shouhdj lop the force review wave.

c) Click thePFM Hysteresis button. This will process the given time data and return the
applied ("On’) and remnant (COff") hysteresis loops. Seguire 8.9 below for a nice
example of data extracted from the time waves shown in Fefiigand8.8.

Figure 8.7.: The SS-PFM raw data set. The phasel, ampl and de ection traces for a n 8-cycle, 40
second hysteresis loop. The details of the switching are dif cult to d iscern from the time data and

need to be processed to produce hysteresis loops.
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Figure 8.8.: Zoomed in region from Figure RawData. Here, the individual steps from the stepped
SS-PFM method of® are evident. Repeat the above steps as many times as you would like, adjusting
the drive parameters as you wish. If you notice noise during the higher voltage portions of the curves,
you may have your Freq Igain set too large. Reduce it until the effect disappears.

Figure 8.9.: The applied (“On”, top graph) and remnant (“Off”, bottom graph) hysteresis loops obtained
from the processed time waves of gure 8.7 and 8.8. The phase loops are on the top of each window
and the amplitude “butter y” loops are on the bottom.

8.4.2. SS-PFM Array Measurements

1. Start with single point measurements as described abovés ih allow you to adjust
parameters and optimize the conditions for your sampleiand t

a) The array of points will use the current image size andtiosas a reference. Using
the usual tools, select your scan size and location.
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b) On theDART Spectroscopy Panel, Point Map region, select the number @frid Points
andGrid Lines. Each is required to be an even number.

c) Asinthe above examples, do a surface tune.

d) Click Do Scan. The red spot should start moving on the image and you sheeldiata
start to appear in the Force Graph window. Force maps carstaie time. You should
budget a few seconds for moving from one point to another ditiath to the time it
takes to measure the hysteresis loop itself.

e) If there's a problem, click thetop!! button, make adjustments to the parameters and
start again.

Figure 8.10.: DART PFM image of PPLN after a 6 by 6 array of hysteresis loops have been measured.

8.5. DART Imaging: Guidelines & Troubleshooting

8.5.1. Amplitudes of Drive and Response

Start out with a drive voltage of 250 mV. If you need to drive ttip at >5.5 volts it is likely
the tip will experience some degradation. These drive dogas should result in response peak
amplitudes between 5-50 mV. Generally, amplitudes lessttiet may not result in stable feedback
and amplitudes larger than ~50 mV lead to instabilities enftequency feedback loop.

8.5.2. Image Size

Set the image size to a small value (typically 1 um) to begithwirhis is usually a convenient
range for optimizing the feedback and scanning parameiggscally, it is a good idea to scan at
90° to minimize tip shape effects, which can potentiallyehavarge effect on the contact resonant
frequency.
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8.5.3. Feedback Gains

One big difference between contact mode imaging and DARMasthere are two gains; one for
the topographic feedback, marketkgral Gain, and another for the frequency feedback I@HRT

I Gain. First, you should optimize the topographic tracking in Hebght trace and retrace curves
with theIntegral Gain and then do the same thing for the Frequency trace and retuaees using
the DART | Gain parameter. This gain can vary over a wider range than you xgagoce from your
experience with topographic gain. Ranges from 2 to > 300 anenton. As you would expect,
scanning faster requires highART | Gain settings.

For typical operation, the trace and retrace on the frequehannel should match, and should
have distinct features correlating to topography or malk@roperties. The amplitude should show
signal within different domains, and should drop to zeroaahéein boundaries, indicated by regions
where phase shifts 180°.

8.5.4. “Pre-imaging” and Image Region

It may be a good idea to take an AC mode image of the surfacereiiith the tip that will be used
for the experiment, or a standard AC mode probe (such as ampgly AC240) to be sure there
are no surprises on the surface. This is often true for Contade electrical techniques, since any
debris on the surface can have a dramatic effect on eldattieaacterization, and is often not easy
to see in contact mode.

8.5.5. Loss of Frequency Lock

If the sample has a weak piezoelectric response or if the tpinaged, or if thBART | Gain setting
is too small, it is possible for the resonance peak to movadebf the two drive frequencies. Once
this occurs, lock is lost and is unlikely to occur again withaser intervention.

8.5.6. Tip Damage and Contamination

PFM is a technique that is extremely sensitive to the camditif the tip and the sample. Contam-
inants and tip wear can have very large effects on imagetgudihe downside of this behavior
is that you may see degradation in image quality as you scaMirinesota, if you don't like the
weather, wait ve minutes. PFM can be treated in the same erarins often worthwhile to tweak
the image parameters a little and wait for a scan or two asahtaminant will often detach and
give you beautiful contrast again.

8.5.7. MFP-3D HVA220 Setup

For optimal PFM imaging and spectroscopy, the high voltgg®ao is highly recommended. There
are numerous examples where the standard 10V range is simaplyuite suf cient to get good
contrast or to get a closed hysteresis loop. In typical PFi@des, often a little improvement in
range, say to 15-30V, will make all the difference in cortitras
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The HVA220 allows a high voltage to be applied to the tip in ayv&afe and secure manner. The
tip itself is not energized until the head is securely in plager the sample, by means of a simple
magnetic interlock.

You can check the SmartStart system has detected the higlggohodule by clicking on the gear
icon at the bottom of the screen. A list of detected devicesilshappear, including the HVA220,
as shown irFigure 8.11 on page 115

Figure 8.11.: Testing communication with the HVA using the SmartStart Device interface. The HVA
icon indicates that the HVA is present and active.

If the HVA icon does not appear, rescan the SmartStart budidkirg on the black circle icon. If
this still does not show the HVA220, check the expansioneabhnections, the HVA220 power
cord and make sure that the HVA220 power switch on the backetihit is on. If you still have
problems, contact Asylum Research support for help.
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9.1. Introduction

Conductive AFM or CAFM (called ORCA on an Asylum Researchrimment) can be considered

to be anything that looks at electrical current passingugihothe tip and the sample. This can
include several techniques with many acronyms. For the st with minor deviations, these

techniques all do the same thing in principle; they measneeod the three variables in Ohm's Law

V=IR, where V is the voltage applied to the sample, | is theaentrpassing through the sample and
the tip, and R is the resistance of the entire circuit.

A schematic of CAFM is shown i@.1

Figure 9.1.: Schematic of CAFM with relevant equations. Current is passed through the tip and into a
transimpedance ampli er, converting the current to a voltage.

9.2. Video Tutorial

Consider watching this introductory video tutoriaConductive AFM (ORCA), Imaging & IV
curves(internet connection required)

9.2.1. Terminology

CAFM Conductive AFM, de ned here as anything that looks at curpassing through a sample
and a tip in atomic force microscopy.

Subcatigories: TUNA  Tunneling AFM. This refers to the speci ¢ application of CRFwhere
the current tunneling through an oxide or insulating laysther than the ohmic current passing
through a sample. In practice the circuit is generally threesas CAFM, but a higher gain resistor
is used.

SSRM Scanning spreading resistance microscopy: Here a tip vidhgher coating is used with a
higher force so that the tip is digging through the contamim#oxide layer on the semiconductor
under study. Typically, a logarithmic current detectioncuit is used to increase the range of
current detectable, but a multi-stage gaining circuit casoeplish the same thing.
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SGM Scanning gate microscopy: Here, current is passed througinsistor instead of the tip-
sample. The tip is used to bias the gate, and the same cuettion circuit is used to measure
the current.

Orca Optimized Resistance Conductance Ampli er. Asylum's nafimeCAFM.

9.2.1.1. Spectroscopy vs. Imaging

In CAFM you can either collect a current map of a surface atvargibias, essentially giving
you a single slice of the conductivity of your sample, or yaun ¢ake current-voltage spectra at
points either prede ned by the user individually (i.e. P& Point"), or on a grid of nxn points.
Spectroscopy normally entails taking AC mode images of tasar then changing over to contact
mode and collecting the spectra where desired.

9.3. The Hardware

The hardware is speci ¢ to your mode of AFM. Please conswtappropriate manual:

e Cypher User Guide, Chapter: Conductive AFM
e MFP-3D User Guide, Chapter: Conductive AFM (ORCA) Hardware

These chapters will explain which cantilever holder to usmy to calibrate it, how to mount the
sample, and how to connect the bias wire.

9.4. Probes

There are several probes available for this technique.| kfgang constant range is between 0.5
and 5 N/m. Cantilevers that have lower spring constants Hdwilty to overcome the contact
resistance between the tip and the sample. Cantileverfidvattoo high of a spring constant will
wear down too quickly.

* Metal coated Si probes. Pt, Ptlr, Au, CoCr, Tungsten Carbéahd Ir coated probes such as
the AC240TM-R3 see the Probe Store for oth@onductive Probeas well. These perform
pretty close to each other. The Tungsten Carbide and Ir prtdst a little longer. For
Polymer samples or soft materials these are ne. radii goeE&jly 50nm

» Conductive diamond coated probes. Use a diamond-likeocatin coated onto a Si probe.
Available from Nanosensors. These last quite a lot longan thetal coated probes, but have
a larger radius (~100nm). ADT makes a nano crystalline ngatiat wears at least as well
as the Doped DLC, but typically has a smaller radius (<50nm).

« Solid W probes from Multiprobe. Very consistent. More expige than most probes but last
a long time. Forms an oxide over time that has to be worn aw#ly avbit of imaging.

e Solid Pt probes from Rocky Mountain Nanotechnology. Besdrall probes for CAFM.
Small radius (5-20nm). Good wear characteristics. Evdmeifdrobe wears to larger sizes, it
does not loose its ability to conduct.
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9.5. Repeatability in CAFM

 Tip change this is the most common. Metal coated probes are infamawhfpping, break-
ing, and otherwise acting in an obstinate manner. This nilyrahows up as a systematic
asymmetry in the current to topography comparison. In otfwds, the current will appear
on only one side of all the grains or features on the surface.

« Debris on the surface probably the easiest factor to diagnose. Normally thioimes soft
material that does not show up in the contact mode image bedais being swept away
during the scanning. To diagnose this, simply take an AC niodge of the surface before
you begin your contact mode image. If there are any soft,recgaarticles on the surface
that may foul your measurement, they should show up. It isaal d@abit to always take an
AC image rst when working with CAFM.

e Contact resistance variationis the most dif cult to diagnose. Here, you may be using
just enough force to get a current image of your surface, buenough force to maintain
a constant contact resistance over all the varying featumethie surface. This one can be
particularly dif cult on soft surfaces, where if the userpips too much force, the surface
will be modi ed, but if the user applies not enough force, ttantact resistance will vary
signi cantly over the sample surface. This is one of the mdifecult aspects of imaging
conductive polymers.

» Surface changeis normally easy to diagnose, but often not suspected by $be (Com-
mon ways this can happen is surface oxidation, surfaceutisn, or surface modi cation.
Surface oxidation is common with Si surfaces and other samdigctors, and is normally
worse in high humidity. Surface destruction is common witkymers and carbon nanotube
(CNT) surfaces. Some materials can be modi ed by biases¢orne either conducting or
insulating with a current or a bias.

e Sample preparation other problems that can lead to poor reproducibility imedhe circuit,
rather than the tip or sample. This is more common when cangpaesults from sample to
sample, but can also occasionally occur in multiple expenits on the same sample. This
includes things like poor silver paste used to mount the &&nop poor contact being made
with one of the connections in the circuit. This could be veharclip contacts a pad on the
sample, or a break in the silver paint once it has dried. lige@d idea to double check this
even if you are think the circuit is ne.

« Silicon Oxide, this one really belongs in the previous item, but it is so g@m, it should be
stressed. On Si samples, you need to scratch away thefi®i@ the surface, then as quickly
as possible apply conductive paint to the surface (Ted Pella )
“Leitsilber” Conductive Silver Cement is very good) to ineyou don't have a metal-oxide-
semiconductor (MOS) contact in your circuit.
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9.6. Current Imaging

9.6.1. How to Guide

The Mode Master window:

» The software should now be showing
1 the Mode Master window.
« If not, click the Mode Master button

at the bottom of the screeu.

Select Mode:

e SelectElectrical tab . Orca
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

Note The ORCA cantilever holder must be rst attached to the AFNb&d the
ORCA template.

3. Load aconductive cantileveand sample as standard for Contact Mode imaging. This in-
cludes any necessary bias wires and/or resistors. Seepaipeomanual for set up instruc-
tions.

4. Setthe AFM to operate i@ontact mode.
5. SetScan Angldo 90°.
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Open the Channels

a) SelecCurrent as one of the channel
Inputsunder the Master Channel
Panel AFM Controls . Master
Channel Panel (Ctrl+7). For the
Dual-gain ORCA holder you will
have two channels instea@urrent 1
andCurrent 2.

7. SelectCurrent as one of the channéhputsunder the Master Channel PanélFM Con-
trols . Master Channel Panel (Ctrl+7) For the Dual-gain ORCA holder you will have two
channels insteadCurrent 1 andCurrent 2.

Do IV Panel

* Open theDo IV Panel (AFM
Controls. Do IV Pane). This panel is
where you will control the majority of
the electrical-based paraments in your
experiment.
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Current Offset

» There are often small, persistent

current offsets associated with the
9. AFM electronics that must be
subtracted. Zero th€urrent Offseby
pressing the Zero button in theR
Do IV Panel.

Applying Voltage

* Like the current, there are also often
small, persistent voltage offsets
between the AFM and the sample.
These will need to be zeroed as well,
however this is done manually with a
voltmeter. It is best to measure the
voltage between the “PogoOut” bias

10. wire coming from the cantilever
holdersample puck and the cantilever
holder clip. Enter the opposite value
measured in to th8. Voltage Offset
parameter. A typically offset is
between 10-100mV.

» Sample bias for ORCA experiments
can be set with th&ample Voltage
parameter on thBolV panel.

11. When you rst engage on the sample, you should start with lat lgpntact force or low
Setpoint but may nd that you will have to slowly increase the forcehig will reduce the
tip-sample contact resistance until the dominant resistas the spreading resistance from
the tip, rather than the contact resistance. Typical déoest for conductive AC240 based
cantilevers, or other similar cantilevers with spring danss around 2.5 N/m are 0.2-0.3 V.
For cantilevers with spring constants of 20-40 N/m, de et of less than 0.1-0.15 V are
typical. For contact mode based probes with less than 0.1 8rections should be 1 V or
above.

12. Once you begin the image in Contact mode, begin raisinG#mple Voltagentil you see a
current response from your sample. You may need to, once,agaidjust the De ection at
this point.

9.7. Current-Voltage (I-V) Spectroscopy

An |-V curve is a measurement of the current as a function tfige applied to a single point on
the sample surface.
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Figure 9.2.: This image is fairly typical of a thin Im CAFM image. Note that ti p shape artifacts are
visible on the current image (left), but not on the topgraphic image (right). As the metal coating on the
probe tip wears, or the tip is contaminated, these artifacts will be more prominent. Rocky Mountain
nanotech now makes a solid Pt probe that does not suffer from this problem.

I-V curves are done using theo IV Panel which is opened from the memFM controls . Do
IV Panel. A description of all of the individual listings on the Do IVaRel can be found in the
embedded Help le in the software by clicking on any questioark box to the right of the control
in question. The Do IV Panel contains all of the controls thatuser needs to:

 Position the tip over speci c features on the sample.

< Engage the tip on the surface .

* Apply a speci ¢ voltage signal or function.

< Carry out any custom user functions that a user may wish ite wuring the routine.

9.7.1. How to Guide

» Before loading your sample, you may want to rst measure the
resistance of the sample with an Ohm-meter. This may helptto g
reasonable starting values, as the resistance will noyrbelbbout an
order of magnitude (10x) higher for the CAFM measurement tha
macro measurement. This is comes about, because the number o

Note conductive paths are much more numerous for the largersguabe
than for a ~20nm radius probe. Of course, this is not alwagstse,
particularly for hydrophilic or metallic samples.

* Once the resistance of the current loop is know, you candisémate
the bias you will need to apply by using Ohm's law, Voltage =n@at x
Resistance.
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2. Before attempting to do I-V curves on a sample, it is alsodglly recommended that you
rst run |-V curves on the included test resistor to con rmesything is working properly,
seé.

3. Engage the tip on the sample and acquire an image of your sasnplace. For delicate
samples that would be damaged or modi ed by Contact mode, A@aws generally advised
to take this image.

9.7.1.1. Setting up the I-V Curve

1. Set up the bias function you would like to execute on your damp

|-V Curve Functions

* |-V curves are most commonly
treated like periodic functions. The
pre-written functions are listed near
the top of theDo IV Panel in the drop

down menu labele&unction
2. e The pre-written functions include a:

triangle wave, square wave,
triangle-square wave, and sinusoidal
wave. The user can also select
Function Editorfrom the drop down
menu to create their own custom
form.

1MFP-3D User Guide, Chapter: Conductive AFM (ORCA) Hardware
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Function Controls

The most convenient way to design
your |-V curve is to display that
function on a graph before you
execute it. To do this, click the
Display button below thd-unction
drop down menu. This will bring up a
graph of the voltage that will be
applied to the sample as a function of
time.

You can adjust thémplitude
,Frequency andCyclesparameters of
your function from theDo IV Panel.
These will allow you to control the
high and low voltage, and how fast
that voltage will change.
Amplitudegives you the maximum
voltage above and below 0. For
example, 1 Volt will produce a ramp
that will start at O, rise to 1 Volt, then
drop to negative 1 Volt, then return to
0.

Frequencywill give how long one
function cylce will last. For example,
a 1 Hertz frequency will complete one
full cycle in one second.

Cycleswill determine how many full
cycles of your function are repeated
per execution.

SYLUM

ESEARCH
an Oxford Instruments company support.asylumresearch.com Page 125



Ch. 9. CAFM (ORCA) Sec. 9.7. Current-Voltage (I-V) Spectros copy

More Function Controls

* If you need to adjust other
parameters, such as including a DC
offset in the curve or shifting the
phase so that the bias is ramped from
positive to negative or so that the
ramp is only half of a curve, these can
be adjusted using the parameters
Optional Arg 3andOptional Arg 4

» These parameters are hidden by
default, but can be revealed by

4. clicking on theSetupbutton at the
bottom of theDo IV Panel. The
“Arg” stands for “argument” and is
will augment different things for the
different pre-written functions.

e Optional Arg 3 generally speaking,
controls the function phase. Phase is a
ratio, where 1 is a 360° phase shift,
0.5is a 180°, etc.

» Optional Arg 4 generally speaking,
controls the offset. The offset is in
units of Volts. Typing in 1 will
produce an offset of 1 \olt, etc.
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Function Averaging

» Checking theAveragebox will
average each cycle of the periodic
function to produce a single I-V
curve. Use caution with this function,
however, as often the current will
change drastically over multiple 1-V
cycles. These changes will be lost in
the averaging. On stable curves,
averaging is a good way to improve
signal to noise.
S.  You can also append and apply an |-V
function to the end of a force curve,
or a force volume map, by checking
the Applied During Triggered Force
Plotsbox. If this is box is checked,
whenever the system performs a force
curve, it will automatically execute an
I-V curve during a dwell on the
surface immediately after the trigger.
This ultimately allows force mapping
to be applied in order to produce a
current spectroscopy map.

Function Frequencies

* For |-V functions with frequencies
faster than 20 Hz, using a triangular,
square, or triangle-square drive wave
is not recommended. The
construction of these waves require
DACs with much higher frequencies
than 50kHz. To perform I-V curves

6. above 20Hz, instead use a sinusoidal
wave as the function .

 Additionally, for higher frequencies,
you will typically need to increase the
number of points present in the
function. Do this by increasing the
Points per Separamers on thBo IV
Panel Increase this parameter until
the function wave looks smooth on
the Display graph.
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Function Filtering

* The lter placed on the
analog-to-digital converter (ADC)
that collects the current signal from
the ORCA cantilever holder can also
be controlled. To do this, change the
value in the paramter labeléaw
Pass Filterin theDo IV Panel.

Values from 50 Hz to 25kHz are
possible.

7.  For |-V curves, the system uses the

5MHz ADC in the system.

» For normal ORCA imaging, one of
the 50kHz ADCs is used.

* Note: you can set the digital Iter to
as low as needed, however below
50Hz artifacts may appear. Ensure
your lter value is set to at least twice
the frequency of your function wave.
More complex wave forms
(non-sinusoidal) require much higher
bandwidths to drive and acquire.

8. It is also possible to write custom functions with the 1V Panel. Custom waves use the
Waves fromUser Parm Tablethat can be brought up by clicking on thalit User Parms
button.

9.7.1.2. Picking Points for the I-V Curve

1. Now that you have taken your image and set up your |-V functjoinl can set points on that
image to perform your |-V curves.

Setting Points

 Click Show Markers and Show Tip
2 » Drag the red marker to the position

you want.
* Hit Pick Poin{ rst time) and That's

It(subsequent times) for each location

Once you have set all the points you want to take I-V curvesagct the spot number you want
your rst |-V curve using theSpot Numbereld. Then click the Go Therebutton to move the
scanner so that point is under the tip. If you would like to $eg the tip is there, check the box
that reads Show Tip Location . This will put a red dot at thespre: location of the tip.

When you are satis ed that you are in a good spot, enter a setfwo the de ection either in the
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ARDolV panel or on the main panel und8etpoint, then check the box labeleéé&eedback on!
This will put the tip onto the surface and turn feedback on.

Now you are ready to get an IV curve. Simply click on tHe it button.

If you were using theéApply during triggered Dwells' box, instead of clickingoo It, go ahead and
take a force curves.

9.7.2. Dithering

It is optional to dither the tip before executing an IV curidéis could be useful if there is excess
debris on the surface, or if the user is attempting to driegifhthrough oxide or contamination on
the surface to get a good measure of the bulk material.

To do this, click the “setup' button, and enable the dithertimds at the bottom of the AR DolV
panel.

Figure 9.3.. [Dither] The dither function will create a spiral pattern the probe will trace out. This
is intended to remove debris or to score the surface in order to get through oxides, thin Ims, or
contamination on the sample surface.

The dither itself will be a spiral that starts at the point lodé iV curve, then moves outward to a
diameter of the amplitude, and then moves back to the poietevtine IV curve will be taken.

The amplitude is the size of the spiral that will be tracedlite tip. Cycles is the number of times
the tip will turn within the circle to be dithered. The framti is the ratio of how many turns the tip
will take on the way out before spiraling back in to do the I\fva

9.7.3. Custom drive waves using the Function Generator

It is also possible to drive the bias with a custom wave forat th created in a step-wise manner
using the built in function generator. This allows the usemisert each step of the wave, then
assign a ramp, oscillation, amplitude, and many other dgtarameters to each part of the drive
wave.

To begin, select the function editor as the function on the/Quanel. This will bring up a Function
Editor window with a graph and some controls at the top. A défsegment will appear. It can
be modi ed using the controls at the top of the graph. The tiorteéhe segment, the start and end
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amplitude, and modulation can all be added. The static olsdrive the overall shape of the wave,
and the dynamic can be used to add an AC dither to the segment.

Whatever segment is red is the segment that is being modiyetthds segment parms at any given
time. Click on a segment to select it.

Figure 9.4.: [The Function Editor] The function editor can be used to make a variety of drive waves
for current measurements. Insert new segments using the Insert button. Select different segments by
clicking them. Each can be modi ed independently.

Under Global Parms, the entire drive wave can be modi ed withultiplier, and offset, or a sine
wave dither. By combining local dithering with global ditirey, it is even possible to drive the
wave with two sine waves.

The tools on the upper left can be used to insert segmentdeDelepy, paste, etc., it is even
possible to draw segments by hand using the draw button.

Under theAdvancethb you can click th&avebutton to save the drive wave to use later.

9.7.4. Viewing I-V curves

I-V curves are treated like force curves for viewing. Theuattata is treated as a dwell on a force
curve. See force curve review panel.
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Figure 9.5.: [The Function Editor 2] Use the Global tab to modify all the individual segments at one
time. Of particular use in this section is the Scale eld. This allow s you to scale up or down the entire
wave function you have created. So if you had a custom wave from 0-1V with a dwel, scaling it by 5

would make it go from 0-5V.

Figure 9.6.: [Current vs. Bias] To display IV curves, open the force review panel, view current (and
i Mve a Dual Gain ORCA), Then set the x axis as bias, then select the dwell towards

undwfﬁaﬁﬁeﬁ&&?v%dow. Click 'makeppaphsiithe gsephcticessmot appear. Page 131
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It is often useful to display the current and bias data as etiom of time, especially for multiple
curves taken consecutively, and those taken at frequehibgr than 20 Hz. To do this, under
Axis 1 choose ‘current' as the data type and under Axis 2 cadbigs' (see Axes Data Types).
Then choose time as the X axis. (see Force X axis ).

Figure 9.7.: [Current vs time] It is often useful to display the current vs time, particularly for samples
that degrade or improve in conductivity with time. Si will oxidize as more current is passed through it if
there is moist air near the surface.

If you select the last IV curve in the list of loaded curvegrthihe force panel will automatically
move to the next curve as it is taken so that you can view yddrclirves in real time. Simply
select the last curve, then on the AR DolV panel, clickit and the force display panel will jump
to the newest curve.

9.7.5. Correcting Offsets on |-V curves

The DACs on our system do not have built in analog adjustnmtenmsmove small voltage offsets in

their output. To correct for this while running CAFM measuents we have two simple tools. One
is a sample voltage offset, and the other are current offeesvery ORCA channel that is being
captured. For single gain ORCA modules, this will be a sirgfiannel with a single sensitivity

setting. For the dual gain ORCA, there are two separate emmith different sensitivities. Each

channel has a different offset adjustment to compensataffi&ets in both the voltage drive and the
current measurement.

The best way to adjust these is to rst measure the output tt@PogoOut wire that hangs down
from the ORCA holder to bias the sample. Use a multimeter tasue this, and adjust the S.
\oltage offset until it reads zero.

Then click on thezerobutton, which will adjust the current offset to get zero emtrwhen there is
no bias on the tip.
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Figure 9.8.: [Current offsets]Bias and current offsets from the DolV panel. These can be used to
correct for small variations in the outputs of our DACs and the transimpedance current to voltage
converter we use to measure current passing through the sample.
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Figure 10.1.: During nap mode, the probe is rst scanned across the sample surface, th en raised to
a delta height de ned by the user. This allows for detection of lo ng range forces between the tip and
sample.

Nap mode uses two panels in addition to the normal controlstémdard AC mode imaging. The
rst is the Nap Panel which contains all the controls needed to run convenieBEW, MFM,
SKPM, and other two pass techniques. Sé&apter 12 on page 146hapter 13 on page 15and
Chapter 11 on page 13@r more these techniques. Thimp Panelcan be accessed by selecting
AFM Controls . Nap Panel(Ctrl + 9) in the menu. The second is the Nap Channel Panelhwhi
allows the user to set display settings for the Nap imageghnmia similar fashion to the main
Channel Panel TheNap Channel Panelcan be opened from the Nap Panel directly, or from the
menuAFM Controls . Nap Channel Panel.
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Nap mode is a fairly simple technique in principal - it is famgentally a two-pass technique. First,
a topographical trace and retrace pass are made on the ssumfalee (the surface pass). Thisis a
normal topographic scan that can be done in any imaging nramegver it is most typically done
in AC mode. The second trace and retrace pass is the Nap pakstieamethod and speci cs of
this pass are set by the parameters in the Nap panel.

10.1. Nap Modes

Figure 10.2.: Nap Panel, can be opened from the menu: AFM Controls . Nap Panel (Ctrl + 9)

The Nap mode is set at the top of tNep Pane| and can be set to:

e Off

* Nap

¢ Parm Swap
* Snap

Off: Nap mode off disables Nap mode, does a normal ordinaay,swith a single pass for trace
and retrace.

Nap, standard Nap mode. The system scans 2 passed for esryngcas explained above sE@
The Nap passes are above the surface, as speci ed Hydha Height The standard Z feedback
loop is off during the Nap pass. Most two-pass techniqueghiséNap mode, se@? on page??,
??on page??, andChapter 11 on page 137
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Parm Swap. This is an interleaved scan, but leaves the sthidaging mode Z feedback loop
running for both passes. It may change the parameters ofdbjat(Setpoint Drive Amplitude
etc.) but there is no delta height used in this mode.

Snap. This refers to linear, aimpleNap mode. This is the same as Nap mode, but instead of
following a set height above the sample, it follows the slopthe sample. The surface pass data is
tto a line, an offset is put into that slope, and that is whatdllowed during the Nap pass. This is
generally used when testing theories of long range interstby comparing Nap and Snap data.

10.2. Parameters

The following parameters can be switched or toggled betvi2edifferent states; one value for the
surface pass and a different value for the Nap pass.

* Integral Gain [Parm Swap only]

e Proportional Gain [Parm Swap only]

e Setpoint [Parm Swap only]

e Drive Amplitude

e Drive Amplitudel [Dual AC only]

 Drive Frequency

 Drive Frequency 1 [Dual AC only]

* Phase offset

e Tip Voltage

e Sample Voltage

e User 0 Voltage

e User 1 Voltage

To select one of these, check the box in the column mausedo the left of each of the items in
the parm swap column.

As an example, consider that you want to compare attractislegepulsive imaging (segection 5.3
on page 4Bwith a single Nap scan. They could use parm swap to imagdsigply in one pass,
and attractively in the next.

1. Set the Nap mode to parm swap.

Swap theDrive Frequency

Set the surface pass to be on the low side of the resonance.
Set the Nap pass to be on the high side of the resonance.
Swap thesetpoint

Set the surface pass to a setpoint of 75% of the free air ardplit

Set the Nap pass to a setpoint of 85 - 90% of the free air andplitu

© N oo a bk~ WD

You may also want to swap therive Amplitudeand drive less on the Nap pass, Ss-
tion 5.3.1 on page 49This will require you to adjust the setpoints accordingly.
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11. Scanning Kelvin Probe Microscopy (SKPM)
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11.1. Introduction

Scanning Kelvin Probe Microscopy (SKPM) is a technique thetects the potential difference
between the probe tip and the sample. There a few synonyntisi$dechnique:

SKPM Scanning Kelvin Probe Microscopy, which is used in this ¢bg@s it seems to be a widely
used and accepted descriptor for this technique.

KPFM Kelvin Probe Force Microscopy, another widely used and gtecedescriptor.
SSPM Scanning Surface Potential Microscopy

SKFM Scanning Kelvin Force Microscopy

SPM Surface Potential Microscopy

SP-AFM Surface Potential Atomic Force Microscopy

The term “Kelvin force” refers to similarities between timscroscopic technique and the macro-
scopic “Kelvin probe” method. Although the methodology loé tmicroscopic technique is some-
what different,the measured value is equivalent. Fortgiatis note will refer only to the micro-
scopic technique hereon as SKPM.

11.2. Principles

Figure 11.1.: Schematic showing how SKPM is performed on Asylum Research AFMs. The probe tip
is driven electrically with an AC bias. The potential difference between the tip and the sample causes
the probe to mechanically oscillate. These mechanical oscillations are then negated by a feedback
loop on the bias. The voltage required to negate the oscillations (i.e. match the probe to the sample)
is captured and recorded as the surface potential channel in the AFM software.

The technique relies on an AC bias applied to the tip to predarcelectric force on the cantilever
that is proportional to the potential difference betweeanttph and the sample. During the nap pass
there is no mechanically induced drive (such as with a drieein standard AC mode imaging
or in Electric Force Microscopy). The only oscillations thiae probe will have will be induced
by an applied AC biasFigure 11.1 on page 13hows a schematic diagram of the setup for the
technique.
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An AC bias applied between the tip and the sample produceseatrastatic force between the
two. If they are modeled as a parallel plate capacitor, thenforce between the two plates is
proportional to the square of the applied voltage:

_11C,

F=
2 9z

(11.1)
The total potential difference between the probe and thepkais the sum of the applied AC bias

(Vac), the potential difference we are trying to measig) and any DC voltage we wish to apply

(Voe).

V=(Vboc Vsp+ Vacsin(wt) (11.2)

We need to square this to go infmuation 11.1 on page 139

V2= (Voc Vsp)?+2(Voc  Vep) VacSin(wt) + V2 sir?(wt) (11.3)
and from
. 1
sifq = é(1 coq2q)) (11.4)
We have
_ 1
V2= (Voc Vep)™+ 2(Voc  Vep) VacSin(wt) + SVi(1 cog2wt)) (11.5)

Which shows the important point, that there are D@t &nd 2vt components to the signal. Putting
this intol1.1and a little rearranging gives us:

19C 1 -
F= 5= (Voc  Vsp)?+ EvaZC +2[(Voc  Vsp)Vacsin(wt)]

1

2Va2cc05(2wt) (11.6)

Note the 2F component may have a signi cant force, but isdgiby not enhanced by the resonance
of the cantilever, meaning that the cantilever does notoregpo that frequency.

The main point to SKPM is the middle part of this equation, elhshows you will minimize the
force (amplitude) iVpc  Vsp= 0 0orVpc = Vsp.

Which is exactly what SKPM is, using a feedback loop to adihst DC bias on the lever to
minimizing amplitude.

In practice there are multiple contributors to the DC patmifference:

« Difference in work function between the tip and surface
e Trapped charge
< Any permanent or applied voltage between the tip and theokeam
For these reasons the technique is generally consideredual@sgjuantitative technique, in that

it gives an accurate measurement of the potential differebat that number likely has multiple
contributors.
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11.3. Methodology

11.3.1. Probes

The probes needed for SKPM must be electrically conductisey bias must be applied to the tip
- insulating probes will not work. There are many probeslatse, however a good probe to rst
try would be theAC240TM-R3 see the Probe Store for oth@onductive Probeas well.

11.3.2. Two-Pass Method

SKPM is a technique that uses two seperate passes per seanTliis two-pass method on an

Asylum Research instrument is callBidip Mode. The rst pass is used to determine the topogra-
phy of the surface - this is done exactly like a standa@Mode scan line. The second pass, in

this technique, has the tip raised a xed distance above éterchined topography and is used to
measure the surface potential, Gaapter 10 on page 13dr more details on this method.

Figure 11.2.: Schematic of Nap Mode. For each scan line, the system captures the topography. The
system then retraces that topography on the same line in order to keep a constant distance from the
sample surface.

11.4. How to Guide

Note that this instruction set assumes the user is alreaadida with standardAC Mode imaging,
seeChapter 4 on page 34
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~

The Mode Master window:

» The software should now be showing
the Mode Master window.
« |If not, click the Mode Master button

at the bottom of the screeu.

Select Mode:

¢ SelectElectrical tab . SKPM

e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

Mount and load the sample. Insulating and semiconductingpkss need not be grounded,
however metal samples should be grounded to the Scannelateg@avoid arbitrary offsets
in the potential that may mask the surface potential/woricfion between the tip and the
sample.

Load an electrically conductive AC mode probe into the ¢dewdir holder and attach to the
AFM.

Do an"Auto Tune' on the cantilever to nd the resonance frequency. Seffdrget Amplitude
to 1.0 V and set th@arget Percento -5%.

Open theElectrical Tune Panel (AFM Controls. Other. Electric Tune Pangl This panel
allows the user to nd the resonance frequency and phaseeoptbbe when it is driven
electrically close to the sample surface. Often this dlegtdrive phase will be considerably
different than that of the same probe driven mechanicalth Wie Shake piezo and is very
important for the correct determination of surface potnhlote: this panel is only enabled
while in AC imaging mode.

. "Engage' the tip on the sample surface while in AC mode as if doing steshdC mode AFM.
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Electric tune panel with th8ingle Forceg(1), Drive Copy(2), Electric Tung(3) and
Center Phasé¢4) buttons highlighted. The graph on the right is a propehgctrically
tuned cantilever.

9. At the top of theElectric Tune Panel set theAbove the Surfacparameter to 300nm. Set
the Trigger Channeto Amp\olts, and th&rigger Pointto 800mV. Click the button marked
‘Single Force. When the force curve is nished, the tip will be positione@0dm just above
the surface.

10. Click on the yellow arrow button: . in the center of th&lectric Tune Panelto copy the
Drive Frequencyfrom the normal/mechanical tune column over to the elettme column
Drive Frequency

11. Click the Electric Tune' button. This will sweep an AC bias at the to the probe and shew t
Amplitude and Phase response in the tune graph. The resofi@utiency should be very
close to that of the normal/mechanical tune. Ensure thali{h&oltageparameter is set to
3.0V under theElectric column and that you have at least 500mV in e Amplitude
under theElectric column. Now click the Center Phase' button. The software will set the
phase properly so that the feedback loop can function piyopEnese buttons are shown in
Step 8 on page 142

The AFM software assumes that the tip is at a positive patkrelative to the

sample. If this assumption is false, then Btegasefrom the Electric tune will

be 180° off. For samples with very high potential offsetsnéy be necessary

to set theTip Voltagehigher than 3.0V. The easiest way to check if the sample
Note has too high of a voltage applied is to tune everything asriest; then

collect an image. Typically, if the tip is at too high of a \aie, the Nap

Surface PotentialChannel will be railed either at positive or negative 8-10 V

(depending on th®rive Amplitudevoltage). If this occurs, set thEp Voltage

to a higher value and try again. Repeat as necessary.
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Figure 11.3.: Nap Panel con gured for SKPM scan. The values in the paramers may v ary depending
on your tip and sample.

12.
13. Open theNap Panel(AFM Controls . Nap Panel (Ctrl+9)).

14. SelectDrive Amplitude Drive Frequency andPhase Offsetinder theSwap column. See
Figure 11.3 on page 143

15. SettheNap Modeto “Nap”.

16. Set theDelta Heightparameter to 40nm. This will be lowered later if you want jottr get
better lateral resolution during your image. If you are iingga sticky sample, this might
need to be raised more to get the tip off of the surface for the $tan.

The reference height is based on the center point of theleatioscillations
and the potential feedback loop will maintain the cantitex@plitude at zero
Note during the potential scan; because of this, it is actuallsige to enter a
value lower than Onm as@elta Height However, if a value that is too low is
entered, the tip will strike the surface and you will have amimage.

17. OpenNap Channel Pane(AFM Controls . Nap Chanel Panel) or click the Nap Channel
Panelbutton at the top-left of thblap Panel SeeFigure 11.3 on page 143

18. Make sure “Potential” is enabled as channel in khaster Channel Panel(Ctrl+7). En-
abling this will automatically turn on the Potential feedkdoop when scanning. Be sure
that the Nap Potential channel (setlap Channel Pane) have Real Time an8aveet to
“None” undeimage Modi cation

SYLUM

ESEARCH
an Oxford Instruments company SUpport.asylumresearCh.Com Page 143



Ch. 11. SKPM / KPFM Sec. 11.4. How to Guide

19. On thelmage tab of theMaster Panel (Ctrl + 5), set yourScan Speednd Scan Siz&o
appropriate values for the sample you are imaging. Typicalower scan speeds 0.25-
0.75Hz yield the best results in SKPM.

20. Begin the scan.

21. Look at the Potential channel data. If the trace and retracead match, but seem to be
tracking roughly, raise th@otential | Gainand Potential P Gainon theElectrical Tune
Panel If the Potential data appears unstable or chaotic, try limgehese gains quite a bit.
A good starting value is around 1 for | Gain (integral) andfo:5P Gain (proportional).

22. To improve lateral resolution of the image slightly, try lesing theDelta Height

Figure 11.4.. Height (top) and Surface Potential (middle) image of a three-layer microgel sample. The
section (Bottom) shows three discreet potential levels on the sample, which is mostly likely attributable
to incomplete coverage of the three different microgel layers. Sample and images courtesy of C.
Sorrell and A. Lyon, Georgia Institute of Technology.

SYLUM
ESEARCH

an Oxford Instruments company

support.asylumresearch.com Page 144



Ch. 12. EFM

12. Electrostatic Force Microscopy (EFM)
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12.1. Introduction

Electric Force Microscopy (EFM) is relatively simple in capt and operation, but often requires
some considerable thought in interpretation. The teclenmgcillates the tip at its resonance fre-
quency above the surface while a direct current (DC) biappdied between the tip and the sam-
ple. The electric eld between the tip and the sample creatiesce gradient between the two that
causes a shift in the resonance frequency of the cantil@Ves shift in resonance in turn causes
a shift in the phase lag between the drive and response oftitédever. By monitoring the phase

shift, the user can nd areas under the tip that perturb tleetet eld between the tip and the

sample.

The technique is most commonly used on samples that are af mixductive and non-conductive
areas. EFM will tend to show contrast where the conductsfitstnges dramatically.

Conceptually, one can consider that the electric eld libesveen the tip and the sample take the
shortest possible path to the ground plane:

Figure 12.1.: This schematic shows how the introduction of a conductor into the electric eld between
the tip and sample can effect the eld lines. The shift in the gradie nt due to the presence of the
conductor causes a shift in the resonance frequency of the cantilever and therefore a shift in the
phase and aplitude, which are then collected as the EFM data. The phase indicates whether the
shift is attractive or repulsive. Attractive forces show a shift in the phase to higher than free air value.
Repulsive forces shift the phase below the free air value.

When a conductor is introduced into the electric eld (§égure 12.1 on page 13&he lines move
perpendicular to the surface of the conductor in order toettla& electric eld inside the Gaussian
surface zero. Any change in the eld lines causes a changbendid gradient, which in turn
changes the force on the lever, which shifts the resonaerggdncy. This is observed as a shift in
the phase, as the drive frequency is now driving off resomaifitis is particularly apparent when
dealing with conductors in an insulating matrix. For the agife of that, insulators in a conducting
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matrix, the only contrast can be achieved when the insdaoe on the surface, and that phase
shift is minimal and often dif cult to detect. If the insulag particles are below the conductive
surface, then they cannot be detected by EFMEsgere 12.2 on page 14.7

Figure 12.2.: Effects of introducing an insulator into a metal sample. EFM is generally not suitable for
this sample con guration, as the eld lines show little shift. Any sh ift would be dif cult to discern from
the changes in topography.

12.2. Theory

EFM relies on electrostatic forces between the tip and thepato cause a shift in the phase lag
of the cantilever that is driven mechanically. The tip-s&ripteraction is most often treated as
parallel plate capacitors. Through the fundamental eqoston capacatiance, the force acting on
the capacitor plates is given by:

The electric eld is decoupled from topography by perforgimvo scans over each scan line.

— }di:v2

F‘2c>|z

(12.1)
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So the force depends on the capacitance and the appliegeoltde capacitance depends on the
geometry of the capacitor(s), meaning the location, siaadactivity, dielectric constant, etc. of
the area between the tip and the ground plane. For exampliegime 12.1 on page 14®efore
the conductor is introduced into the insulating samplectpgacitor can be considered to be the tip
toTheory the ground plane, with two dielectrics betweene @nthe sample, and the other is the
air between the tip and the sample (of course this is much wmmlicated if you consider the
contamination layer). When the conductor is introduced, yow have essentially two capacitors:
the tip to the conductor and the conductor to the ground plAneas where there is no conductor
will have a different dC/dV than areas where conductorstexis

It is also possible to get contrast due to the presence ofjehduut this is normally very faint
compared to the contrast due to the capacitor geometry timeléip. For samples that have varying
charge, a much better technique to use is scanning Kelvlsepmicroscopy (SKPM), described in
detail inChapter 11 on page 137

Figure 12.3.: Schematic of Electric Force Microscopy. The Probe is oscillated both during the main
scan and during the nap scan. During the nap scan, the probe is lifted off of the surface, and a
bias applied between the tip and sample to show the location of areas that are conductive or strongly
charged.

EFM is a two pass technique. In the rst pass, the normal togyaigy is taken. On the second pass,
the tip is raised above the surface and a bias is applied battie tip and the sample. Phase data
is collected to show the electrostatic induced shift in neswe frequency. A general illustration of
nap mode is shown iRigure 10.1 on page 134rhis is done to maintain the separation between
the tip and the sample constant while collecting the EFM.d¥ta note from equatiod2.1that

the force is dependent on changes in Z.
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12.3. Nap Mode

Nap Mode uses two panels in addition to the normal contralstemdard AC mode imaging. For
more details on Nap mode refer10.

12.4. How to Guide

O
S

>

Figure 12.4.: Here the Nap panel is set for EFM operation. The relevant elds h ave been circled. The
Use column in the middle left has check boxes that, when checked, cause that parameter to be used
during the main scan. The swap column is has check boxes that, when checked, allow those elds to
be used during the parm swap/nap scan.

The Mode Master window:

» The software should now be showing

1. the Mode Master window.

« If not, click the Mode Master button
at the bottom of the screeLJ.
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Select Mode:

e SelectElectrical tab . EFM
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

3. Load the sample as normal, but if possible ground the saropléit is an insulator, mount
the sample to a good ground plane, such amla coated slideor a metal sample puck
Though EFM can be done on an ungrounded sample, it is gen@ratierable to have the
sample grounded. This is because the eld lines emanatmg the tip will have a higher
density if the ground plane is at and closer to the tip. Ithe fperturbation of the eld lines
that cause the phase shift in the EFM image.

4. Load a probe that is conductive, and align the light as fomaAC mode. The standard can-
tilever used for EFM is typically an A good rst lever to try witd be theelectri lever see also

; however, any conductive probe will do provided that thetibarer can be driven at
its resonance frequency. The key factor in choosing a potiat you do not want the probe
tip to be much larger or smaller than your surface featuréss i because your phase shift
due to the shift in the force gradient will be maximized whiea tip and the sample features
are on the same order. If your features are larger than 10thmuagh, this is not important.
Any probe less than that amount should do ne, as the sigralldibe quite good.

5. Open the nap panel (Ctrl + 9), then open the nap channel panel.

6. Tune the cantilever as normal for an AC mode image. Oncedldaisrie, it is wise to approach
and engage the surface in AC mode and take a quick standardof€ image to be sure the
tip has landed on a good area of the sample. Once this is dersettings speci ¢ to EFM
can be adjusted.

7. To set the system for EFM, rst set the nap mode to “nap' or psnaor most applications,
nap is preferred, as it reduces the effects of topography@®EM image. Generally snap
mode is used if the researcher has plans to model the datéda&etract quantitative results.
For the purposes of this description, nap mode will be useate that the two are identical
in operation other than the initial selection of nap or sn@mce the system is set to nap
mode, choose the parameters that will be used in EFM. Thesgdshedrive amplitudeand
tip voltage To select these, check the boxes by the parameter boxes tinedparm swap
column on the nap panel.

8. Next, set the delta height to the desired value. A reasorstble point for this value is 40
or 50nm if the free air amplitude is 100 nm (1V with 100 nm / V Ainyols). This value
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should be linearly higher if the free amplitude is higheigure 12.4 on page 14$hows the
nap panel with typical settings for EFM.

9. Generally to begin the scan, the drive amplitude is set titheldrive used for free air scans,
and tip voltage can be set to zero.

10. Start scanning, the rst priority is to be sure that the togmipic scan is good, as the nap
scans will rely on this for the nap pass. These adjustmeetsiatr different from normal
imaging, so refer to the standard AC mode imaging chapteddtails on this in chapte??.

11. Once the topography looks good, the drive amplitude anddffage can be adjusted under
the parm swap parameter column on the nap panel. Slowly tlése two numbers until
data begins to appear in the nap phase channel.

12. The amplitude during the main and nap scans can be viewediringe on the sum and
de ection meter. By watching the amplitude in real time, tiser can ascertain fairly quickly
if the tip is striking the surface during the nap scan. To ds, twatch the amplitude during
the nap scan. If the nap amplitude drops to zero, the tipilsragrthe surface during the nap
pass. Try improve the surface tracking, scanning slowekr/an decrease the nap pass drive
amplitude. The drive amplitude during the nap scan shouhaigdly be lower than the drive
amplitude during the main, or surface scan.

13. At this point, the operation section of performing EFM isshied. From here, the user must
adjust parameters to improve contrast to a point where tlagés are usable. To be sure
that images are related to the electrical properties ofdngte and not the topography, the
tip bias can be slowly changed during scanning. If the sigmedlated to electrical proper-
ties, then the phase contrast between the different feasimeuld increase with increasing
voltages, rather than a general offset of the phase for tte esurface.

Note also that the EFM contrast is a result of the interastiogtween
the sample and the cantilever, tip cone, and tip apex. Theebig
resolution is when the tip apex is the dominant contribuitiis happens
Note when the tip is very close to the surface, on the order of theatilius. As
minor adjustments are made, the tip should always be kepbss © the
surface as possible. Furthermore using a larger tip radilps hjust be
sure that it is still small enough to see the features youaaieig for.

12.5. Frequency Modulated EFM (FM-EFM)

EFM can also be operated using a phase lock loop (PLL) to theckequency during the nap scan.
When a PLL is turned on, the system will adjust the drive fezgry of the probe to keep the phase
at 90°, or on resonance. This has two primary effects. Theisrshat the phase and amplitude
changes are separated, meaning that a shift in resonanec® Wihger result in both a drop in
amplitude, and a shift in phase. Instead, the system will ateresonance, and any shift in phase
before the application of the PLL will now result in a shifttime frequency. Further, any changes
in amplitude will represent a change in the Q factor of themesce peak. This leads to the second
effect of the application of a PLL, which is to allow modelin§the system for quantitative eld
shifts. The details of this modeling is beyond the scope isfdbcument (and currently it's author

).

How to implement FM-EFM
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Figure 12.5.: EFM image of polypropylene with carbon black particles (CB) imbedded into it. The
areas of contrast in amplitude and phase are due to the presence of CB particles either at or below
the surface of the polypropylene.

© N o g &

10.

Read through the procedures above for standard EFM. Fotkps 4-9, then move to step 2
in this section.

In the master channel panel, select frequency' as a charirtas will open the frequency
channel in the nap channel panel as well. Check that theloaj® desplay' setting should
be 'none’ for the Master Channel Panel, and set to retrac¢he Nap Channel Panel.

When the probe is in z piezo range of the surface, withdravptbbe, and click the tune tab
on the Master Panel.

Set the Sweep Width to 5kHz, and click ‘One Tune'.

If you do not see the ‘Center Phase' button, under 'User Sgitj check 'Normal Panels'.
On the Center Phase drop down arrow, click 'set phase to 90'.

On the nap panel, check the 'Test FM Feedback’ box.

Ovserve the frequency and phase readouts on the sum andtida eceter, and raise the
'Freq | Gain'. Raise the value until the eld is unstable, thiewer it back to stability.

Ovserve the frequency and phase readouts on the sum andtida @ceter, and raise the
'Freq P Gain'. Raise the value until the eld is unstable,rtHewer it back to stability.

Begin Imaging. The information previously in the phase wibw be transferred into the
frequency. The amplitude will now rise and fall with the viagy Q factor of the cantilever.

SYLUM
ESEARCH

an Oxford Instruments company support.asylumresearch.com Page 152



Ch. 13. MFM

13. Magnetic Force Microscopy (MFM)

CHAPTERREV. 950,DATED 07/10/2012, 15:54. BERGUIDE REV. 2053,DATED 09/28/2018, 15:06.

Chapter Contents

13.1 Introduction . . . . . . .. L e e e e e e 154
13.2 Required Materials . . . . . . . . . e e e e e e e e e e 154
13.3 HowtoGuide . . . . . . . . . o o e e 154
13.3.1 Preparation . . . . . . . e e e e e 154
13.3.2 Imaging Parameters . . . . . . . . o e e e e e e e 159
13.3.3 Optional: Frequency Feedback . . . . . . . . . . . . .. .. ... .. ... 161
SYLUM
ESEARCH

an Oxford Instruments company support.asylumresearch.com Page 153



Ch. 13. MFM Sec. 13.1. Introduction

13.1. Introduction

Magnetic Force Microscopy (MFM) is relatively simple in @apt and operation, but often re-
quires some considerable thought in interpretation. Ttlenigue oscillates the tip at its resonance
frequency at an offset distance above the surface whilerrasanning using a permanent magnetic
probe tip. The magnetic eld between the tip and the sampbatess a force gradient between
the two which in turn causes a shift in the resonance frequehthe oscillating cantilever. This
shift in resonance also creates a shift in the phase lag batit® drive and the response of the
cantilever. By monitoring this phase lag, the user can \iz@iareas under the tip that perturb the
magnetic eld between the tip and the sample.

MFM is a two-pass technique. In the rst pass, the normal gwpphy pro le is taken - typically in
AC mode. On the second pass (referred to as “Nap mode”),ahagtaphy is recorded and the tip
is then raised an offset distance above the surface. Phesis dallected to show the magnetically
induced shift in resonance frequency. A general illustratif Nap mode is shown iRigure 10.1
on page 134This is done to maintain the separation between the tiplenddample constant while
collecting the MFM data.

Both MFM and EFM imaging using Nap mode is based around thegeiong work of Hosaka et
al. This method is now widely used for a variety of imaging mewhere separating long and short
ranged (typically topographic) forces is accomplished tmyvimg the probe a prescribed distance
above the measured topography.

Before you dive into MFM imaging, please spend some timeingg®? on page?? to farmiarize
yourself with the theory behind this imaging technique. é\ibiat those who understand the theory
tend to have more success with imaging challenging samples.

This is a somewhat advanced imaging technique and it is asbyou:

« Are familiar with the more advanced aspects of AC Mode ImggiThe theory of this can
be found inChapter 5 on page 4#nd a practical guideline i@hapter 4 on page 34

 Are familiar with the concepts dflap Mode, covered inChapter 10 on page 134

13.2. Required Materials

MFM probes ASYMFM series cantilever or similar

Standard Cantilever Holder

A rare earth magnet

An MFM test sample (An old HDD or Floppy disk works great)

13.3. How to Guide

13.3.1. Preparation

This section assumes you are already capable of startinghtging process If this is new to you
then:
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Figure 13.1.: The MFM signal showing the magnetic elds above an lomega Zip™ 1 G B drive write
head. The MFM phase signal was overlaid on top of the topography, 20 um scan.

» For MFP-3D family AFMs, follow this tutoriak:
« For the Cypher family AFMs, follow this tutoria:

The Mode Master window:

» The software should now be showing

1. the Mode Master window.

« If not, click the Mode Master button
at the bottom of the screeLJ.

1MFP-3D User Guide, Chapter: Tutorial: AC Mode Imaging in Air
2Cypher User Guide, Chapter: Tutorial: AC Mode in Air, StdaBeer.
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Select Mode:

¢ SelectElectrical tab . MFM

e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

3. The direction of theltip‘s magnetic moment will affect thedage. Imagine a cantilever with
a magnetic dipole tipn = myX+ my+ m,Z, wherem is the magnetic dipole momenty,;
my andm, are the vector components of the magnetic dipole momenkapdndZare unit

vectors. If this dipole is oscillating along the z-axis watkmall amplitude, the force gradient
FOacting on the tip is given by

2 2 2
o_ - T7Hx T°Hy °H;.
Fz—mxﬂ22 +myﬂ22 +mz1122'

(13.1)
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Magnetize the Cantilever

» To magnetize the tip along the z-axis
of the cantilever, take one of the
magnetic sample holders from the
MFP-3D (or a comparable rare earth
magnet):

e Load an MFM probe into the probe
holder.

» Orient the magnet so that the side
with the circles is facing the tip.

» Hold the magnet in one hand and the
cantilever holder in the other about 6

inches apart.

4. * Move the magnet toward the
cantilever tip until one of the circles
on the facing side is very close (~1
mm) to the tip.

» Move the magnet away from the tip to
a distance of >6 inches.

» Make sure that when you are moving
the magnet toward and away from the
cantilever, you do so in a straight line
along the normal tip axis.

Note By changing the orientation of the
magnet, it is possible to select other eld
components such as,or my.

5. Load the cantilever holder and the sample into the AFM.
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Calibrate the Cantilever

 Align the laser on the cantilever and
zero the De ection signal.

« If you are using an Asylum Research
branded MFM probes, it is possible to |:]
automatically calibrate the probe
using GetReal™. —

» Open theThermal tab in theMaster
Paneland select th&etReal™
Probe Panelbutton in the top-left of

6. the panel.

» For Asylum Research MFM probes
labeled without a revision appended
(e.g. ASYMFM, ASYMFMHC, etc)
selectAC240-R2

 For other probes, useustom
Rectangular Probgand enter the
dimensions and estimated resonance
frequency of the probe.

* Click the GetReal™ Calibration
button.

Tune the Cantilever

» Tab over to the tune tab on the master
panel.
e Set the 'Auto Tune Low' and 'Auto

7. Tune High' so that the range includes
the resonance frequency range of the
probe manufacturer. For ASYMFM

probes use 40kHz - 110kHz.
 Click 'Auto Tune'.

SYLUM

ESEARCH
an Oxford Instruments company support.asylumresearch.com Page 158



Ch. 13. MFM
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13.3.2. Imaging Parameters

Master Panel

» Typically the amplitude Setpoint
needs to be larger than the largest
vertical features expected to on the
sample surface. If this information is
not known, this parameter can be
adjusted once the scan has begun. To
calculate this value, look on the
thermal tab of the master panel and

nd the Amp InvOLS. This value,
multiplied by the amplitude setpoint,

1. is the physical amplitude of the
probe—typically50-100nm

* Mechanical bandwidths on most
MFM probes are typically around
500-700 pixels per second, so scan
rates should normally b@5Hz to

0.75Hz
» The Drive Amplitude during the Nap

pass scan should €2 to 1/50f the
main Drive Amplitude. Higher Drive
Amplitudes will give a higher signal
to noise ratio, while smaller drive will
give better lateral resolution.

Nap Panel

» TheDelta Heighton theNap Panel
should typically range froraero to a
negative value- however, this while
depend on the topography Drive
Amplitude and the Nap Drive
Amplitude. Generally, the Delta
Height should be as low as possible
without hitting the surface.

Note If the probe does begin striking the
surface during the Nap pass scan (typically
appearing as streaks), any MFM data will
be obscured by the tip-sample interaction,
and the Nap Phase or Frequency channel
will resemble the main topography scan
Phase channel
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Adjusting the Nap Pass

* When adjusting th®elta Heightand
Drive Amplitudeof the Nap pass,
there are two main principles to
consider:

— A smaller Drive Amplitude will
allow the probe to be passed
closer to the sample surface
during the Nap scan; improving
the lateral resolution. At some

3. point however, this improvement
in lateral resolution will
eventually be reversed by a
reduction in the phase detection
as the noise in the measurement
surpasses the signal.

— Likewise, the absolute phase that

can be detected can be increased
by increasing the Drive
Amplitude during the Nap scan,
but this results in a reduction in
the lateral resolution.

MFM images

* The MFM image should clearly show
the magnetic domails independant of
the topography and phase. In plane
domains will show bright and dark
contrast regions as shown in the

4. image to the right. Out of plane will
show simpler contrast

* If the phase or topography is clearly
apparent in the Nap phase or nap
frequency image, it is likely that the
probe is striking the surface during
the nap scan.
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13.3.3. Optional: Frequency Feedback

Enabling the Feedback

* It is also possible to set up a feedback
loop during the Nap scan to track the
resonance frequency using a phase
lock loop (PLL). The goal and
advantage of tracking the resonance
frequency during the Nap pass is that
it will allow the user to separate the
phase and amplitude responses of the
signal. Changes in amplitude are
primarily due to a change in the
quality factor (Q) of the resonating
probe, and changes in phase are due
to frequency shifts in the resonance of
the probe due to a change in the
magnetic eld gradient under the
probe tip.

1 e To enable and turn on a PLL, itis

necessary to rst decern the gains

needed for the PLL feedback. Once
the probe has been calibrated and
tuned, check the box on the Nap

Panel labeled 'Test FM feedback'.
'FM" stands for frequency
moduluation, and is another way to
describe the PLL we are utilizing.
Once the box is checked, raise the
integral and proportional gains until
the phase and amplitude in the Sum
and De ection Meter become
unstable; the instability will be very
apparent because the amplitude and
phase signals will begin to oscillate
uncontrollably. Back off the integral
and proportional gains until the
signalsjust stablize again.
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Opening the Channels

* The Frequency channel must be
opened during the Nap scan. On the
Master Channel Pane| select one of
unassigned channel tabs and set the
Input to Frequency TheCapture &
Display on theMaster Channel

None The Frequencfapture &

2 Display setting on théNap Master
Panelshould be set tRetrace

» While imaging, the Phase data will
now be an error signal channel in the
frequency feedback loop (or “PLL”").
Changes in the Amplitude will now
re ect variations in the Q-factor of the
cantilever. The Frequency data will
represent the adjustment to the Drive
Frequency needed to keep the Phase
channel at 90°, or on resonance.
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14. Bimodal Dual AC™ Mode

CHAPTERREV. 2042,DATED 08/31/2018, 16:24. BERGUIDE REV. 2053,DATED 09/28/2018, 15:06.

Chapter Contents

14.1 System Requirements . . . . . . . . . . . e e e e 163
14.2 Introduction . . . . . . . . L e e e e e e 164
14.3 DualAC™ Imaging in Air . . . . . . . e e e e e e e e e e e e 165
14.4 DualAC™ Imaging in Liquid . . . . . . . . . . .. 170

14.1. System Requirements for Bimodal Dual AC™ Mode

» Bimodal Dual AC Mode is possible on all MFP-3D AFMs and Cyphe
AFMs.

» A High Fregency Cantilever Holder is highly recommended, but not
necesassry for lower frequency cantilevers.

« If Cypher AFM is equipped wittblueDrive, this can be used in place of
the High Frequency Cantilever Holder with any standardteser
holder.

Depending on your model of AFM, please refer to:

* MFP-3D User Guide, Chapter. AM-FM Viscoelastic Mapping Haare
e Cypher User Guide, Chapter: Cantilever Holder Guide
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14.2. Introduction

Dual AC™ is a relatively new AC imaging mode offered both oa MFP-3D series and Cypher
series of AFMs. The concept is simultaneously driving thetiaver at two of its exural reso-
nances, giving an AC waveform similar to the one depicteigure 14.1 on page 164

Figure 14.1.: Depiction of bimodal resonance operation.

The technique requires two independent lock-in ampli ersatcomplish this, which the ARC2
Controller is capable of performing as seenl#h2 The fundamental cantilever resonance fre-
quency (i.e., rst Eigenmode) is typically locked-in for amplitudede feedback loop, which ul-
timately constrains the movement of the cantilever at thiglen What's interesting is that the
second Eigenmode is not constrained by the feedback lodte, @ften producing increased image
contrasts in the second amplitude and/ or second phaseealbafince this is based on the exural
resonant frequencies of a cantilever, these higher eigdasnare not integers (as with harmonics),
but rather follow the relationship:

Cl=1,C2=6.1,C3=17.5

Thus, it is possible for the cantilever selection for thishi@que to be limited to the bandwidth of
the detector system (i.e., the second or third Eigenmodéffefrcantilevers is often at too high a
frequency to be driven by the MFP-3D which has a maximum baditivef ~2.5MHz and ~ 7Mhz
for Cypher).

Keep in mind that not all samples will show good contrast i $econd mode - likewise, some
samples show good contrast between the rst and second taichgdi, while showing little differ-
ence between the rst and second phase; or even vice versardgeneous samples seem to show
good contrast with this technique.
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Figure 14.2.: In Bimodal Dual AC, the cantilever is both driven and measured at two (or more) fre-
quencies. The sinusoidal “shake” voltage is a sum of voltages at frequencies f1 and f2. The cantilever
de ection then contains information at both of those frequencies , as shown in the red curve. The am-
plitude and phase at the two frequencies are then separated again by the two lockins and passed on
to the controller. The controller can use one or both of the resonant frequencies to operate a feedback
loop.

The same attractive / repulsive imaging mode rules seemly &pthe second mode as does the
rst. The author suggests using the protocols describeSidiction 4.6.3 on page #avoid mode
hoping in the second mode.

For the total beginner, the author has found that just a samatlunt of some water based latex
paint on a glass microscope slide (allowed to dry) gives lextiecontrast in the Amplitude &
Phase images, and can be easily accessed by most usersgwaniiarn and practice how to
do this technique. Water based paints are heterogeneoasdeeof the small emulsion polymer
particles and other llers used as the ingredient that gthiespaint its opaque character.

14.3. DualAC™ Imaging in Air

The Mode Master window:

» The software should now be showing

1. the mode master window.

« |If not, click the Mode Master button
at the bottom of the screeu.
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Select Mode:

¢ SelectNanoMechPro tab . Bimodal Dual AC

type of AFM imaging.

e The screen will now re-arrange and present all the contretessary for this

Thermal Tuning

* First, determine the fundamental
resonant frequency of the cantilever
by performing a thermal tune

(see€Chapter 21 on page 200
» To determine the second Eigenmode,

roughly multiply the rst Eigenmode

3. frequency by 6.1 - this will be
important for entering high and low
tune values for the DualAC™ Auto
Tune later.

» An example of a thermal tune for an
Olympus AC240-R3 Silicon
cantilever (f~70kHz; k~2N/m) can be
seen to the right.

4. Go to theTune tab of theMaster Panel (Ctrl+5).
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Auto Tuning: First Mode

e Con rm that theAuto Tune Lowand
Auto Tune Higheld values cover a
range of frequencies the will capture
the cantilever resonances earlier
determined. The left column are the

rst Eigenmode tune parameters and
the right column are the higher

5. Eigenmode tune parameters.
» Choose darget AmplitudeandTarget

Percentfor the rst Eigenmode
resonant peak. Typically 1-2 V and
-5%, respectively, works well to be in

Repulsive mode (sée3.1).
* Click on Auto Tunéuttun in the left

column. This will tune the cantilever
as is it normally does in standard AC
imaging.
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Auto Tuning: Higher Mode

» Con rm that theAuto Tune Lowand
Auto Tune Higheld values cover a
range of frequencies the will capture
the cantilever resonances earlier
determined.

» Choose darget AmplitudeandTarget
Percentfor the higher Eigenmode
resonant peak. Typically 100-200 mV
and -5%, respectively, works well to
be in Repulsive mode

 Click on Auto Tunéutton in the right

6. column. The software should choose
a frequency and update teequency
Ratiovalue in the center column.

» Note: If the Auto Tunefor the higher

mode is not successful,it is possible
the mechanical coupling of the probe
chip to the cantilever holder may be
too good. This will cause thBrive
Amplitudeto be too small of a signal
for the Controller to achieve and
maintain the de nedrarget

Amplitude If this happens, increase
the Target Amplitudeand step it down
later once imaging commences.

7. Perform a “soft engage' as described in video tutorial ferSbft Engage Methad
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Start the Scan

» Once the tip is rmly engaged on the
surface, adjust thBrive Amplitude
appropriately to keep the Phase signal
of Amplitude 1 within the imaging
mode desired (i.e., repulsive or

8. attractive).

* Notice that the main tab of the
Master Panelnow has an expanded
column offering2nd Drive Ampand
2nd Drive Fregparamteres also with
radio button for image tuning.

 Start the scan.

Figure 14.3.: 30um image of a HOPG surface aquired with an Olympus AC240-R3 Silicon cantilever.
(A) Height channel, (B) Amplitude 1 channel, (C) Phase 1 channel, (D) Amplitude 2 channel, (E) Phase
2 channel overlaid on 3D rendered Height channel.
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14.4. DualAC™ Imaging in Liquid

DualAC™ in liquid while driving the cantilever acoustical(i.e., shake piezo) is generally not
successful. The main reason is likely because in liquid,eti&e cantilever holder is ultimately
driving the liquid between the tip and sample; this createsrsstable resonant cavity.

Asylum Research has found that DualAC™ has had successgthmitect cantilever actuation
using either photothermal actuation: blueDrive or magnattuation: iDrive™. Through direct
actuation, just the cantilever is actuated, eliminatinghe other crazy waves that normally occur
in solution when driving via acoustic mode.
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15.1. System Requirements for AM-FM

* AM-FM is possible on all MFP-3D AFMs and Cypher AFMs.

» A High Fregency Cantilever Holder is highly recommended, but not
necessary in all cases.

* If Cypher AFM is equipped wittblueDrive, this can be used in place of
the High Frequency Cantilever Holder with any standard teser
holder.

Depending on your model of AFM, please refer to:

* MFP-3D User Guide, Chapter: AM-FM Viscoelastic Mapping Haare
e Cypher User Guide, Chapter: Cantilever Holder Guide

15.2. Introduction

Figure 15.1.: AM-FM Mode. The rst mode amplitude is controlled to create a topo graphic image of
the sample (blue). The second mode is used to calculate elasticity and tip-sample stiffness (red).

AM-FM imaging combines the features and bene ts of normalrAGde/tapping mode (also called
AM, or Amplitude Modulation) with the high sensitivity of Equency Modulation (FM) mode. In
this mode, the cantilever is simaltenously driven at twfedént mechanical resonances, as shown
in Figure 15.1 on page 172Nhen operating in standard AM-FM mode, there are two, or@n o
tional three, feedback loops running simaltaneously. Dpegraphic feedback on the cantilever
oscillation amplitude operates as in typical AC mode/tagpnode; adjusting the Z-piezo position,
or tip-sample separation, to keep the cantilever amplitudthe rst resonant mode constant. The
second feedback loop adjustes the drive frequency to ttendaesonant mode such that it is al-
ways oscillating at 90°, or in other words at resonance. idgsnant frequency is a very sensitive
measure of the tip-sample interaction forces. Simply putjffer sample shifts the second reso-
nance to a higher value while a softer sample shifts it to @tox@lue. This can be converted into a

SYLUM

ESEARCH
an Oxford Instruments company support.asylumresearch.com Page 172



Ch. 15. AM-FM Sec. 15.3. Video Tutorial

gquantitative modulus measurement through a variety of mr@chl models. The third feedback is
optional, but when enabled, maintains a constant secontiaase mode cantilever amplitude by
either increasing or decreasing the drive amplitude; hissed to calculate the tip-sample stiffness.
As with convential Frequency Modulation (FM) mode, AM-FMagjuantitative technique in wich
the conservative and dissipative tip-sample force interas can be deconvolved. However, unlike
conventional Frequency Modulation (FM) mode, the feeddaok tracking topography (AM) is
completely decoupled from the FM loop tracking the intamad; which both greatly simpli es
and stabilizes the operation of the technique.

The second mode spring constant can be calculated fromgbigien:

2
Wo
K= — K 15.1
2 W (15.1)

15.3. Video Tutorial

Consider watching this introductory video tutori@lM-FM Viscoelastic Mapping Modé¢internet
connection required)

15.4. How to Guide

15.4.1. Setting Up

1. For the most recent features use the latest AFM softwargion 15or later.

Load your sample in to the AFM.

Note The AM-FM technique is very sensitive to sample cleanlirgsse the

2. | indentation depths during imaging are in the picometer toongeter range. Especially
in the case of stiffer samples, they should be freshly pexpar cleaned shortly before
imaging.

3. Load your probe in to the High Frequency Cantilever Holdet attach to the AFM. Rec-
ommended probes for AM-FM in air include:
* AC240TS-R3
* AC160TS-R3
¢ FS-1500AulCypher only)

The Mode Master window:

» The software should now be showing
4. the Mode Master window.
« |If not, click the Mode Master button

at the bottom of the screeu.
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Select Mode:

¢ SelectNanoMechPro tab . AMFM

e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

The AMFM Panel

* The AMFM Panel includes both
Realtime andOfine tabs.

* TheRealtime tab include<alibration
parameterdieedback controlsfor the
FM and AM feedback loop of the

6. higher resonance mode, and realtime
tip modeling parameters.

e TheOfine tab includes parameters to
calculate additional
stiffness/elasticityimages with
varioustip models for AM-FM
images after they have been collected.
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The Master Channel Panel

» The 8 default enabled channels are:
Height (Ht), Dissipation (Ds), Phasel
7. (P1),Frequency (Fr),Amplitude 1,
Amplitude2 (A2), either Stiffness
(Ks) or Elasticity (E1), and either
Indentation (Id) or Loss Tangent (L1).

15.4.2. Calibration

1. If you are measuring the tip-sample stiffness (Ks) or Yoangodulus (E1), you will rst
need to calibrate your cantilever using GetRealS¢éction 20.2 on page 230 the stan-
dard Thermal Method?? on page??. These instructions will outline GetReal™ cantilever
calibration for AM-FM as it is easier, faster, more accuraad will preserve the probe
sharpness.
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Probe Calibration

 Align your laser on the cantilever and
zero your De ection signal.
* Click the GetReal™ icon on the right

column of theAMFM Panel and

choose your probe from the list.

* Click the button for GetReal™
Calibration in theProbe Paneland [:]
wait for the system to calibrate your
cantilever sensitivity (Amp InvOLS)
and spring constant (k).

» ThePrimary ModeandSecondary
Modecalibrations are both now -
automatically calculated. Their values
can be viewed by selecting the
expand button fotever in the
AMFM Panel.

Note The software automatically
calculates the Secondary Mode spring
constant using equatidrb.1

15.4.3. Tuning

8

Tuning the Cantilever

« Click the Tune icon on the right column of tAeMFM Panel.

¢ Autotune the primary mode by using the left column of the@®@anel. A target
or free amplitude of 2V is typically a good preliminary or geal value to start
with.

 Autotune the secondary mode by using the right column ofithee Panel. A
target or free amplitude of 25mV is typically a good preliiaiy or general value
to start with.

Note It is very important that your secondary mode free amplitisdg@gni cantly
lower than your primary mode free amplitude.
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Tune Error

If you receive a message as seen here after autotuning, ypueed to:

« Flip the attenuation switch on your cantilever holder @lyare using an
MFP-3D). Remove the cantilever holder, nd the switch on ltlaekside of the
holder near the quartz window, and move it to the other sigattach to the
AFM and retry the tune.

* Reposition the cantilever in the holder. Typically seogrmost of the probe chip
under the clip will improve drive coupling.

A Note on Spot Position

¢ You want the sensitivity of the optical beam de ection todsehigh as possible
for the secondary mode. To accomplish this, after you haeeessfully tuned,
you should move the spot as far out to the end of the lever aslppesObserve
the Amplitude 2 signal while you do this and pick a laser spoation where
you've maximized the Amplitude 2 signal. If you lose a bit @jrgl in
Amplitude 1 in order to maximize Ampltiude 2, this is just n®nce you have
found the optimal laser location, retune the primary andséary modes.

15.4.4. Engaging

Engaging on the Surface:

* Pick your imagingSetpointin the
Master Panel ~40% of the free ) [ ]
amplitude is a good prelimnary value.

1 This would be ~800mV if you have
chosen a free amplitude of 2V.

» Engage on the surface and Zet
Voltageto ~70V.

» Withdraw from the surface.
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)

AC Force Curve:

e Do an ~800mV Amplitude 1 \Volts
triggered AC force curve with a force

distance of 500nm.
* Re-tune the primary and secondary

modes of the cantilever. Make sure
you are right on the resonance peaks
and that Phase 1 and Phase 2 are both

set to 90°.
» Re-engage on the surface.

Note This step will help ensure you are
exactly on resonance right at the sample
surface as this typically will shift a bit from
the inital tune as you near the surface.

Frequency & Dissipation Feedback:

» While engaged, click the 2 switch
icons in theAMFM Panel to Test
Feedbaclof the Frequency and
Dissipation.
» Ensure both Phase 2 and Amp2
appear stable in the Sum and —=
3 De ection Meter withTest Feedback D E}—T
on.
* If they are not, you may need to
manually adjust the feedback gains.
Deselect the check box label@dito
Calculate Gainsselect the Parms
icon on the right column of the
AMFM Panel, and adjust the P, I, D
gains accordingly until stable.
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Model & Tip

The last step do before scanning is to:
a) Choose the tip model
b) Adjust the tip/sample properties

c) Decide which calculated channels you will like to dispthyring the scan.

Begin the Scan

3.  Click Frame Upor Frame Downin
the Master Panel
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15.4.5. Optimizing the Scan

Repulsive Mode

« Itis important to have the cantilever rmly irepulsive mode(Phase 1 <90°) for
AM-FM imaging. If the Phase 1 is consistently hopping betwatractive
(>90°) and repulsive (<90°), the AFM mode will struggle tonwavell.
« Initially the Amplitude Setpointis ~40% of the free amplitude, but you may need
1. to adjust this to keep the cantilever rmly mepulsive mode If Phase 1is 90°,
gradually increase thBrive Amplitudeor decrease the AmplitudeSetpointor
in the Master Panelto maintain Phase 1 in range ~40°-80°.
« If you have increased therive Amplitudeand decreased tt&etpointand
imaging in repulsive mode is still not achievable, it is pbkesthe cantilever tip
may have become too blunt or contaminated and should be etlang
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Optimizing the Scan

Adjust the feedback parameters to optimize Topographyuenecy and, if enabled,
Dissipation. If Auto Calculate Gains is selected and thejgeacy and Amplitude 2
2 | channels are not ringing, you likely do not need to manualjyst the Frequency &
Dissipation feedback at all. However, if you do, for besuttssadjust the feedback
gains for these 3 channels in the following order:

a) Topography (Ht): Adjust Integral Gain in the Master Panel. To improve
tracking you may need to adjust the Integral Gain — typicatigrease the gain
until you see a little ringing in Amplitude 1 channel and tluatrease it just
until the noise just disappears.

b) Frequency(Fr): Adjust the Freq | Gain in the AMFM Panel . Increase until
the Trace and Retrace lines are overlapping in the scopefilloé Frequency
channel and there is contrast in the image.

c) Dissipation (Ds): Adjust the Drive | Gain in the AMFM Panel . Increase until
the Trace and Retrace lines are overlapping in the scopefilloé Frequency
channel and there is contrast in the image.

Note: The Frequency and Drive gains can have enormous dynamie fai@ to
100,000). If, in the off chance you are manually adjustirgsth don't be afraid to turn
these up. If you start to see ringing in either the Amplitud® Erequency channels,
just back down the gains a little. This is only causing ingités in the very small
amplitude of the Secondary Mode drive frequency and shoave lalmost no effect on
the Primary mode that is tracking topography. It will not daya the tip.
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15.5. Quantitative Analysis

15.5.1. Reference Sample

The AM-FM technique requires a reference sample in ordereterchine accurate quantitative
nanomechanical properties of unknown materials. This imlypna result of to the fact that it is
very dif cult to characterize thexacttip geometry and/or tip radius of a speci c cantilever. The
most accurate method for AM-FM experiments that wish to memasiodulus information is to
rst image a reference sample of know modulus and adjustithenbdel parameters to match this
value; then swap out the reference sample with the unknomplsaand use these same tip model
parameters while imaging.

Note: For best results, it is most optimal to use a reference sawifitea modulus value somewhat
close to that of the estimated value of the unknown sampleuned
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16.1. Theory

16.1.1. Lorentz Force

iDrive is a patented technique which uses Lorentz Force tgnmigcally actuate a cantilever with
an oscillating current that ows through the legs. The Ldreforce acting on a current owing
through a wire is shown ifrigure 16.1 on page 184he force vectoF is a cross product of the
currentt, owing through a wire with lengtH, and the magnetic eld® vectors and is, therefore,
orthogonal to botfiandB :

E=T Bl (16.1)

F = iIBsing (16.2)

whereq is the angle between the magnetic eld and the current vector

Figure 16.1.: The Lorentz Force F is orthogonal to both current i and the magnetic eld B and is
pointing out of the page.

Since the force is proportional to the current, if the cutiisroscillated, the force acting on the
wire also oscillates. In 2001, Silberzan and colleaguebzezhthis would make an ideal can-
tilever actuation mechanism that directly drives the deweit. Their patented invention avoids the
well-known complications of driving the cantilever acaaally and allows for magnetic actuation
without the need for coating the cantilever with a ferrometgn Im.

Advantages of iDrive:

« Avoids magnetic materials in the solution. Magnetic matertypically include rare earth
ions that easily oxidize (rust) and perhaps worse, can bie.t@he iDrive cantilevers are
coated with inert gold, avoiding this complication.

» Avoids the use of an oscillating magnetic eld. Experima@nstudies have shown that an
oscillating magnetic eld can inadvertently lead to acaustriving of the cantilever. This
unwanted acoustic energy often manifests itself as bumgsigs in the cantilever tude
Because the current loop is made by the cantilever itsadfdtive is completely localized.

1Buguin, A./Roure, O. Du/Silberzan, P., Active atomic foro&eroscopy cantilevers for imaging in liquids. Applied
Physics Letters, 78 2001 No. 1®JRL: i

2Revenko, I./Proksch, R., Magnetic and acoustic tappingammitroscopy of liquid phase phospholipid bilayers and
DNA molecules. Journal of Applied Physics, 87 2000 No. 1.

3Han, Wenhai/Lindsay, S. M./Jing, Tianwei, A magneticalliven oscillating probe microscope for operation in licaiid
Applied Physics Letters, 69 1996 No. Z&JRL: i.
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This means that the tunes are smooth and that other parte afittoscope mechanics are
not being excited.

« Because the drive is well de ned and is a smooth functionrefifiency, even in liquid, the
phase signal of the cantilever can be used in a manner sitmithe phase signal in air. This
can lead to some very interesting contr&st(ire 16.2 on page 18Hsulin Fibrils) and even
allows advanced techniques such as Q-control.

Figure 16.2.: Insulin Fibrils imaged in water. Phase signal overlaid onto topography. The “white”
regions in the image are from the phase channel and correspond to higher energy dissipation. 1nm
scan.

16.2. iDrive Requirements

iDrive imaging requires a specialized iDrive cantilevetdew and specialized

Attention . .
cantilevers for operation.

16.2.1. Cantilevers

A generalized schematic of a iDrive cantilever is showfh@rBa This hows how the bias is applied
to one side of the chip, and will ow through the legs of thedevinducing the Lorentz forces
on the lever. A list of available probes can be found onAlsglum Research Probe Stor&Ve
currently have two iDrive compatible probes, model numli#grsTR400PBand BL-TR800PB
The BL-TR400PB is the standard cantilevers included with itbrive accessory. The resonant
frequency of these cantilevers in liquid is approximately0kHz in liquid, and a spring constant
of approximately 0.09N/m making them ideal for imaging ssdinples. A stiffer cantilever is
also available (Model Number BL-TR800PB) if a higher spraupstant of 0.61N/m is desired. A
close-up view of the probd-{gure 16.4 on page 186learly shows each electrical contact along the
length of the cantilever chip, connected to one leg of eachefwo short 100m long cantilevers

. Only these two 10@m long cantilevers, not the 26 long cantilever, can be used for iDrive AC
mode. This selection is consistent with liquid bio imagirging standard piezo-driven AC mode,
where one does not typically use the gfi0long lever. The iDrive cantilever still retains its full
functionality as a standard non-iDrive cantilever and caioperated in both contact mode (air and
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liquid) and piezo driven AC mode in liquid. All of the iDriveaatilevers are coated in a thin layer
of biologically safe gold. Other metals such as Platinumaasglable upon request, just Il out a
request on ouprobe store

16.2.2. Cantilever holder

The specialized cantilevers also require a specializetileasr holder to apply the bias to one side
of the chip. This is a modi ed standard holder with an inclddébFeB magnet in the glass insert,
to provide that magnetic eldKigure 16.3b on page 1R6The fully enclosed magnet is completely
sealed from the sample region. The cantilever chip clamgagjgn has two electrically isolated
and conductive spring clips. The iDrive cantilever holdil etains its piezo actuation capability
S0 you can switch between piezo-driven (acoustic) AC modérive AC mode via the software.

(a) Schematic diagram of Lorentz Forces exerted ap) iDrive cantilever holder for the MFP-3D AFM.
a cantilever with integrated circuit loop.

Figure 16.3.

(@) Schematic diagram with dimensions. (o) SEM micrograph.

Figure 16.4.; iDrive cantilevers (Model AR-iDrive-NO1)

16.3. Testing your cantilevers

It is good practice to test the resistance of the iDrive Isvagfore you use them to make sure
they are in working order. The resistance across the ceetilehip should be between 8-20 ohms,
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depending on whether the two 1@ long cantilevers are intact or not. The value will be higifier
there is only one cantilever attached to the chip. Althodiggriot necessary to check the resistance
every time a new cantilever has been placed in the holdenmauwant to make this measurement
to troubleshoot the iDrive holder (i.e. no peak appearséactmtilever tune).

The instructions to measure the resistance across théevantthip are listed below. You will need
a multimeter.

1. Select “resistance” on your multimeter and, if necessagyaw resistance range.

2. Place the probes on each side of the cantilever chip (i.etmtlee left and the other to the
right of the terminals).

3. Measure the resistance and con rm a value of 8-20 ohms. Ifdékestance measured is O,
then the cantilever chip has shorted. If the resistancegisehithan 30 ohms, the cantilever
is likely damaged.

4. Replace the cantilever and repeat the measurement.

It is not necessary to place the cantilever chip into thevi®dantilever
Note holder to measure its resistance. You can measure thearasstvith your
multimeter probe while the chips are still in their storage.b

16.4. iDrive works in water

iDrive was speci cally designed for imaging soft biologicand polymer samples in a liquid en-
viroment. iDrive simpli es liquid imaging by eliminatingie multitude of resonance peaks due to
the mechanical coupling of the shake-piezo to both the leasti and liquid; and therefore, allows
the user to auto tune the cantilever in liquid. A comparisetwieen cantilever tunes acquired with
iDrive AC mode and piezo-driven (acoustic) AC mode can ba sed-igure 16.5 on page 187
where both methods are compared to the Brownian “thermak.tu

(a) iDrive (b) Acoustic

Figure 16.5.: Cantilever tunes acquired with iDrive AC mode (left) and piezo-driven (acoustic) AC
mode (right) showing both the mechanical response (black curves) and the thermal noise power spec-
trum (red curves).

16.4.1. Phase Imaging

When using iDrive AC Mode, the phase response in liquid ig ganilar to that seen in air. This is
quite different compared to piezo-driven acoustic AC motdleomparison of the phase response
can be seen ifigure 16.6 on page 188
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(a) iDrive (b) Acoustic

Figure 16.6.: Cantilever tunes acquired with iDrive AC mode (left) and piezo-driven AC mode (right)
showing both the mechanical response (black curves) and the phase response (teal curves).

16.4.2. Q-Control

With a “clean” iDrive cantilever tune, it is feasible to usec@ntrol (See&section 4.6.2.3 on page B9
in liquid whereas before, there were several issues witigusiezo-driven AC mode. It was dif -
cult to decide which peak to select and some peaks were mgpensive than others; even when
the Q gain was increased, the Q for that given peak did notyahwerease. Similar to air, the
phase contrast with iDrive in liquid increases with gre&gfigure 16.7 on page 188

(a) Q Control amplitude (b) Q Control phase

Figure 16.7.. Cantilever tunes (left) and phase offset (right) acquired using iDrive AC mode with in-
creasing Q.

16.4.3. Cantilever Damping

When using iDrive, there is both a signi cant damping of trentlever's oscillation and a shift
in the resonance frequency with a decrease in the tip-sassgplaration. Both the damping and
the resonance shifts can be clearly seeRigure 16.8 on page 18%here the cantilever tune is
measured at xed distances above the sample surface. Ttieake in the cantilever's oscillation
amplitude can be explained by the Simple Harmonic Oscillstodel. The equation is as follows:

where wnax is the maximum resonancey is the free cantilever resonance a@Qds the quality
factor.
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These results are consistent with theoretical and expatahdata that explains the observed de-
crease in cantilever resonance and shift to a lower faltide hydrodynamic effect on the can-
tilever is not seen with piezo-driven acoustic mode sineentlultitude of peaks that are observed
in the cantilever tune correspond to non-cantilever resoes, typically due to the resonances of
various hardware components.

Figure 16.8.: Cantilever amplitudes at different Z positions using iDrive AC mode

16.5. iDrive Operation

The Mode Master window:

» The software should now be showing

1. the Mode Master window.
« |If not, click the Mode Master button
at the bottom of the screeLJ.

4Rankl, Christian etal., Hydrodynamic damping of a magréiiicoscillated cantilever close to a surface. Ultrami-
croscopy, 100 Aug 2004 No. 3-HURL: i
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Select Mode:

e SelectBio tab . iDrive
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

Note The iDrive cantilever holder must be rst attached to the AEMoad the iDrive
template.

There is no special sample preparation required for iDi8tandard glass slides with mica, gold or
any other substrate can be used. First, install an iDrivepedimie cantilever (Model AR-iDrive-
NO1) into the cantilever holder pocket, as usual, and tighie PEEK screw until the cantilever
chip is secure (do not over tighten).

Similar to operating in piezo-driven AC mode, you will need t

1. Tune the cantilever, much as describe®®on page??. The exception is that you need to
make sure that the iDrive checkbox is checked as shown bEto9a

2. Select the appropriate amplitude setpoint value and apprt@awards the surface (Main
Panel)
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|

(a) standard cantilever holders (b) iDrive cantilever holders but iDrive
not selected

Figure 16.9.: Tune Panel con gurations.

16.5.1. Tuning the cantilever

If the software is opened before the iDrive cantilever holdeattached to the head, or when a
standard cantilever holder is already attached to the tlead the iDrive box will be shadedrig-
ure 16.9a on page 1@1To enable the iDrive box, attach the iDrive cantileverdeslto the MFP-3D
head and click on th€heck Holdetbutton igure 16.9b on page 191

When iDrive is selected, th&uto Tune Lowparameter will decrease to 5 kHz so that the resonance
of the AR-iDrive-NO1 cantilevers, which is approximatelyl8 kHz, will be within the range for
the Auto Tune function. Once the iDrive box has been selewstify that theTarget Amplitudes

set to 1V then click on théuto Tunebutton. Con rm that theDrive Frequencyis between 6-10
kHz and that the Free Amplitude in the Sum and De ection M&ndow is 1V.

16.5.2. Engage on the surface

The iDrive cantilevers require a greater decrease in tipsgtbefore the tip is engaged onto the
surface. To simplify the approach process, enter an andglisetpoint value of 500mV. Engage
onto the surface as usual. When the free amplitude in the SuhDa& ection Meter window
equals the amplitude setpoint and the computer will begg(ifhave your speakers on), continue
to lower the head until the Z Voltage position is approxinhatesV (i.e. Z is 1/2 way in the
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BLUE). Decrease the amplitude setpoint, one click at a tiomdil the Z Voltage position stops
increasing. With this amplitude setpoint value, the tipudtdbe tracking the surface and only
slight modi cations to the amplitude setpoint may be neaegs

Due to the damping of the cantilever and shift in resonaneeSsction 16.4.3 on page 188 is
recommended that you re-tune the cantilever once the tip ihe surface. To do this, click on
the Stopbutton, go to the Tune Panel and click on theo Tunebutton. Alternatively, the use can
choose to enter @arget Percenbf negative (-) 5-10% which will automatically select a neant
frequency that is 5-10% off and to the left of the resonankp@ais offset will compensate for the
shift in resonant frequency. This step is recommended s$irecgimp into contact is quicker due to
the attractive forces; and therefore, less force is exengad the sample.

For these particular cantilevers the optimal amplitudpaiat is 200mV or less. Decrease the drive
amplitude and setpoint to achieve this nal setpoint val&er example, if the tip is tracking the
surface well with an amplitude setpoint of 325mV then deseeast the drive amplitude then the
amplitude setpoint, one click at a time, until the nal antpdle setpoint is approximately 200mV.
You can use even lower amplitude setpoint values if loweillaon amplitudes are desired.

16.6. iDrive Cantilever Holder Maintenance

As with the standard cantilever holder it is very importantihse the surface of the holder in order
to clean any salt buffer that may contaminate future sampie®rrode the metal clamp. Gently
rinse with pure water and/or ethanol, and then blow dry watlnpressed gas. Try to avoid wetting
the back of the holder where the circuit board is located hbodughly clean the cantilever holder,
it can be taken apart and the top (KelF or PEEK portion of thieldrd can be sonicated and/or
autoclaved.
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17.1. System Requirements for Fast Force Mapping

* Must be using a Cypher AFM or MFP-3D In nity AFM (FFM is not
available for MFP-3D Origin or Origin+)

» Fast Force Mapping is an optional AFM technique and reqLare
additional software liscence to be activated.

» AFM software version 15 or higher is required in order to Rast
Force Mapping mode.

Attention

17.2. Introduction

Fast Force Mapping (FFM) is a de ection (sub-cantileveioremce frequency) feedback technique
that allows users to acquire data (topography, adhesioohamécal, electrical properties, etc) on
a very wide range of materials. In contrast to Contact Mod@®©rMode, the principle behind
FFM is based on force/de ection feedback force-distanawesi performed at rates much higher
than standard Force Maps. FFM force curves are acquire@@ieéncies ranging from 10 Hz up
to 300 Hz (forMFP-3D In nity AFMs only) and up to 1000 Hz (faall Cypher AFMs) while a
feedback loop monitors the maximum force detected for eagdividual force curve. Each force
curve is recorded and analyzed to generate both topografityriation and mechanical properties
of the sample. Additional signals (e.g. electrical conity) can also be measured to obtain sup-
plementary information about the sample (through use o&XR€A cantilever holder). The main
and obvious advantage of the FFM technique is much fastaradajuisition, compared to standard
Force Mapping $ection 18.3 on page 2X8while still capturing all the information provided by
force curves. With FFM, the user can collect force maps withueh higher pixel density and
aquistion times much lower than standard force maps. The teNhique also provides a novel
method for imaging a class of samples that are both extreauigsive and delicate, which might
otherwise be challenging to image with dynamic mode imaggetniques (e.g. AC mode).

A sinusoidal driving voltage applied to the Z-actuator iedi$o oscillate the cantilever position at
frequencies ranging from 10 Hz to 300 Hz (In nity) and up td0D0Hz (Cypher); far below can-
tilever resonance. For each force curve, the maximum dmedignal, read on the photodetector,
is used to calculate the Z height measured by the Z sensorinMax force (“Max Force”) is cal-
culated in real-time and is used as error signal for the Zldaekl loop. While the probe position is
driven (sinusoidal wave) in the Z-axis, the sample is movinderneath it in a raster pattern in the
X-Y plane. The resolution of the FFM image is determined /nlamber of points in each scan
line, as each pixel is an individual force curve.

The software continuously digitizes De ection, Z-Sensgf\oltage and Current (or Current2)
signals at 2MHz (Cypher) or 500kHz (In nity).

Each force curve is then analyzed to provide sample topbgrapd its Young's modulus (based on
the chosen model and t parameters). If an eletrical biapiad to the sample and a conductive
tip is used, ORCA measurements (S8ecan be performed at the same time.
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Figure 17.1.: Diagram of general Fast Force Map technique. As the Z-actuator changes position
sinusoidally versus time, the cantilever force does as well. A, B, C, D, E, and F show discrete points of
interest along the curve during the cantilever approach and retraction.

17.3. Fast Force Mapping in Contact Mode

Fast Force Mapping (FFM) is naitvely a contact mode-baselthique, therfore the user needs to
choose a probe with a spring constant matching the stiffoegse sample.

For this demostration and example we will use:

A polystyrene/polypropylene thin Im sample
e AC200TSOlympus probe with ~150 kHz resonance and ~10 N/m springtanhs

SYLUM
ESEARCH Page 195

an Oxford Instruments company



Ch. 17. Fast Force Mapping Sec. 17.3. FFM

Figure 17.2.: Plot of cantilever oscillation measured by the z-senor (excited by driving voltage) (top)
and the resulting force (bottom) when the tip is pushing on a hard surface. The “Max Force' arrow
indicates how the setpoint force is calculated for each force curve.

17.3.1. FFM Automated Setup: GetStarted™

The Mode Master window:

» The software should now be showing

1. the Mode Master window.
* If not, click the Mode Master button
at the bottom of the screeLJ.
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2.
Select Mode:
e SelectNanoMechPro tab . Fast Force Map
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.
Note Loading Fast Force Mode from the Mode Master will automdiicstart in the
GetStarted™ con guration.
Automatic Imaging Setup: GetStarted™
 Follow the instructions to set up your
experiment
* You will be asked to set initial
imaging parameters (look for
descriptions below)
— scan size
3 — scan points & lines
' — approximate sample roughness
— Z-rate
— setpoint

— force distance
— sample stiffness
« Some of these parameters are
adjusted automatically depending on
user input
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Speci ¢ Parameters for FFM - GetStarted™

e Scan points & Lines
— These two parameters determine the number of scan poiridgpin each
scan line and the number of lines in the scanned area. Inastritr other
techniques, during FFM the number of force curves corredpexactly to
the number of pixels in the image. For comparison, during Aitle; the
tip oscillates at a much higher frequency than the numbeixeig
Therefore, for each pixel, it is the average value of the @&og# of
oscillations that is measured by the feedback loop. To ingtbe
resolution of images, these 2 parameters can be increasedyér the
acquisition time will increase at the same time.
= Acquisition time = (lines x points per line x 2.5)/ Z rate
e Sample roughness
— This parameter is used to determine the force distancegitidibe chosen
to roughly represent the height difference the lowest agtdst features
on the sample
e Z-rate
— It's the ramp rate at which the force curves will be perfornaed it is how
fast the Z actuator is moving up and down above the surfacs. Th
parameter can be increased until the user sees instahiliteiforce curve
(the instability arises when the de ection is changing diyand the
setpoint cannot be met on all curves). On In nity, the maximd rate is
300 Hz. On Cypher (S or ES), the maximum Z rate is 2000 Hz.
e Setpoint
— Itis the setpoint value used for feedback. Maximal forceaisuated in
real-time and used as error signal for the Z-feedback loopethe
setpoint value is reached, the lever is pulled away from tinase. The
setpoint value is displayed in units of Newton and \Volt (tlaeg related by
the cantilever calibration values InvOLS and k). The Newtalue
provides information about the amount of normal force agabbn the
sample. The Volt value can be compared with the de ectioneaisplayed
on the Sum and De ection Meter panel. For example, beforeagimg on
the surface, the de ection should read 0 Volt and the setmfinuld be set
to a value (Volt or Newton) greater than 0. The setpoint vauesso used
to obtain an image of the surface topography. For each pghelsoftware
measures the Z height at which the setpoint value was readiedZ
height for each pixel is then used to map the topography oétince.
« Force distance
— Itis the distance the piezo will travel during the force @ifextend or
retract portion). This distance should match (or exceeslfapography
variations of the sample.
e Sample Stiffness
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17.3.2. Experimental Setup
Align Laser
1. * Open the Video Panel
— Use the arrows in the Video Panel to move the laser spot oatoéhtilever
and maximize the SUM signal
2.
Calibrate Probe
e Choose the Thermal icon in the Master Panel
— thermal graph will appear
 Click on the Get Real icon which in trun will open a Probe Rane
* Choose the probe that is used for the experiment
 Click GetReal Calibration
* Once the calibration is compleated, the Amp InvOLS andr§p@onstant values
at the top part of the thermal graph will be updated
SYLUM
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Approach the sample surface

* In Master Panel
— Imaging Mode: Contatct
— Set Point: 0.2 V (for this
particular probe and sample)
« Inthe Engage Panel
— Set the tip position while
focused on the tip
— Set the sample position while
focused on the sample

— Click on Start Tip Approach O
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Switch to FFM mode and start imaging

¢ In Master Panel, switch from Contact Mode to Fast Force Map
Master Panel will now display parameters related to FFM
— Setpoint is now displayed in units of Newtons and in Voltg:is® 10 nN
— Force Distance: 200 nm
— Trigger Type: Relative
Set the other parameters in the Master Panel
— Scan size: Hm
— scan points & lines: 256
— Z-rate: 500 Hz
The Gains are located in the Parms panel
Click Engage in the Sum and De ection Panel

Engage

 As the tip engages on the surface, C
5. Fast Force Map Viewer will appear
 Display choices are available by

clicking on the “plus” sign
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Real time Force curves

« Fast Force Map Viewer can show up
to 2 channels
< Each graph has several options for
each axis, in this example:
— Graph 0 is Force versus
ZSensor
— Graph 1 is De ection versus
time
e The green line on the top graph
indicated the setpoint
e Top Controls allow for superposition
of several already acquired curves
over the realtime curve

Imaging parameters

» Four Channels can be collected
simultanously during FFM imaging
— Ht - Height
— Ad - Adhesion
— Fc - Max Force
— Eh - Calculated modulus
7 channel. Model (here Hertz)
and tip radius must be adjusted
prior to imaging
« Adjust the force distance and
setpoint
< When the imaging parameters are
optimized and the force curves look
good in the FFM viewer press Frame
UP to start imaging
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17.4. Fast Force Mapping in AC mode

The Fast Force Mapping technique can also be operated vitmiddtaneously oscillating the can-
tilever at resonance, instead of in contact mode.

The following demostration is for use with a Cypher AFM equéf with blueDrive and is intended
for imaging a at sample in liquid.

17.4.1. Preparation and Calibration

Prepare

* Fresh calcite sample

Clean cantilever holder that will be used for imaging (eithquid holder or
perfusion holder)

Load aFS-1500AuDprobe (f = ~1.5 MHz, k = ~6 N/m) in to the cantilever
holder.

AFM software version 16 or higher and the FFM mode is enabled

Use blueDrive for cantilever drive and with the 0.1x ND iteube.

The Mode Master window:

» The software should now be showing
2. the Mode Master window.
* If not, click the Mode Master button

at the bottom of the screeu.

Select Mode:

» SelectStandard tab . Template
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

Note Loading Template from the Mode Master will automaticallgirsin a nonspeci ¢
set up of Contact Mode.
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Align Laser

e Open the Video Panel
* Use the arrows in the Video Panel to

4.
move the red laser spot onto the
cantilever. Try to maximize the SUM
signal

5.

Calibrate Probe (in air)

» Choose the Thermal icon in the Master Panel
— thermal graph will appear
Click on the Get Real icon which in trun will open a Probe Rane
Choose the probe that is used for the experiment
Click GetReal Calibration
Once the calibration is compleated, the Amp InvOLS andr§p@onstant values
at the top part of the thermal graph will be updated

6. Remove the cantilever holder and place the freshly cleamkmite sample on the scanner
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7. Add a drop of water to the sample
8. Put a drop of water on the probe and place the cantilever hbltek on the scanner

9. While looking at the distance between the probe and the sgrapproach the sample to the
tip so that both water drops join and the sample and leveratreib water environment

10. Re-focus and re-align the laser on the cantilever (now imdig- Sum should be ~ 6V

= O

11.

Capture a thermal of the cantilever in liquid:

« Make sure that the padlock besides Spring Constant isdbcke
¢ Re-t the thermal data to obtain the updated (water) InvQiatue
« Transfer the frequency of thermal peak to the tune panel

— Right click on the peak of the Thermal Graph and choose Moeg Bnd
Phase to Tune

O -
O

12.

Turn on blueDrive photothermal excitation

 In the Tune graph, click on Adv.

 In the Advanced panel, choose blueDrive form the drop downurof Tune
Drive
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Tune panel

* Set the Sweep width to 250 kHz C>:|
 Click one Tune
e When tune is done, right click on the

peak and choose set Drive Frequency —
¢ Move the blue laser spot around the
13. base of the cantilever to maximize

the amplitude
¢ Adjust the drive amplitude (in the

Master Panel) until the amplitude

reaches ~ 80 mV (visible on the

graph and in the Sum and De ection

panel)

Master Panel

14. e Set the setpoint to ~ 60 mV
* Setthe IG to 55

Engage Panel

 Set the tip position while focused on
the tip

15. e Set the sample position while
focused on the sample

 Click on Move to Pre-Engage

¢ Click on Start Tip Approach

O

16. Once the tip is in piezo range of the sample, capture anothemial Tune with z-piezo at
0V (sample is 2-3 um from surface)

17. Lock padlock besides spring constant on Thermal Graph tal@ilate Amplitude InvOLS
18. Right click on the peak in Thermal Graph and Move Freq and @t@$une
19. When the tune is complete,right click on the peak and ceritasg
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17.4.2. Imaging in AC Mode

Imaging parameters - Master panel

» Set the scan size to 20 nm

1. » Set the scan rate to 10 Hz

« Start imaging by pressing Scan
Down

2. Start imaging

a) decrease the free amplitude (by decreasing drive ardplituthe Master Panel)
b) then, decrease the setpoint unil trace and retrace pvealeh other

c) repeat several times to image with the lowest amplitudsipte

Imaging

e Acquire a 20 nm image and re-size
the scan to 10 nm

e Channels that are acquired include
— Height

3. — Amplitude
— Phase
— ZSensor

< Once the imaging looks optimized,

stop the scan and switch to AC-FFM
mode
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17.4.3. Imaging with AC-FFM

Switching to AC-FFM ©

1. » switch to AC Fast Force Maps from
the drop down menu in Master Panel
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2.
Imaging Parameters

« Master Panel will now display parameters related to AC-RRbte
— Setpoint is now displayed in units of meters and in Volts -tsiet 70 mV
— Force Distance - set it to 50 nm
— Trigger Type - Absolute

e Set the other parameters in the Master Panel
— Scan size: 20 nm
— scan points & lines: 256
— Z-rate: 500 Hz

e The Gains are located in the Parms panel - set to 10

 Click Engage in the Sum and De ection Panel

SYLUM

e ARCH BETA Page 209



Ch. 17.

Fast Force Mapping

Sec. 17.4. AC-FFM

Engage

» As the tip engages on the surface,
Fast Force Map Viewer will appear

 Display choices are available by
clicking on the “plus” sign

« Arrow in the top graph indicates the
setpoint value.

e

Real time Force curves

« Fast Force Map Viewer can display
up to 2 channels (graphs)

» Each graph has several options for
each axis, choose the appropriate
axes for the imaging mode. For AC
FFM, choose:

— Graph 0 (top): Amplitude (pm)
vs DriveVolts (V)

— Graph 1 (bottom): Phase (°) vs
DriveVolts (V)

e Top Controls allow for the
superposition of several already
acquired curves over the realtime
curve
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Imaging parameters
« Adjust the force distance and
setpoint until the curves in the
5. Viewer look good O
¢ When the imaging parameters are
optimized press Frame UP to start
imaging
6.
Imaging
e Datais collected in 3 channels during AC FFM
— Height
— Amplitude
— Phase
SYLUM
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17.5. Fast Force Mapping in FM mode (FM-FFM)

The Fast Force Mapping technique can also be operated vitmiddtaneously oscillating the can-
tilever at resonance, instead of in contact mode, with agshak loop to maintain the cantilever
drive is on resonance.

The following demostration is for use with a Cypher AFM eqed with blueDrive and is intended
for imaging a at sample in liquid.

The user is guided through the following steps:
1) Calibration of a probe

2) Acquisition of an AC mode image - this step will allow theeuso determine if the probe is
sharp and if the area of interest is at/clean

3) Acquisition of AC force curves - this step will allow theargo approach the sample to a de ned
distance

4) Acquisition of FM curves - this step will allow to check FMigs

5) Acquisition of FM-FFM images and force curves

17.5.1. Preparation and Calibration

Prepare

* Fresh calcite sample

Clean cantilever holder that will be used for imaging (eithquid holder or
perfusion holder)

Load aFS-1500AuDprobe (f = ~1.5 MHz, k = ~6 N/m) in to the cantilever
holder.

AFM software version 16 or higher and the FFM mode is enabled
Use blueDrive for cantilever drive and with the 0.1x ND tteube.

The Mode Master window:

» The software should now be showing

2. the Mode Master window.

« If not, click the Mode Master button
at the bottom of the screeu.
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Select Mode:

e SelectStandard tab . Template
e The screen will now re-arrange and present all the contretessary for this
type of AFM imaging.

Note Loading Template from the Mode Master will automaticallgirsin a nonspeci ¢
set up of Contact Mode.

Align Laser

¢ Open the Video Panel

» Use the arrows in the Video Panel to
4. move the red laser spot onto the
cantilever. Try to maximize the SUM
signal but keep the laser spot at the
end of the lever (see gure)
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O O

Calibrate Probe (in air)

» Choose the Thermal icon in the Master Panel
— thermal graph will appear
Click on the GetReal icon which in trun will open the Prob&&la
Choose the probe that is used for the experiment - for tipgmxent choose
Arrow UHF
Click GetReal Calibration
Once the calibration is compleated, the Amp InvOLS andri§pBionstant values
at the top part of the thermal graph will be updated

. Remove the cantilever holder and place a freshly cleavesitealample on the scanner
. Add a drop of water onto the sample

. Add a drop of water onto the probe and place the cantilevetendiack on the scanner

© 00 N O

. While looking at the distance between the probe and the sgrapproach the sample to the
tip so that both water drops join

10. Re-focus and re-align the laser on the cantilever (now widig- Sum should be ~ 6V
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- O
—— 1
11.
Capture a thermal of the cantilever in liquid:
» Make sure that the padlock besides Spring Constant isdbcke
* Re- t the thermal data to obtain the updated (water) InvQiafie
» Transfer the frequency of the thermal peak to the tune panel
— Right click on the peak of the Thermal Graph and choose Moeg Bnd
Phase to Tune
12.
Turn on blueDrive photothermal excitation
¢ Inthe Tune graph, click on Adv.
* In the Advanced panel, choose blueDrive form the drop downurof Tune
Drive
* Use the blue arrows in the Video panel (top right side) to enibve blue laser
spot to the base of the cantilever
SYLUM
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Tune panel

e Set the Sweep width to 250 kHz

* Click Tune C>|:|
e When tune is done, right click on the

peak and choose Set Drive

Frequency E—
¢ Move the blue laser spot around the
13. base of the cantilever to maximize

the amplitude (look at the amplitude

value in the Sum and De ection

panel)
¢ Adjust the drive amplitude until the

tune amplitude reaches ~ 80 mV

(visible on the graph and in the Sum

and De ection panel)

17.5.2. Imaging in AC Mode

Acquire an AC image of the calcite sample to rst check prapesharpness and to de ne the area
of interest.

Master Panel

1. » Set the setpoint to ~ 60 mV
e Setthe IG to 55
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Video and Engage Panels

 Click on SET button besides Focus
on tip while focused on the tip

 Click on SET button besides Focus

2. on sample while focused on the
sample

 Click on Move to Pre-Engage (tip is
now 50mm from surface)

 Click on Start Tip Approach

O

. Once the tip is in piezo range of the sample, capture anothermial Tune with z-piezo at
0V (tip is 2-3mm from surface)

w

4. In thermal graph panel, keep the padlock besides springtan®cked and re-calculate
Amplitude InvOLS

5. Right click on the peak in Thermal Graph and Move Freq and @t@3une
6. When the tune is complete, right click on the peak and celftas@

Imaging parameters - Master panel

¢ Set the scan size to 20 nm

7. » Set the scan rate to 10 Hz

 Start imaging by pressing Frame
Down

8. Start imaging and optimize imaging parameters

a) decrease the free amplitude (by decreasing drive ardplituthe Master Panel)
b) then, decrease the setpoint unil trace and retrace pvealeh other

c) repeat several times to image with the lowest amplitudssipte
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Imaging in AC mode

e Acquire a 20 nm image and re-size
the scan to 10 nm

e Channels that are acquired include
— Height
9. — Amplitude
— Phase
— ZSensor
¢ Once the imaging looks optimized,
stop the scan and switch to the Force
tab

17.5.3. AC Force-Distance Curves

The user will acquire several AC force curves to bring thewithin 50 nm of the surface and
re-Tune the cantilever.
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-

Force Tab

* In Master Panel, switch from AC mode imaging to AC mode faraeves
* Master Panel Force tab will now display parameters relaie®C mode force
curves
— Set the setpoint to about 60% of the amplitude (if amplitigd®0d mV set
the setpoint to 50 mV)
— Begin with force distance set to ~ 500 nm. Force distancebgilihe
distance between the tip and sample after the curve has bgaied
— Set the Trigger Channel to AmpVolts, Decreasing and Absolut
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AC Force Curves

e Acquire a single force curve

 Click on Continuous and, as the curves are being acquiraduglly decrease
the force distance down to 50 nm

» Acquire ~20 curves with 50 nm force distance and click orp&tarves
e The z voltage should remain between 70 and 150 Volts

Re-tune 50 nm away form the surface

¢ Click tune on the Tune Graph
 Right click on the peak of the graph and choose Set Drivel&ecy
 Right click on the graph again and choose Center Phase

— Z voltage should still be at the same value as when the fonoee auvas
acquired (meaning that the tip is ~ 50 nm away from the sample)

17.5.4. FM Force-Distance Curves

This step will allow the user to calculate FM gains and chétke setpoint is appropriate.
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« Choose FM Mode for Imaging mode
* Click on Channels button in the
Force tab and select
Frequency
Dissipation
Amplitude
Phase
Make sure to plot versus
1. DRIVE (not ZSensor) for short
curve (tens of nm) as Drive is a
quieter signal than ZSensor
(which has 50 pm of noise in al
kHz bandwidth) :I
e Choose trigger: Frequency
— Increasing
— Relative
 Trigger Point: 5 kHz is a good start
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e Locate the FM Panel (AFM Controls
—> Other —> FM Panel)
» Un-check and check the Auto

Calculate Gains checkbox, the values

should update
» Set the Drive Set Point to the
required amplitude
— start with 3 Angstroms: 3A =
0.3nm;
— Ex: 0.3nm/10.25nm/V
InvOLS =0.0292V = 29.3mV
 Activate Feedback Loops by
checking the boxes besides
— FM feedback ON
— Drive Feedback ON
« When the frequency and drive
feedbacks are ON, the following
values will appear in the SUM and
De ection meter
— Amp (mV) = Drive SetPoint
Value
— Phase =90
— Freq Off = frequency offset
compared to the value of drive
frequency from tune, here 647
Hz
— Diss mW = power (in mW)
needed to keep the Drive Set
Point Value at 30 mV
 Click Single curve to acquire a FM
force curve
— If the FM gains are correct,
force curve should appear on
the graph
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17.5.5. Imaging with FM-FFM

O

¢ In Master Panel, switch from FM Mode to FM Fast Force Map
« Master Panel will now display parameters related to FM FF&tie

— Setpoint is now displayed in units of Hertz (if frequencydback is
chosen, and watts if dissipation feedback is chosen in thé*Rivel)

— Set the force distance to 50 nm
Set the other parameters in the Master Panel

— Scan size: 20 nm

— scan points & lines: 256

— Z-rate: 100 Hz

— Z-voltage should still be between 70 and 150 V
Click Engage in the Sum and De ection Panel

— FM FFM settings should now be re ected in the Sum and De atfianel
Set the IGain located in the Parms panel to 0.1

Imaging Parameters
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Real time Force curves

« Fast Force Map Viewer can display
up to 2 channels (to add a graph,
click on the plus sign on the right
side of the viewer)

< Each graph has several options for
each axis, user must de ne the
appropriate axes for the imaging
mode. For FM FFM, choose:

— Graph 0 (top): Frequency (Hz)
vs DriveVolts (V)

— Graph 1 (bottom): Dissipation
(UW) vs DriveVolts (V)

Imaging

e Data is collected in 3 channels during FM FFM imaging
— Height
— Frequency
— Dissipation
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SPM Non-Imaging Techniques

Part Il: Who is it for?  Succinct step by step instructions for various non-imaggatpniques. Light
on theory and gets to the point.
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18. Force Spectroscopy
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18.1. Introduction

Force spectroscopy includes several AFM techniques, diteduForce Curves and Force Maps,
that are used to study the interaction between the AFM tipsamadple in order to measure intra-
finter- molecular forces and sample mechanics. A basice=Grave displays the de ection of the
cantilever (with known spring constant) in the Z directianthe cantilever moves towards then
away from the sample surface. As seed®], the process usually begins with the tip approaching
the surface with some “free air' (non-contact) de ectiotuea(1), makes contact with the surface
(2), pushes into the sample for some period/load until itlhea a user de ned cantilever de ection
or force, i.e. the trigger point (3), and then reverses tlivacas the cantilever retracts from the
surface. The tip may remain attached to the surface untilgiméorce/distance pulls it off the sur-
face, which appears as adhesion (4), before returning tested “free air' (hon-contact) de ection
(5). Although a typical force curve only moves in the Z dirent the user can also acquire a Force
Map which is an array of force curves over a user de ned XY searge.

Figure 18.1.: Components of a Force Curve as the cantilever approaches and retracts from the sample
surface.

There are two major classi cations that most force spectpg experiments measure:
¢ A pulling event in which the tip interacts with the surfaeesd some adhesion dissociation
event between the tip and surface is measured on the reycet(8.2).
¢ A modulus or compliance measurement where the tip pusheshe sample surfacelg.3d.
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Figure 18.2.: Adhesion force spectroscopy classi cation. Pulling can yield adhesion for ces.

Figure 18.3.: Compliance force spectroscopy classi cation. Pushing can measure complian ce forces.

This chapter is designed to help describe, and in some cagealr the versatility of the force
spectroscopy capabilities with the Asylum Research AFMd,aso includes some empirical con-
siderations.

Cantilever selection is very important in force spectrascaf a lever is too stiff, then small forces
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may not be recognized; if a lever is too oppy, perhaps notugoforce can be applied during
compliance measurements. Another way to state this is tahedyfor a lever that has too low
a spring constant, the sample will appear to be in nitelyfséind for a probe that is too stiff, a
soft sample will appear to be in nitely soft, or will appeas ao different from the noise in the
meausrement. Other considerations are the cantileverialatgarding how well it will work in
air/ uid, and the ability to do chemical cross-linking to it

The most important thing to remember to do BEFORE takinggatarves and force maps is to cal-
ibrate the cantilever. It's not recommended to use Foroggrs based on the raw De Volts since
cantilever sensitivity and spring constant will vary froantilever; and as a result the applied force
will vary from cantilever to cantilever. Using De ectionifm) and Force (nN) as your Force Trigger
is preferred and ideal for most force experiments. Ther@aa@uple of options with our software:
the traditional Thermal Method or the built-in GetReal Roet For a complete description and
instructions on how to calculate InvOLS and spring const@mapter 20 on page 278

To brie y summarize, the Thermal Method requires two steps:

« First a force curve is acquired to calculate the cantileessitivity (InvOLS).

e Second a thermal tune is captured and used to calculateattideger spring constant (k),
using the calculated cantilever sensitivity.

GetReal is an automated routine that relies on both the Sdddrod and a Thermal Tune to
calculate InvOLS and k. It also uses two steps:

 First cantilever spring constant (k) is calculated basedhe dimensions and frequency of
the cantilever.

e Second a thermal tune is captured and used to calculatattideger sensitivity (InvOLS).
This is the opposite of what is done in the Thermal Method. Reat 'locks' the k and
calculates the InvOLS.

There are some excellent force spectroscopy review papéhng iiterature; we list here a few:

e Butt, H.J., Cappella, B. and Kappl, M., 2005. Force measergs with the atomic force
microscope: Technique, interpretation and applicatioBarface science reports, 59(1-6),
pp.1-152.

e Cappella, B. and Dietler, G., 1999. Force-distance cubyestomic force microscopy. Sur-
face science reports, 34(1-3), pp.1-104.

e Dupres, V., Verbelen, C. and Dufréne, Y.F., 2007. Probiraetcular recognition sites on
biosurfaces using AFM. Biomaterials, 28(15), pp.23932240

e Gavara, N., 2017. A Beginner's guide to atomic force micopy probing for cell mechan-
ics. Microscopy research and technique, 80(1), pp.75-84.

e Heinz, W.F. and Hoh, J.H., 2005. Getting physical with yclemistry: Mechanically inves-
tigating local structure and properties of surfaces withdatomic force microscope. Sympo-
sium: Chemistry at the nanometer scale, Journal of cheradudation, 82(5), pp. 695-703.

e Heinz, W.F. and Hoh, J.H., 1999. Spatially resolved fopecsroscopy of biological surfaces
using the atomic force microscope. Trends in biotechngla@), pp.143-150.

e Hughes, M.L. and Dougan, L., 2016. The physics of pullintypmteins: a review of single
molecule force spectroscopy using the AFM to study protefolding. Reports on Progress
in Physics, 79(7), p.076601.
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« Janshoff, A., Neitzert, M., Oberdorfer, Y. and Fuchs, HHQ@. Force spectroscopy of molec-
ular systems—single molecule spectroscopy of polymershémaholecules. Angewandte
Chemie International Edition, 39(18), pp.3212-3237.

e Liu, B., Chen, W. and Zhu, C., 2015. Molecular force spesttapy on cells. Annual review
of physical chemistry, 66, pp.427-451.

e Miuller, D.J. and Dufrene, Y.F., 2010. Atomic force micropg as a multifunctional molec-
ular toolbox in nanobiotechnology. In Nanoscience And Tedhgy: A Collection of Re-
views from Nature Journals (pp. 269-277).

« Rief, M. and Grubmuiller, H., 2002. Force spectroscopy mdks biomolecules. ChemPhysChem,
3(3), pp.255-261.

18.2. Force Curve Acquisition

Figure 18.4.: Force tab of the Master Panel.

18.2.1. The Force tab of the Master Panel

The Force tab of the Master Panel is where most the basic &peetroscopy software control
occurs. First we'll describe some of the general contraisl, then more controls hidden under the
additional tabs on this panel, also known as sub-tabs, abenau inFigure 18.4 on page 232

A white Bar Along the left of the panel represents the entire traveldis¢ of the Z piezo; the
top of the white bar represents the piezo as fully retradteel;oottom represents the piezo fully
extended.
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A Red Bar Within the white bar represents the “Force Distance' of ted distance cycle, relative
to the entire travel of the Z piezo (see below). Note thatesin microns given are in reference to
the piezo sensitivity. The captured and displayed forceecwuill show slightly different values as
corrected by the z sensor.

A start Distance This parameter is the point at which the piezo begins its @idalistance cycle
(i.e., the starting voltage applied to the piezo is anothay t@ think about it). The red bar's upper
position in the white slider bar qualitatively depicts tipissition. In most cases you don't need
to adjust the start distance. Typically the rst force cua@quired begins with the Z piezo fully
withdrawn. Then after the rst force curve has been acquihedsoftware will automatically set to
the parameter to the Z position based on the pull off distéineeForce Distance). The red bar can
be moved with the mouse cursor two different ways:

Method 1

* Place cursor somewhere in red region
* Left mouse click until hand icon

1.
appears
« Drag red bar throughout the Z piezo
range (white slider bar)
Method 2
> e Left click mouse in the white area to

roughly scroll the red cursor up or
down.

The Hamster wheel (detached or on the front of MFP contiodlan also execute this movement
in real time when the start distance radio button is acttiate

A Force Distance This parameter is how long the force-distance cycle willjyeyided a trigger
point isn't arrived at prior to that. Notice that as this satvalue is changed, the length of the red
bar changes (i.e., the length of the red bar qualitativelyiade the force distance relative to the
entire length of the Z piezo's distance (white slider bafeTength and position of the red bar can
be manipulated with the mouse as follows:

Step 1

1  Place cursor at edge of red bar.
' e Hold left mouse button down until

double arrow appears
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Step 2

e Drag cursor to desired force distance

2. value. _
< Notice the change in th&orce Dist

'value in the box to the right.

A Scan Rate/Velocity This is the estimated PIEZO velocity (NOT the tip velocitghianging the
velocity, or scan rate, affects the other.

A= sync: Split/ Synch Approach/ Retract velocities can be made miffein “Split' mode; for ex-
periments that require constant velocities, turn on theeddoop in the Z axis (Se®ection 18.2.7

on page 24p SeeSection 18.2.8 on page 246 select velocities that are not subject to hydrody-
namic effects.

A Forward/Reverse pulls  These radio labels change whether the tip starts on or ahevaitface
(Red mode/ Blue modes) :

Forward pull (Red Mode): Tip starts cycle in free air (non-contact) and approachetace; then
retracts; this is the default mode upon MFP3D software startThis is the most commonly used
mode for force spectroscopy experiments. Bigeire 18.5a on page 235

Reverse pull (Blue mode ) Tip starts cycle at surface and travels (retracts) to fie@an-contact),
then returns to surface; This mode is good for "Fishing' sgalg Force Clamp?? on page??).
SeeFigure 18.5b on page 235
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(a) Forward pull (o) Reverse Pull

(c) Selecting a Trigger Channel

Figure 18.5.: Examples of different Trigger types.

FAETrigger Channel This pull-down menu allows the user to de ne what units to mga for
“triggering'- essentially a user de ned Force that the tapkes before switching directior-{g-
ure 18.5c on page 235

None No trigger applied - The piezo will go through its force dista cycle regardless of whether
the tip makes contact with surface. However with an untrigddorce curve the user has a higher
risk of grinding the tip into the surface.

De ection Monitors the de ection (nm) on the photo-detector. The piexill only move the
cantilever if the InvOLS (and ideally the spring constard} lbeen calibrated (S&hapter 20 on
page 273

Force Monitor the force applied to the sample. This value is oniguaate if both the InvOLS and
spring constant have been calculated (Skapter 20 on page 2Y.8

De Volts Monitors the amount of raw volts on the PSD. Since the amofide@ction (in nms)
and force varies depending on the InvOLS and spring congtantypically only use this to cal-
ibrate the cantilever but once the cantilever has calildrgtmu would want to switch to either
De ection (nm) or Force (nN).

RawZSensor Monitors the distance on the Z axis closed loop sensor.

More If you select this option the drop down menu will expand tovglather less used triggers
including:
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Lateral ,LateralVolts
Bias

UserlnO ,UserIn0Volts
Userinl ,Userin1Volts
UserIn2 ,UserIn2Volts
Frequency

Count

Drive, DriveVolts

C Relative/Absolute Trigger ~ Check relative to trigger at the value relative to the valutha start
of the approach. For example, if the de ection at the starthef curve is 0.3V, and the trigger
is 0.5V, the net de ection would be 0.5V, and the curve wouldger at 0.8V. If absolute was
checked, then the net de ection would be 0.2V and the curvaldvtrigger at 0.5V, ignoring the
start value. Most de ection based force experiments usaivel, and AC mode force experiments
use absolute trigger. Relative triggers are importantafeéhs any cantilever de ection drift since
it keeps the applied force constant.

Slope A positive slope will trigger on a rising trigger channelwal A negative slope will trigger
on afalling trigger channel value. De ection based forcpenments typically use a positive slope,
and AC mode force experiments typically use negative slopesSection 18.3.4 on page 2%5@
more on Dynamic (AC) Force Spectroscopy.

E Trigger Point This setvar de nes trigger point/load values. The “Triggeint' is a user de-
ned value detected on the Photo-detector that tells thegie switch directions even if the force
(de ection) curve has not achieved the completed Forcedist (de ection) value.

E Buttons Withdraw  Withdraws the tip; puts Z piezo voltage at OV (i.e. almoshfuétracted).
Channels Brings up the "Force Channel Panel’; seection 18.2.6 on page 244
Single Force Activates a single force cycle (Crtl+3 also does this).

Continuous initiates force cycles to be continuously executed, uptd to stop. The amount of
continuous curves can be limited using thinit Cont. to' parameter.

1. "Limit Cont. to'is an advanced parameter that is hidden with the defaultagisglick on the
“Setup' button. Click on the checkbox.

2. Click the"Looks Good' button. This parameter should now appear.
3. Enter the amount of curves needed to collect continuoudliggriimit Cont. to' setvar.
4. Click the Continuous' button to acquire your force curves.

Save Curve If the curve looks like it is something you want saved, and glounot have all curves
being saved in the Save sub tab, click this button. By defailllforce curves are automatically
saved to Memory and Disk.

Review Loads force curves for review/ analysis by bringing up thestdaForce Panel.
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18.2.2. The Misc. Sub Tab

This sub-tab controls dwell periods / sampling and samplibgndwidth options. The MFP-3D
software allows the user to de ne a period of "Dwell' where tlip stops moving (or maintains
some load) in the middle or end of a scan while continuing ttecbdata at some rate. This
feature is great for data acquisition where perhaps theftipctionalized or not) needs time to
interact with the sample (i.e. to accommodate some recéigtord event, or to assess some creep
/compression event while applying/ maintaining a load sogample with the “tip') before the tip
gets pulled away from the surface.

(@) Misc. Tab Overview (o) Dwell Pulldown Menu

Figure 18.6.: The Misc. Tab allows the user to de ne temporal and low pass Iter sett ings for dwell
and force curve collection.

18.2.2.1. Dwell Periods and Sampling

A Dwell FB This drop down menu allows the user to set the Dwell FB (FeazkBaop input.
ZSensor This is the default setting. Monitors the cantilever displaent / Z position.
De ection Monitors the Load / Force.

Other Indentation Monitors Indentation by subtracting Z Sensor and De ectignals in real-
time. This mode is a bit experimental and requires a welbcaied InvOLS.

A indenter Ramp After Trigger ~ This will call whatever function has been developed in thaem
ter Panel. The Indentor button brings up the indenter p&estion 18.3.2 on page 251

A Bias Ramp After Trigger ~ This will execute an |-V curve using whatever settings angliag to
the DolV. See.7.

A Dwell Pull-down menu  Activate Dwell function here as shown ffigure 18.6b on page 237

None No Dwell period is applied.

Toward Surface This is a Dwell period applied when the trigger point is resth Bandwidth
options during this segment can be chosen.

Away from Surface  This occurs for reverse pull (see blue mode); a dwell is appdifter the tip
pulls away from the surface and before it approaches it again

Both This applies a dwell when the tip retracts from surface, thgain as the tip approaches the
surface.
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A Dwell Time This de nes the length of Dwell. Maximum dwell time is 10 seds. An example
of a force distance curve (plotted as de ection vs. timehvatmulti second dwell setting is seen
in Figure 18.7 on page 238

Figure 18.7.. Example of a temporal force distance curve (plotted as cantilever de ection vs. time,
with a multi second Dwell towards surface.

A Dwell Rate This is the rate at which data is collected during a dwell; meaybe the experiment
calls for more or less points to be collected during this tirftds an advanced parameter that is
hidden with the default display. Click on thsetup' button then click the checkbox to the right.
Click the Looks Good' button. This parameter should now appear. Click'thee' checkbox to the
left of the setvar to activate so that any changes made wigkieeuted.

AEDwell Filter This is a low pass lter that can clip from 1 Hz to 1kHz; oftentr@odefault param-
eter. Must be activated in the setup menu of the panel sitmldre Dwell Rate.

18.2.2.2. Sampling and Bandwidth Options

The band width (BW) options for the curve collection. Note,view the BW options (in most
version of Asylum Research software), they must be activetde shown using thsetup' button.
Setup can also be activated by right clicking anywhere ompére!.

C Sample Rate This is essentially how many points per second that areatelieduring the force
curve acquisition (Sekigure 18.8a on page 238r example).
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(@) Various data streams from a free air portioro) Examples of force curves collected at various
of a force curve collected at 2kHz (i.e., 2,00Gample Rates and low pass lter settings.

points/sec) with different low pass lIter settings.
Notice higher lIter settings are more noisy.

(c) Zoom of boxed area in Sub-Figure B to illus<(d) Four force curves collected at 10kHz sampling

trate sampling point density rate with different low pass Iter (LPF) band width
settings. Notice at low LPF BW, the data is clipped
suf ciently such that data tting might not occur at
desired point values (in Y).

Figure 18.8.: Examples of Iter settings for force curve acquisition

E Low Pass Filter Sets the cut off value of the low pass Iter applied to the iming data. Lower
values cut off more of the high frequency data. If measurihggh speed event, care must be taken
to have this value high enough to see the event. For exangplanfevent that takes 2 milliseconds,
you need a bandwidth of at least 500Hkzgure 18.8a on page 2139

» Examples of varying Sample Rate and Low Pass Filter valaasbe seen irigure 18.8b
on page 239this was acquired with an Olympus Biolever in water on a nsigdace, but is
shown to demonstrate using the Sample Rate and Low Passdéti@r settings to get the
effect needed.

» An example of using high sample rates and lower LPF setiwagsbe seen ifigure 18.8d
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on page 239where all curves were collected at a sampling rate of 10kttdle the vari-
ous (lower) LPF settings were employed. Notice that at IwWF settings, the data may be
clipped too much for certain applications were de ectiosalation with distance is impor-
tant.

E Real Time Update This drop down menu allows the user to choose how the Forqehgyats
updated:

Never Force plots updateafter the acquisition is complete.
Auto Will update with some time constraints within the acquisitparameters.

Always Force plot is updated as it is being collected; this will bédemt by a black line that
appears within the data stream in the force curve. Sgere 18.7 on page 238r an example of
this.

18.2.3. The Cal. Sub-Tab

This sub-tab is where the calibrations are executed anthgliesph for spring constant determination
(seeChapter 20 on page 278r a complete description of that protocol).

(a) The "Cal' Sub Tab of an uncalibrated cantilever.

(b) Set Sensitivity Pull-down Options.

(c) Set Sensitivity Pull-down Options.

Figure 18.9.: Examples of the options in Calibration sub-tab.

De InvOLS De ection Inverse Optical Lever Sensitivity is calculategl doing a force curve in
CONTACT mode on an in nitely hard surface and tting the skopf the contact region to 1. Ge-
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tReal (R) can also be used to calculate the InvOLS. The uratara/V (i.e. the amount of detected
distance of cantilever de ection per voltage on the photed®r). The red circle indicates the
system is still using the default value, and therefore th#ileaer is not calibratedRigure 18.9a
on page 241 Once the value has been updated the red circle will chamgegtreen circleKig-
ure 18.9b on page 230

Kappa Factor Coef cient between De InvOLS and AmplnvOLS; value is uslyall.09. This
value attempts to compensate for the difference in the lbeeding freely vs. a lever bending
under a load.

Amp InvOLS Amplitude Inverse Optical Lever Sensitivity is calculateg doing a force curve in
AC mode on an in nitely hard surface and tting the slope otthontact region to 1. The units
are also nm/V. Slightly different because it is an AC signaltioe photodetector. The red circle
indicates the system is still using the default value, amiedore the cantilever is not calibrated.
More commonly AmpIinvOLS is calculated by multiplying the DevOLS by the Kappa Factor.
Once the value has been updated the red circle will changegreen circle Figure 18.9b on
page 240

Spring Constant  The calibrated spring constant will be displayed here.@wpter 20 on page 278
for protocol for determining spring constant (k) using theefimal or Sader methods. The red cir-
cle indicates the system is still using the default value, terefore the system is not calibrated
(Figure 18.9a on page 2400nce the value has been updated the red circle will changgteen
circle (Figure 18.9b on page 210

18.2.3.1. Set Sensitivity

Set Sensitivity pull-down menu allows the user to selecttwiithget calibrated. Figure 18.9c on
page 240).

InvOLS Refers to De ection InvOLS.
AmpinvOLS See description above.
Virtual De Line Fits the virtual de ection to a linear line.

Virtual De ection Poly  Fits the virtual de ection to a 2nd order polynomial. Comrhonsed for
Extended Z heads, which are identi able by the horozontaélgtrip around the head.

InvOLS (LVDT) Used data from LVDT closed loop sensor channel as the y-ata d
AmpInvOLS (LVDT) Used data from LVDT closed loop sensor channel as the y-ates d
Amp2 InvOLS Amp InvOLS for second frequency in DualAC™,

Virtual De ection  This is how to calibrate the slight abberant de ection the¢urs in the optical
detection system using a very long force distance cycle. fideeair often has several nm worth
of de ection over the entire 15 ums of Z travel. It must be bedted to “level' the free air part of
the curve to allow for more accurate analysis/ determinatibcontact point; it is updated upon
calibration.

De ection Offset Checkbox  This will electronically set the De ection voltage in the $&meter
to OV; The offset is the same magnitude made to whatever @ dir de ection is, this will
electronically zero the de ection, and then an absolutgger works like a relative trigger (see
Figure 18.2.1 on page 236r more on Absolute and Relative triggers).
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For example, if there was a -0.88V free air de ection in the[5&eter, typing 0.88V into the
de ection offset setvar, and clicking the checkbox to aatiévit would electronically set the free air
de ection to 0.0V.

Virtual De . 2nd Term  This is for extended Z range heads that need a polynomialttee Virtual
De ection (i.e. using the Virtual De Poly tting function @scribed above) ; value is updated upon
calibration.

For a more complete protocol description of spring constaliibration, se€hapter 20 on page 278

18.2.4. The GoThere Sub Tab

Figure 18.10.: The Go There Sub Tab for Point and Click force curve acquisition.

The Go There Sub Tab of Force tab in the Master panel allowsiske to designate points on
an acquired image for subsequent force curves. This is vafuliwhen you have imaged the
surface and want to immediately acquire force curves ati sppoints/features on your image.

The MFP-3D's closed loop sensor accuracy makes this pessibl

While acquiring the image or immediately following, the usan 'pick points' on the image in
order to acquire either force curves or IV curves at thoseigb

Procedure:
1. Acquire image in AC or Contact mode.

2. Ifthe image was acquired in AC mode, but the desired forceecacquisition is to be in Con-
tact mode (i.e., not dynamic force spectroscopy), withdfaevtip, and change the imaging
mode to'Contact' from the imaging mode pull down menu, located right aboveTttigger
Channel. If you are relying on either the amplitude or phdsanoels to locate a feature
or area of interest you may want to unselect 'Auto Channeldshe Master Channel Panel
BEFORE swithcing to Contact Mode so that the software do@snbn gure the displayed
channels when switching from AC Mode to Contact Mode.

3. Click the "Show Markers' 2 checkbox. By default theShow Tip' 2 checkbox will also get
selected. The location of the tip, as marked by a red dotapear within the XY scan area.
A red 'X' marked with a '0" will also appear in the center of thimage. This is Position 0.
A cursor will also appear at Position 0. The user can grab aaglthe cursor to new
location to mark additional points for either force or IV ees.
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Figure 18.11.: The Go There subtab for Point and Click force curve acquisition.

4. Click thePick Point' button.
5. Using the left mouse button, grab and drag theursor to a feature of interest.

6. Click on the That's It" button. The new position will be marked by a '1' - Position 1.
This locks the point at that spot, meanwhile the Spot numteex is advanced by one in
anticipation of the next point location being chosen. Nmtite user de ned location/ spot is
marked on the image with an X' and also labeled with the spmhiber Figure 18.12b on
page 244.

7. Also, notice the Spot Number base suf x will increase by cexpecting another point to be
picked.

8. Continue to grab and drag the cursor until you have selected all of your point&ig-
ure 18.12a on page 244

9. When ready to acquire the force curves, enter the Spot Nufobtre position on the surface
you want to probe.

10. Click the Go There' button. Notice the red dot designating the tip position witive to that
point (Figure 18.12b on page 244yenerally at a rate the scan rate is set to in the Main tab
of the Master Panel.

11. Click the Single Force' button, ‘Continuous' button, Crtl+3, or downward function selector
toggle on the Controller to acquire force curve(s).

Sub- gures a and b ifrigure 18.12 on page 24how an example of designating some user de ned
points on a DualAC™ second amplitude image of some waterdbpa@t (seeChapter 14 on
page 163} In Figure 18.12a on page 24the cursor was moved from image center to designate
rst de ned location (as seen ifrigure 18.12b on page 244n Figure 18.12b on page 24HKree
different points are selected at different contrasted gnlagations. Notice that the red dot is at
point '3', marking the current positionof the tip.

To acquire multiple curves at a given point, click ti@ntinuous' button, and designate theimit
Cont. to' setvar to a desired value (sBection 18.2.1 on page 232

Recall the'Limit Cont. to' variable isn't shown in the default MFP-3D software, so itshbe
activated by clicking theSetup' button. If the value is set tanf' it means it will collect curves
continually (in nitely) until told to stop.
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(a) Drag the cursor from image center to desire¢b) Many locations selected:; tip located at position
location 3, indicated by red dot.

Figure 18.12.: Force curve location points.

Figure 18.13.: Continous force limit count of the Force panel.

The Go There' functions also work for the electrical characterizatiomshniques.

18.2.5. The Save Sub Tab
The Save Sub Tab is where force curves get savigdi(e 18.14 on page 2i4The default lename
is 'Image’ but it is highly recommended that you change thiadk to a more meaningful descrip-

tion of the experiment. Use the same 17 character lenameitissaving images; the lename
can't start with a number or Igor lets you know its displeaswith your desire to attempt this.

Figure 18.14.: The Save Sub Tab.

As curves are acquired, the base suf x will increase by 1.

18.2.6. Force Channel Panel

This panel assigns the data channels displayed and savedcia Flots.
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Figure 18.15.: Force Channel Panel

The Green / Blue / Red circular dots to the left of the chandelscribe the settings of those
channels as follows:

« Red = Channel is not on (no activation checkmarks)

« Blue = Channel is ONLY displayed (i.e., YDisp checked forigeg Channel, but Save not
checked)

* Green = Channel is saved (does not care if channel is displaynot).

» The "Channel' column gives all the possible data channed¢e that depending on the ex-
periment, some will give no real signal.

» The “Save' column is what data is always saved - the chamhelsked here are what can be
called up in the Force Display Panel in the Analysis sectiotinis software (i.e., there is a
pull-down menu that you can select the Y axis for).

e The "Graphs' pull-down allows up to 5 channels to be plogadultaneously. Depending
on the number of graphs selected in the pull-down menu, tlaatynX&Y columns will be
displayed.

e Each Graph column (1,2,...5) allows selection of two disiens to plot the desired curve/
signal in. On each plot, multiple Y-axis dimensions can lmtptl vs. a single X-axis.

To display time as the X axis, activate the Time radio buttmwards the bottom of the Force
Channel Panel-igure 18.16 on page 24Hhows an example of a De ection (Y) vs. Time (X) plot
assigned via the Force Display Panel. The inset shows thésXadio label selected to assign time
as the X axis; De ection would be checked in the Column tab.

18.2.7. Closed Loop (2Z) Activation

Closed loop force measurements are necessary for congtlacity or consistent loading. Note
that it will have more noise associated with it than in opesplo
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Figure 18.16.: De ection vs. Time Plot

1. To turn on go to the setup menu to activate it.

Select Closed Loop

2. * From the pull-down menu, select
Closed Loop.

3. Closed loop can also be activated when activating the lredestieckbox in the Indenter
Panel.

18.2.8. Empirical Considerations

18.2.8.1. Software Parameters:

Force Distance

» Choose a force distance that is large enough to have sorhe dfitee Air' (non
contact) portion in the curve, such that the contact pointlmproperly

1. determined during the analysis.

« Using force distances that are too long (i.e., mostly akfair in the curves)
reduces the portion of the curve dedicated to the displaseethe surface,
and therefore reduce the resolution of the curve.
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InvOLS / k Changes

* Sometimes you can get different InvOLS values numbersrbefod after an
experiment. There are a few possible causes of this. Conédiom of the probe
can change the SUM, which can change the InvOLS. Thermalanif change
the superluminescent diode (SLD) position over long periaidiime (hours to

2. days). Degradation of the probe coating can also causeTthis.can also
manifest itself to some degree in a wider than expected fistabution results.

* Floppy cantilevers can be electrostatically bent by tirféase even when the tip
is retracted several microns. This in turn compromiseshibettal peak t on the

nal step of the k determination. Wheel that tip several hiaatimicrons up if
possible, and the peak should be sharper (For an exampl20sz§.

18.2.8.2. Experimental

InvOLS / k Changes  Choosing a cantilever that is appropriate for the measuneme
is important. In general, the spring constant of the proleeilshbe close to the
effective spring constant of the sample. Another way tokmhthis is for every nm of
cantilever de ection there should be a nm of sample indénat

2. Thermal Drift It is common once a system is set up to let it equilibrate for 30
minutes or more. When operating in uid, this process cam takger. This will be
particularly common in labs that have a large variation srthom temperature.

Sample Prep It is important to have the substrate well af xed. Avoid twided
tape as it can introduce drift and creep into the experimEnit includes copper and
carbon tape. An alternative to these that is removableit®sié vacuum grease, First
Contact (R) from photonic cleaning solutions, and silveénpftom Ted Pella.

Thermal Equilibration

Work in Fluid **If the sample allows — i.e., doesn't swell. Do this to avdatge adhesion (i.e.,
jump to contacts) which will make the point of contact detieation even more subjective.

IF Working in Fluid  When acquiring force curves in uid (which is common) it is aggl idea to
let the system equilibrate for 30 min to a couple of hours. st dramatic de ection drift will
occur in the rst 20 minutes, but drift will continue to occas the thermal gradients approach
equilibrium.
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Figure 18.17.: Hydrodynamic effects can occur in uid with fast force curve acquisition cycl es

18.3. Force Mapping

Force Mapping is used to acquire an mxn array of force cuwesdate an 'image’ of the surface.
It is essentially a 3D map of the tip-sample interactions.
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(@) Fmap Sub Tab Showing Paramete(s) Force Tab Showing Triggering Pa¢c) Calc. SubTab De nes Data Chan-
rameters nels per Respective Axis

Figure 18.18.: Force Map Tab

The third tab in the Master Panel called FM&jigure 18.18a on page 2¥allows the acquisition
of Force Maps (also known as Force Volumes) on Asylum RekesiFi/'s.

Figure 18.19.: Curve Collection

As shown inFigure 18.19 on page 24¢he curves are collected in a "Frame Down' raster fashion
(starting point blue dot) in an “across the fast scan, mownexbslow scan line, across in fast scan'
iteration. The opposite is true is when doing a "Frame UptEanap.

< For the MatLab users out there, exporting is an importansickeration for post processing
due to the way the les are exported.

The FMap Panel has two Sub Tabs that include similar confoolsd for imaging in the main tab
plus new data channels appropriate for Force Maps. The faaameters used in the Force Maps
must be entered in the Force Tab. The help menu de nes theampters pretty well:

Scan De nes the XY scan area and operates similar to the Main Fadpufe 18.18a on page 2149

Calc De nes what channels will be displayed See description alpigure 18.18c on page 219

» Data Column displays / captures the X axis data.
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» Data B Column displays / captures the Y axis data.

e Section Column gives option to extend or retract a portibousve to be analyzed for the
map.

The lower portion of the FMap tab is for capturing data, samib the Main tab.

The Continuous Maps checkbox will collect force maps cartirsly in the same scan range region
until told to stop.

18.3.1. Procedure for Force Map Acquisition

Since Force Maps may take minutes to hours to acquire demgiodi the sample and parameters
necessary for quantitative measurements it is a good iceeiare several individual force curves,

ideally at different locations, and analyze them usingegitthe Analyze or Elastic Tabs in the

master Force Panel.

1. De ne whether to acquire Force Curves in Contact mode or ACeno

2. De ne the Scan Size for the Force Map. If acquiring a Force Maepctly after imaging an
area, the “Scan Size' eld will already have that area diateftom the "Scan Size' eld of
the Main Tab of the Master Panel.

3. De ne the XY Velocity, i.e. the translation between pointsXY. This is similar to scan rate.
If you are uncertain what to use the default value of 100nm#sgood starting point.

4. Adjust the Scan Angle of the tip as needed. This parameteleigtical to normal scanning
(i.e. if 0°, then the X axis will be parallel to the length otthantilever; 90° will be normal
to the length of the cantilever). If you have already captuae image then you most likely
want to keep the scan angle the same.

5. De ne the number of Force points and Force lines. These twamaters are quite important.
A lot of points and lines will result in long scan times, ofteaurs long, which may not be
ideal for a living sample. The user may also want to limit thenber of points and lines so
that the tip isn't indenting in the same area of the sampleentioan once. Too few points,
however, typical won't give you enough for statistics. Se tiser will need to optimize Scan
Size, Force Points and Force Lines for each sample and nesasnt.

a) The “Scan Line Time' setvar will tell how long it will take tacquire the Force Map
based on the parameters de ned (all the XY translations iamel to acquire each force
curve).

b) The Width:Height is the aspect ratio of the scan areagsish imaging.

6. De ne the force acquisition parameters in the Force Tab. Sdfavare will use these param-
eters for the Force Map. The main parameters to adjust iaclud

a) Force Distance: make sure that the Z Piezo will pull theileser away from the
sample surface enough so that when the tip moves to the ngiibpat won't ram into
the surface.

b) Velocity: many samples (soft, biological, viscoelastithow a velocity dependence
effect on modulus (i.e. the fast the tip indents into theaafthe higher the calculated
modulus) so it is importatnt to select a velocity that womtt eally increase modulus.
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c) Trigger Channel/Paoint: Although there are many optidnthe cantilever has been
calibrated it is important to select a channel other thanDaw(i.e. De \Volts). Force
is most commonly used as this is what is displayed when apgplyicontact mechanics
model to the dataHigure 18.18b on page 219

7. Select the appropriate data inputs in the Calc Sub Tab. Thelteare Height and Adhesion.
You can also swap out Adhesion for a 2-Point Modulus Fit. Big important to note that
the full t cannot be done in Real Time; the user will have toitwantil after the entire Force
Map has been acquired before using the Elastic Tab. Songetint looks like an MFP-3D
“Display Window' appears during acquisition, with tabsttbarrelate to what Channels that
are selected in the Calc. Sub Tab ($@gure 18.20 on page 2h1l

8. Click "Do Scan', ‘Frame Up' or ‘Frame Down' to begin Force Map Acquisition.

(@) (b)

Figure 18.20.: Screen shots of real time force map acquisition. Pixels are updated after each subse-
quent acquisition.

18.3.2. Cantilever Based Indentation

Cantilever based indentation probes compliance of médebat it can be subject to error due to
the ploughing effect of the probe as the piezo pushes theesgiplinto the surface. The error can
be reduced by using small indentation values.

This section will introduce:

« Most basic concepts of nanoindentation of materials.
» Empirical considerations regarding the cantilever/ gfgstion.
¢ How to navigate the AR indenter panel software.
e Some examples of various materials from the AR user base.
* The tip material is important because it must be must haveiértarger modulus than the
material to be indented.
— Silicon tips can be used for many biological and polymeriderials, but may not be
effective on harder materials.

— Diamond (solid or coated) and silicon nitride tips are wydelailable. Spheres or
various modulus can be glued to levers for using Hertzianambmechanics (also see
Section 18.3.3 on page 265
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It is also important to mention the delicate interplay betwelastic and plastic deformation in
the material being indented (elastic will recover from thenoved load, while plastic does not).
The indenting probe pushes down into a material; reache $ogyer point and retracts. The
primary difference between a simple force curve and an itadiem is the use of the indentation
panel (AFM Controls—>Indenter), which gives better contbthe indentation. Indenting on a
plastic material leaves an indent depth (hf) in the matesiahller than the total indent depth (h).
This can be described as a simple power law relation:

P=a(h-ty)™

Where:

P is Load; typically in the force dimension (N).

aand m are empirically determined tting parameters associatéti imdenter shape.
h is the total indentation depth

h; is the nal displacement after complete unloading, and disiermined by tting.

There are various other h's depending on the tting modehbeised.

(a) Various indentation depths (h) in a material thato) Typical load/unload curve for a material that
deforms plastically. has some plastic deformation.

Figure 18.21.: Qualitative schematic commonly used in nanoindentation to illustrate difference be-
tween maximum indentation (h) and indentation depth after load is removed (h;). Figure adapted from
Oliver, W.C., Pharr, G.M., J. Mater. Res. 2004, 19 (1) p3-20.

General qualitative responses of various materials urpggieal load can be seen #? on page??.

Panel A shows a fully elastic system; there is no hysteresiwden the load and unload com-
ponents, indicating the material fully recovered while flas load was removed. Panels B and
C Show various amounts of plastic deformation (less and yrespectively), based on the de-
gree of hysteresis between load and unload components! Pahews some material response/
rearrangement event occurred during the unload cycle; |agbows some material response/
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rearrangement event occurred during the load cycle. PashbWs the that material is moving
signi cantly at the initial unload, indicative by the negat slope of the unload component.

Note To obtain curves like this with the MFP-3D, the indenter Pamgst be usedfection 18.3.2.1
on page 254
References:

¢ \ertical indentation-

— Oliver, W.C., Pharr, G.M., “Measurement of hardness andtielanodulus by instru-
mented indentation: Advances in understanding and re mggn® methodology”, J.
Mater. Res. 2004, 19 (1) p3-20. (REVIEW)

— Gong, J., Miao, H., Peng, Z., “Analysis of the nanoindeptatdata measured with
a Berkovich indenter for brittle materials: effect of thesiokial contact stress “,Acta
Materialia 52 (2004) 785—793.

— Mencik, J., “Determination of mechanical properties bytimsiented indentation®,
Meccanica (2007) 42:19-29. (REVIEW)

— W.C. Oliver and G.M. Pharr, J. Mater. Res. 7, 1564 (1992)

— VanLandingham, M.R., “Review of Instrumented Indentatjof Res. Natl. Inst.
Stand. Technol. (2003), 108, p249-265. (REVIEW)

— Schuh, C.A., “Nanoindentation Studies of Materials”, M&tks Today 2006 9 (5) p32-
39.

— VanLandingham, M.R., Villarrubia, J.S., Guthrie , W.F.,y¥es, G.F., Nanoindentation
of Polymers: An Overview”, Macromol. Symp. 2001, 167, pIH-&REVIEW)

— Fischer-Cripps, A.C., “A review of analysis methods for suleron indentation test-
ing”, Vacuum 58 (2000) 569-585. (REVIEW)

— Fischer-Cripps, A.C., “Critical review of analysis anddrgretation of nanoindentation
test data”, Surface & Coatings Technology 200 (2006) 4153654 (REVIEW)

— Mosesonm A.J., Basu, S., Barsoum, M.W., “Determinatiorhefeffective zero point
of contact for spherical nanoindentation”, J. Mater. R2600) 23 (1) p204-209.

» Cantilever based:
— Lin, D.C., Dimitriadis, E.K., Horkay, F., J. Biomech. EngRO&bust Strategies for

Automated AFM Force Curve Analysis—I. Non-adhesive Inddoh of Soft, Inho-
mogeneous Materials”, (2007) 129, p430-440.

— Lin, D.C., Dimitriadis, E.K., Horkay, F., J. Biomech. Eng.Robust Strategies for
Automated AFM Force Curve Analysis—II: Adhesion-In uertténdentation of Soft,
Elastic Materials”, (2007) 129, p904-912.

— Lin, D.C., Horkay, F., “Nanomechanics of polymer gels anoldigical tissues: A crit-
ical review of analytical approaches in the Hertzian regand beyond”, Soft Matter
2008 4 p669-682. (REVIEW)

— Masterson, V.M., Cao, X., “Evaluating particle hardnesplwmrmaceutical solids using
AFM nanoindentation “ International Journal of Pharmamsu2008 362 p163-171.

» Some useful web sites that provided some understanding:
— http://www.its.caltech.edu/~ae244/Lecture10_11046f7.
— www.csm-instruments.com/en/webfm_send/42/1
— http://www.microstartech.com/
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18.3.2.1. Indenting Procedure

Before Indenting, it is assumed that the following stepsehascured.
1. Load tip, align SLD on cantilever, zero PSD.
2. Bring the probe into piezo range of the sample.
3. Con rm the imaging mode is set tOontact.
4

. Find InvOLS and cantilever spring constant. This can be dattethe GetReal software, or
with a force curve and the thermal methol8.(3.9

Software Operation: There are two ways to approach caatileased indentation in the MFP3D
software.

1. Use the Force tab of the Master Panel exclusively; this isthxthe same as standard force
curves. Trigger points can be used as loads; Dwells can lokasskolds or creep studies.

2. Use the Force Tab in conjunction with the indenter panelhWits approach the force tab
can be used to apply a very small trigger point (i.e., 1 nm déam trigger), then the cycle
de ned in the activated indenter panel applies the load utrreaches its end and completes
the Retract curve.

The AR Indenter Panel

Figure 18.22.: AR Indent Panel. Numbers correspond with steps below.

1. When the indenter check box is activated, this panel usese@ltwop Z sensor to apply the
load (after the initial force trigger used to nd the surface

2. The indenter mode pull-down menu gives important optiogaming the feedback:

a) Load: Uses force, or de ection feedback to control the load.
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b) Displacement: The motion of the Z sensor signal, or how far the probe chip (iart
you pick up with tweezers) moves during the indentation.

C) Indentation: The Z sensor signal minus the de ection. This indicates lfenvihe probe
tip pushes into the sample surface

The units' pulldown lets the user choose between \olts, distance (epare (N).
Loading Rate can now be chosen in a comfortable dimension.

Maximum load can also be selected.

o o & w

Indenter function pulldown lets you choose between triarfgbltage/loading) waves, add a
dwell (for creep) or use the AR Function editor for customtiroes - very exible - AC and
DC modes. The pull-down menu options are:

a) ARINdentTriangle: Linear loading and unloading at the same rates.
b) ARINdentTriangle2: Linear loading and unloading at different rates.

€) ARINdentTriangleDwell: Linear loading and unloading at the same rates, with a hold
(dwell) in between

d) Function Editor: Allows customer waves to be built, including static and atyric load
and hold applications; se®ection 18.3.4 on page 2538r more about the function
editor.

7. Disregard these. The tip serial number and poly InvOLS istlfier vertical nanoindenter
exure module accessory option.

18.3.3. Colloidal Probe Microscopy

Colloidal probe microscopy is a force spectroscopy tealmmiq which a spherical probe is mounted
onto a cantilever, and used (in most cases) to push on a stdtielaThe sphere allows Hertzian
contact mechanics to be applied to the analysis.

Figure 18.23.: Colloid Lever Side View

Some reviews and useful papers regarding colloidal proloeosgopy include:
e Bonaccurso, E., Kappl, M., Butt, H.-J., Current Opiniondolloidal & Interface Science,
2008 13 107-119.
e Vezenoy, D., Noy, A., Ashby, P., J. Adhesion Sci. Techngl2g05 19 (3-5) p313 — 364.
 Leite, F.L., Hermann, P.S.P., J. Adhesion Sci. TechnoRk@ys 19 (3-5) p365 — 405.

e Christendat, D., Abraham, T., Xu, Z., Masliyah, J., J. Aslba Sci Technology 2005 19
(3-5) p149-163.
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e Tormoen, G.W., Drelich, J., J. Adhesion Sci Technology209 (3-5) p181 — 198.
e Kappl, M., Butt, H.-J., Particle & Particle Systems Chaeaization 2002 19 (3) p 129-143.

e Lin, D.C., Horkay, F., “Nanomechanics of polymer gels anoldgical tissues: A critical
review of analytical approaches in the Hertzian regime agybhd”, Soft Matter 2008 4
p669-682. (REVIEW)

Some assumptions for acquisition and Hertzian analysiadec
* Load p (depth)", where is a function of the geometry & the elastic proper{iésung's
modulus and passion ratio) antrepresents the shape of the pressure distribution
« |s fully elastic
e Pressure distribution same a spherical indenter shape
« Radius of spherical indent < radius of sphere
* Frictionless
* Bodies large compared to volume under contact
e |sotropic
« Spherical indenter contacting at surface

« Cantilever spring constant is NOT similar to material lggoushed want cantilever k much
larger

« Elastic indenter much stiffer than surface

Figure 18.24.. Colloid Lever Top View

Note On cantilever calibration with spheres: it is usually mohaltenging to calibrate the can-
tilever spring constant (via thermal method) with an af xgghere due to the increased Surface
Area (especially in air). An example of large surface foraeting on a sphere can be seerrig-

ure 18.25 on page 257Motice large jump to contact and adhesion to surface befuapping back
to free air.

There are two ways to avoid large attractive forces thataffiéict the virtual de ection calibration:

« If working in air Calibrate virtual de ection and the thermal tune far off theface (several
hundred microns) to avoid long range charges between thteespind surface that premature
the de ection cantilever.

e Work in uid Although the much lower Q of cantilever can make tting thengi from
thermal method more challenging.

For acquisition, some considerations:
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Figure 18.25.: Large surface forces can act on a sphere af xed to cantilever (in air; k ?)

* Do not indent more than a quarter of the diameter of the gphiexed to the cantilever - this
is for the Herztian mechanics based analysis.

* Choose the cantilever spring constant so that it can appiwndto the sample, rather than
(fully) de ect with the load. This can be determined from therce vs. Indentation plot :
If the contact regime has a slope that goes to in nity, themldéver is likely fully de ecting
under the load, rather than deforming the samplgure 18.26 on page 25hows an exam-
ple of this. In Panel A), it is not really clear that the levefully de ecting. However, when
force is plotted against indentation (or separation), thpeslooks like a right angle to the
free air (non contact) portion of the curve.

(a) Force vs. distance (b) Force vs. Indentation (de ection (PSD signal)
is subtracted from the LVDT signal.

Figure 18.26.

Colloidal probes are available two con gurations:

« Commercially available from NovaScan (lowa), sQube (Gemym and probably some other
vendors.
e Can be (home) made in the lab, especially if your AFM has ssoneof bottom view optics.
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Note Tipless levers are also available from most vendors.

Regarding sphere materials, things to consider are:

» Material's thermal expansion coef cient is an importamnsideration (Borosilicate has a
favorable one)

< Material's modulus (do not want it too soft to act as anosming in the system)

e Mono/poly dispersity (i.e., as close to sphere shape asilpe}

« Material charge - most polymers and glass products aregeamhich can contribute to
attractive/ repulsive forces.

18.3.4. Dynamic (AC) Force Spectroscopy

Dynamic force spectroscopy acquires force curves whileGm#ode. Dynamic force spectroscopy
is done by ramping the z piezo while oscillating the AFM proB€ mode force curves show the
interaction of the oscillating probe as it approaches, ietapping, and often de ects against the
surface of the sample (s€€ on page??).

As the drive amplitude is varied, the degree of net attradivd net repulsive interaction the tip has
with the surface can changEigure 18.27 on page 25hows various AC force curves acquired on
mica at varying drive amplitudes. Notice the amount of nptitgive and net attraction the tip has
with the surfaces varies with distance from the surface.

Figure 18.27.. AC force spectroscopy.

Figure 18.28 on page 25¢hows some “point and click' AC force curves de ned from a s#ha
image of water based latex paint (Sherwin Williams).
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e The sample was imaged with an Olympus AC 240 (k~1.6N/m; Hz)kn air in repulsive
mode; the free air phase was ~64 ° (depicted by orange daisiegd |

e The force curves were acquired at constant (drive) angdit{same as the image) and the
trigger point was 5 nm to reduce the amount of Phase bi-galgthode hopping) under
applied load.

e There are clear differences on the surface- notice thaitp@ & 4 (black and blue, respec-
tively) are similar during the approach (extension) cuytiesre is an initial attraction to the
surface, then repulsion; at some point, the tip becomegictoshe surface, it ipped back
to attractive mode.

e Point 3 (red) never goes into the repulsive regime.

Figure 18.28.: AC point and click Force curves on heterogeneous sample: A) Phase image of paint
sample with location of user de ned force curves; B) individual AC for ce curve Phase vs. distance (2)-
orange dash line indicates Free Air Phase values of ~64 degrees. (yes, that is the di color table on the
3D)

18.3.5. The MFP-3D Function Editor

The MFP-3D software has a "Function Editor', which is vergfus for applying custom made
waveforms for force spectroscopy, indentation, and varigactrical techniques.

To open, click the Function Editor option in the indenter ganA panel like the one shown in
below will appear.
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Figure 18.29.: The AR function editor allows custom wave forms to be applied to the Z piezos, or tip
sample biases, for advanced force spectroscopy experiments.

1. The buttons to the right of the panel allow the segments toopé&d then pasted to the left
or right of the copied segment.

Insert Will insert a segment to the left or right of the forward-m@std) segment, having
the same constant values as the red segment its attached to.

Paste Paste a copied segment; will have the same parameters asl gggiment.
Copy Copy a segment. Segments must in activated (red) with mdiaget@ copy them
Draw Allows “free hand' line segments that are strung together.

Layout This dumps image of function to an Igor Layout (which are awes!).

Whichever segment is displayed as red is the forward mosheegto be manipulated via
the buttons or setvars.

2. Segment Parms Subtab:

Static This is for DC voltages applied to the piezo (stack); thertSéad "End' Piezo volt-
ages, and velocity can be user de ned.

Dynamic This is for AC voltages applied to the piezo (shake); the @nonbt, Frequency and
Phase setvars can be adjusted accordingly. This is usefadddlating the tip for viscoelastic
materials.

3. Global Parms Subtab:

This scales and offsets the signals in the function generato
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Figure 18.30.: Global Parms Subtab

Units Pull-down allows choice between Volts (applied to piezoywters (accurate with
calibrated InvOLS). This can also be useful if using the AR¢tion Editor for applying
electrical biases to tip or sample if doing an electricahtegue (not described here).

Units Scale Wil give the sensitivity (InvOLS) displayed if meters seted for Units.
Scale Allows the generated function to be scale be some setvarrfates will rescale.
Offset Wil offset the signal on the Y axis.

Sample Rate What frequency (# of pts/sec) the data is collected at.

Sin Amp Allows the sinusoidal amplitude to be scaled.

Sine Freq Allows the frequency of the Sine signal to be scaled.

Sine Phase Offsets the Phase from O to some other user de ned value.

Advanced:
This tab allows the user to save functions for future use tamtd ne what the function will drive.

Figure 18.31.: An Example Custom Waveform

Figure 18.31 on page 2&hows a simple function that was generated in the Editor.yNMagments
were added and set to tell the cantilever to de ect to 176 rotg for 5 seconds with an oscillation
of 10 Hz with 7.06nm peak to peak amplitude at 90° phase, @dkla bit and hold again for 3 s
at 8 Hz with 31.52 nm peak to peak amplitude 0°, then returnrtegative de ection.
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19. MicroAngelo ™ Lithography & Manipulation

CHAPTERREV. 2027,DATED 07/13/2018, 16:14. BERGUIDE REV. 2053,DATED 09/28/2018, 15:06.
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The closed loop X-Y-Z positioning of the MFP-3D and Cyphesteyns makes it ideal for accurate
and complex scanning probe based lithography, and nanptoetgicron scale tip manipulations.
Typically, an area of the substrate is rstimaged non-degively (in AC mode or gentle contact)
to determine what the surface looks like; then mouse strolg®esenting the tip's path(s) can be
added to the image using the MicroAngelo software. Imagaseamported and scaled appropri-
ately, set point voltage (or tip bias) ranges de ned for thearition, and the scripting performed.

These instructions and example assume the user is using 83MFAFM and is set up with
desired tip and sample; and is engaged on the surface.

19.1. Introduction to Software Panel

In the Main Menu bar of the ARSPM
software, open the lithography panel by
1. | choosingMFP Controls . Litho Panel. The
panel consists of four tabs including
MicroAngelo, Groups, Step & Velocity.

The MicroAngelo tab  allows the user to draw lines on the image representing tipspae-
termine the set point during the manipulation and the settgmtween paths (kind of like a
retraction set point); make groups of paths; de ne constaitdcity during the path; deter-
mine mode (contact or AC); apply constant tip bias (if perfing an oxidative or reductive
manipulation; other features of this window will be desedlater in this procedure text.

The Groups tab  allows the user to import an image, rescale a saved pathdapgf paths)
that you have previously drawn, or select between savedgrioumemory. There are slider
bars that allow X& Y rescaling preserving the aspect ratitsatting the group in X and/or
Y; and group rotation.
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The Step tab allows the user to make arrays of points by de ning numberas, spacing
between points, dwell times (& ranges), and tip voltagesdB&ges, if applicable).

The Velocity tab varies the tip velocity along the path based on the pixelrcotoan im-
ported image.

The help menus are excellent for the MicroAngelo software. To access thest,click on
the question marks to the right of every parameter or butidhe software panels.

2. Image the substrate to determine an area suitable for t#épby or the manipulation. De-
pending on your substrate material or application, it ma&p dde a good idea to have the
spring constant determined prior to the manipulation, souter is aware of the amount of
force applied at a given Set Point voltage.

19.2. Drawing lines

19.2.1. Basic Operation

MicroAngelo allows the user to draw linear or free hand lingsresenting tip paths on an image
window. Multiple lines can be grouped together, offsetatet and rescaled if necessary.

1. In the MicroAngelo tab, activate the FreeHand or Line raditidn depending on what kind
of line you want to draw.

2. Click on the 'Draw Path' button. Notice the button now rea&op Draw', the free hand
and line selections become faint because they can not behadibetween each other, and a
cross hair cursor will be present when the mouse is on oneedfriage channel windows.

3. Draw a path on the image window with mouse/cursor. If drawirare than one path (with
the line tool or free hand tool), left click mouse button atleaegment; double click mouse
button when nished drawing line segment.

4. Paths can be grouped together: If you want to save the pdtiefature use, Click ‘Make
Group', then 'Save Group', name it in the dialogue that shawsNotice this name will now
appear in the listin the Groups tab.

5. If you want to switch between the FreeHand & Line tools, cli§kop Draw', switch to
the other; then click 'Draw Path' again. Notice the drawreliturns from red to blue once
clicking 'Stop Draw'.

6. For scratching based lithography or manipulations, switehimaging mode to Contact in
that Main tab imaging mode pull down menu of the Master pameln the 'Litho Mode'
pull down in the Litho Panel.

7. Select a 'Normal Set Point' that will not damage the surfat@ethe tip is moving between
paths. In contact mode, a de ection value that is the sambkeaf¢e air de ection (or more
negative than that value) won't damage the surface betwtengaths.

8. Determine/ select a 'Litho Set Point' value that will applgaaigh force to perform the de-
sired lithography result (Scratch, oxidative/reductigéfusion based direct write, etc.), or
have enough force to perform the manipulation (withoutngdover what is intended to be
pushed).
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9. Click 'Do It!" to execute the litho event. Notice this buttarow reads 'Stop Litho'.
10. The tip will be withdrawn when completed with the lithogrgpmanipulation execution.

11. The 'Show Directions Arrow' checkbox will show the direatidhe path will traverse, and
will become apparent on the image. To adjust the number ofaarion the path pattern,
double click on the path and a dialogue comes up allowing woredluce or increase the
number of arrows, similar to how plots are customized in.Igor

12.

The gures above show a simple set of lines drawn with Micrgalo: one was by free
hand, one by line. The two paths were grouped by clicking theke Group’, then
'‘Save Group' buttons- a dialogue came up asking what themi®to be named. The
Free Air de ection (from S&D meter) was -0.57V, so the 'Norh&et Point' was

de ned as -0.5V, while choosing the Litho Set Point as 0.5 MeTelocity was 600
nm/s.

 Similarly, this same approach can be applied for samplapnéation via the tip.
* If you rescale the image/ scan area to view results, youprilbably have to kill
the section by clicking 'Kill All' button.

19.2.2. Using the Setpoint Wave Checkbox

You may use the Setpoint Wave checkbox in the MicroAngelotdadystematically vary the Set-
point.

1. When Setpoint Wave is checked, a new dialogue is presens&tdlitows Set Point voltage
ranges to be applied along an individual line/path, in eitnénear or staircase waveform.
Note that is not able to distinguish between objects in agrou
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After imaging the surface in AC mode, the
2. | path is drawn by clicking the 'Draw Path'
button, and then the'Stop Draw' button.

Check the 'Set Point Wave' checkbox ,
which brings up the Litho SetPoint

window. The control parameters at the top
of this window allow the user to de ne a
start and ending Set Point voltage, and
whether that ramp is stepped linearly, or as
a step function.

* In this example, the Set Point range
was from 0 V to 7 V with a linear
ramp wave. The 'Voltage Step' setvar
value is insigni cant when using
linear waveform ramps- it only
applies when using step wave forms.

Click the 'Do It!" button to execute the
MicroAngelo event.

» The gure shows the results of this
ramping Set Point (applied force). As
expected, with increasing Set Point
voltage/ force, the tip plows further
into the polycarbonate surface as it

4. traverses the de ned path, seen as a
feature increasing in width.

* The path was de ned such the tip
would experience increasing torsion
as the pattern was traversed, to
demonstrate what is described in the
next section.
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19.2.3. Save Data checkbox

This checkbox allows the de ection and lateral signals nigithe event to be viewed.

e To view the de ection, lateral and
time signals during the manipulation
event, click the 'Save Data' checkbox
BEFORE the event (before clicking

the 'Do It!" Button).
« After the event, click the 'Litho

Review' button, which will bring up a

1. panel similar to the one seen in the
example. This panel shows a list of
the litho events that were performed
in lgor's memory.

» Choose the event you want to see the

saved data for during the event.
» Choose X & Y wave desired from the

respective pull down menus.

 Click ‘Make Graph' button to view
the data; a plot similar to the one seen

in the gure.
* |n this case, the lateral data is shown,

representing the torsion on the
cantilever during the lithographic
2. event shown in Figure 10.4 (above).

Note that the lateral signal during the
manipulation is limited by the bandwidth of
the ADC used for the lateral signal (~100
kHz). The bandwidth on the de ection
signal uses the Fast ADC at 2.5 MHz.

19.2.4. Importing Images as Patterns

Importing an image to use as a group in MicroAndBlis a very straightforward task. Many image
les (tiffs, jpeg, Bitmap, etc.), as well as GDS (graphicsidm system) CAD drawing les can be
imported.
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* Open the Groups tab.
* Click on the 'Load Image' button; a

1. browse dialogue comes up letting you
select the stored le.

» The image loads and Igor
immediately makes a 'Contour’ of the
image. This gure shows the results
of loading the AR logo

2. » The contour image de nes the edges

of the imported image as the path the

tip will traverse during the
manipulation.
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» Notice at the top of the Contour
window, there are some parameters
you can adjust. These parameters are
discussed further towards the end of
this section. For now, this simple
image will be contour value '1'.
Contour effects are more pronounced
in imported images that are grayscale
or have color. It's best to try it on

3 your own.

‘Total contour' has something to do with
edge effects- its similar to a threshold in the
mask function in the modify panel.

'Which contour'  chooses which contours
will be included in the group ultimately
used as the path.

Color is a pull down menu that will color
the different contours.

* Click the 'Save Group' button to add
this group to the list. (In this example
it is called 'ARlogo")

4. . Highlight th_e group of your choice._

* Click the 'Display Group' button- this
will display the group (colored red) in
the image window (see example).
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 Position the group where you want it
in the image area using the X & Y
offset slider controls, along with
rotation and size slider controls.

* Click the 'Add Group' button, which
will make the group pattern blue in
the image window.

6. Go back to the MicroAngel® tab.
7. De ne the 'Normal' & 'Litho Setpoint' voltages and tip velaty.

10.

11.
12.

13.

e Choose a 'Normal Set Point' voltage value that doesn't dgenne surface between
paths.

* Choose a 'Litho set point' value that will induce enoughdeto scratch the surface.

« Choose a tip velocity that will be at a rate suf cient enougtdo what is intended.

If the manipulation requires an oxidative or reductive ptigd click the 'Litho Bias' check-
box and de ne an appropriate bias to the tip.

Make sure 'Contact' is selected from the pull-down menulgttis the desired mode). In-
cidentally, if you change the imaging mode in the Main tabhef Master panel it will be
updated here as well.

The 'Show Directions Arrow' checkbox will show the direatighe path will traverse, and
will become apparent on the image. To adjust the number ofagron the path pattern,
double click on the path and a dialogue comes up allowing woredluce or increase the
number of arrows, similar to how plots are customized in.Igor

When all parameters are de ned, click the 'Do It!" Button;

During the manipulation, A red dot that represents the lonaif the tip, based on the values
from the X,Y LVDTs is shown on the screen. You'll also notite tDraw Path' button now
shows what section of the group path is traversing. If yockdhis button during the litho
procedure, it won't do anything.

» At the end of the patterning, the tip
will be withdrawn.

* In the pattern example shown in step
5 above, an AC 160 Si cantilever was
used to scratch a polycarbonate
surface. The resulting scratch can be
seen in this gure.
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19.2.5. Creating Array Patterns: The Step Tab
Arrays can be created using the Steps tab. This tab can havigptidwell at each subsequent

array point for a user de ned time or apply a different for8amth functions can be systematically
increased, or custom values can be manually entered.

19.2.5.1. Creating simple arrays

» Choose number of points desired in
the array with 'X Count' and 'Y

Count' setvar inputs.
e Choose the distance desired between

points in the array, in both X & Y
dimensions using 'X Step' & 'Y

Step' setvar inputs.

1. * The 'Time Start' setvar value is the
amount of time the tip will be in
contact with the surface (dwell) at
each point in the array. If it is desired
to have the tip have the same dwell at
each point, enter 0 s in the 'Time
Step' value input.

 Click 'Do It' button to fabricate the
array pattern. Notice the S&D meter
de ection values reaching the de ned

2. Set Point during the indents.

e Point 1 in the array start with the
lower left, move to the right, then
moves to left array in next row.

SYLUM

ESEARCH
an Oxford Instruments company support.asylumresearch.com Page 271



Ch. 19. Lithography & Manipulation Sec. 19.2. Drawing lines

* The array will be centered in image
window; the XY offsets in the group
tab doesn't move the array to a user
de ned area in the image (like it does
when using a pattern).

3. ¢ In the example shown a 3 x 5 array

was created using the parameter

values shown in Step 1. Large forces
were applied using a rather dull tip,
resulting in the poor quality image
below.

Varying Tip Dwell Time at each Array Point The amount of time the tip stays in contact with
the surface at each array point can be independently omsgtitally varied using the Steps tab.

« To systematically vary the dwell time at each subsequeint rothe array-

1. De ne a'Start Time' value which represents the amount ofdithe tip dwells at point
1.

2. De ne a 'Time Step' value: this is the amount of additionah# spent at each subse-
qguent point. For example, if you want the tip to spend 3s lorgesach subsequent
point, enter 3s in 'Time Step’; (Start Time being 1s). Poirtdwer left of the array)
would spend 1s; point two would spend 4s; point three, 7s,Make sure to click the
‘Update Time' button to ensure this change takes effect.

3. The individual time values at each point can be viewed inagskeet form by clicking
the Edit Time button.

« To independently vary the dwell time at each subsequemt frothe array-

1. When a more custom variation is required, click the 'Edit &lfoutton. This will bring
up a spreadsheet that allows the user to manually changértbeat each respective
point.

Varying Tip Set Point Voltage at each Array Point The amount of applied force the tip imparts
to the surface the surface at each array point can be indepéynar systematically varied using
the Steps tab. This can be helpful when doing a series of inagdrdifferent applied forces in an
array.

Check the checkbox above the 'Volt Start'
setvar input (this is actually called 'Use

1. | Voltage Wave). This will disregard the
‘Litho Setpoint' input value in the
MicroAngelo tab.
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To systematically vary the applied force at
each subsequent point in the array-

» De ne a starting Set Point voltage
using "Volt Start' setvar input.

2. » De ne an end Set Point voltage using
‘Volt End' setvar input.

* Click 'Update Volts' button to
activate this change.

3. The individual Set Point setvar values at each point can &eed in spreadsheet form by
clicking the 'Edit Volts' button.

4. Click the 'Do It' button; the de ection at each array pointrcdoe monitored in the S&D
meter.

In the example above, two 2 x 4 arrays were produced by vathieget Point voltage
from 0 V to 4 V (left); and varied the Setpoint from 4 V to OV (hi. In both
examples, the tip dwell time was constant at each point ($taet = 1s; Time Step =
0s).

To independently vary the applied force at each subsequemi ip the array-

When a more custom Set Point variation is required- in thiegcalick the 'Edit Volts' button.
This will bring up a spreadsheet that you can go into and mbnclange the Set Point at each
respective point.
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19.2.6. The Velocity Tab

It is best to read the help menu to learn more about the Vgloaii. Usually it is used to draw
images that have shading in them. An image is loaded, thesal® converted to gray scale-
dark grays are patterned using the 'Min velocity' while thigght grays are patterned at the 'Max
Velocity'. All grays in between are patterned at a velocigtetrmined by the grayscale value and
the velocity range entered into the value inputs.

This feature is good for diffusion dependent direct writarsing probe lithography techniques,
among others.

(a) Velocity Tab (b) Example of image patterned through the Veloc-
ity tab.
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Part |l

Spring Constant Calibration & Thermals

Part Ill: Who is it for?  Succinct step by step instructions for the various methddsalibrating
cantilever spring constants
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20.1. Introduction

Before you begin taking force curves on your sample, you nékd to rst determine the Spring
Constant of your cantilever in order for those measurement® quantitative; as the AFM only
natively measures de ection/amplitude/force in units oft¥. There are many ways of accomplish-
ing this, however a few of the most popular methods are: th@ew'NSader Method, the Thermal
Method, and the “Old” Sader Method. All of these methods, vilediscuss in this chapter.

The “New” Sader Method is perhaps the most accurate and n@mtenethod at present. See John
Sader's 2012 paper titled, “Spring Constant Calibratiotdmic Force Microscope Cantilevers
of Arbitrary Shape,” for more details on this. Neverthelets®e “New” Sader Method requires
some factors that must be rst determined experimentaltyei@mch speci ¢ probe type geometry
you wish to use. At Asylum, we have already done this for manghe probes we carry in the
Probe Storend that we use commonly day-to-day; this list is always gngvas well. Asylum has
implemented aspects of this method in an automated catibrégchnique calle@0.2™, which
we will cover in the next section. The extra terms for a giwgretof probe geometry can also be
added by the user directly into the AFM software. If you areemher of the Asylum Research
User Forum already, you can reach this thread h&deting Cantilevers to GetReal

If you are not a member yet, you can join and go to Atsylum Research User Foruomder the
Customer Support section of the website, then search fatifigdcantilevers to the GetReal™
calibration list”. If you do not wish to use the “New” Sader ed, the Thermal Method is often
considered the next best method. While the “Old” Sader Methorks well strictly for “ideal”
high aspect ratio rectangular cantilevers, it can prodatges that are as much as 100% different
from the actual spring constant of the cantilever for geoim&that deviate from this “ideal” case.

20.2. GetReal™ Automated Probe Calibration

GetReal™ will calibrate your InvOLS and Spring Constantwiit ever having to touch the can-
tilever to the surface. This feature requires AFM softwagesion 13 or later.

20.2.1. Video Tutorial

Consider watching this introductory video tutorialGet Real Automated AFM Probe Calibration
(internet connection required)

20.2.2. How to Guide

In the Thermal tab, click on the GetReal Probe Panel' button and select the lever you have loaded
from the list. This loads a number of constants that des¢hiéespeci ¢ cantilever geometry. Then
click the *GetReal Calibration' button and the software will begin to calibrate the springstant
using the plane geometry dimensions, the resonance fregaeil quality factor from the Thermal
data. It will then do a reverse Thermal calibration to getltiWOLS, seeSection 21.3 on page 294
for more details on this.
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20.3. Thermal Method for Determining Spring Constant

Determining the Spring Constant (k) is a quick three-stegedure:
1. Correct for Virtual De ection effects in the AFM hardware &8ection 20.3.1 on page 280

2. Calibrate the relationship between cantilever de ectimeésured in volts) and vertical can-
tilever motion. This is called InvOLS (Inverse Optical Le&ensitivity) and is measured in
nm/V. SeeSection 20.3.2 on page 283

3. Withdraw tip & perform a thermal to determine the cantiléveesonant frequency. An
algorithm computes the spring constant using the equitipartheorem. Se€hapter 21 on
page 290

This protocol can also be found in the Spring Constant Tutorview it in the software, select
from the main menu barFM Controls . User Panels and Func . Spring Constant Tutor. It contains
everything you need to do to complete the k determinatiomSsetion 20.4 on page 288

NOTE: If at all possible, it is often best to do the spring constaiibcation in air as it is easier to
t the higher Q response in air.

20.3.1. Virtual De ection Correction

The virtual de ection is a mechanical coupling of the caaér de ection signal with the Z-axis
movement seen on MFP-3D AFMs; however it is not present orh€ypFMs. It is a result of
the mechanical path not being quite perfect, resulting ihghtsslope in the overall force curve.
Although this may only be a few nm's over several microns atiéd, if not corrected for, it can
skew the accuracy in the measurement and subsequent ar@lyise force to be determined. The
exact origin of it is still not fully understood, but it depsnon how the light is aligned on the
cantilever as it travels through the Z-piezo range. By perfog this step rst, it will give you a
more precise estimate of the cantilever Spring Constant.

The virtual de ection correction essentially levels thedrair part of the force-distance curve (i.e.
constant de ection). This aids force curve analysis beedosce measurements are relative to the
baseline.

1. You want the tip far from the surface, i.e. the tip will not ¢act the surface even when the
Z-voltage is at 150 volts. This virtual de ection is a goodhitp to calibrate before engaging.

2. Set the trigger channel to none
3. Set the start dist to -inf, or drag the red bar to the top
4. Set the force dist to inf, or expand the red bar all the way édatbttom

5 Do a force plot
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Figure 20.1.: Master Panel . Force Tab . Calibration Tab.

Right click on the graph and select Virtual
de ection

6. | O

or from the cal sub tab, Set sensitivity
control, select virtual de ection

7. Check the t

8. You can t a sub region of the force curve by using the Igor ouss(shown with Ctrl + i).
But you should avoid doing second order poly virtual de ention sub regions of the curve,
they can greatly alter any data later collected outsideefdigion t.

9. If you have an extended Z-piezo range MFP-3D Head, you mag teedo a second order
polynomial virtual de ection. The extra piezo stack seemdé able to move the virtual
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de ection in a non-linear fashion.

Review The virtual de ection has now
been corrected so the approach now looks
10. | Jevel (as it should since it is not
experiencing any de ection during the
approach) in subsequent force curves.

20.3.1.1. Tips and Tricks

Tip Extended Range MFP-3D Head

If you are using an MPF-3D extended Z range
head (~28 um Z range for early models and
~40 um for current MFP-3D), the long
approach of a force cuve may not appear linear
at all.

* In this case you should selettirtual De
Poly' in Step 6 on page 28 account
for the curvature of the approach curve.

Note! is it critical you do a full range force
plot to calibrate the poly invols, as described
above. Extrapolating a polynomial past the t
region can be very inacurate.

Tip Eliminating Surface Charge Effects.

Certain at substrates (glass, mica) have
inherently charged surfaces. Combined with a
soft cantilever (0.03 N/m) this can cause some
odd non-linear de ections in the force curve
approach.

Possible solutions:

» Choose a conductive surface such as
freshly cleaved graphite (HOPG) or
silicon on a conducting substrate.

» Place a static master ionizer near your
sample, seSection 4.6.3.1 on page 41
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20.3.2. InvOLS

The objective of the second step is to measure the slope diptsample contact region (called
the inverse optical lever sensitivity or InvOLS), a paraenatecessary for the spring constant al-
gorithm. The InvOLS is not a measurment of the particulapprbes of the cantilever being used
per se, but a measurement of the AFM sensitivity to de ectidth the given laser spot location,
cantilever, and photodector combination as a whole. In tiegipus section we eliminated the
possible instrumental errors of this measurement whichhtigherwise contribute to cascading
inaccuracies of the Spring Constant measurement.

Figure 20.2.: Inverse Optical Lever Sensitivity measured from a force curve on a hard surface.

Figure 20.2 on page 28§ives a sense of what the optical lever sensitivity is, givennits of
V/nm, and the software inverts it for the algorithm.
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Perform Force Curve

» Engage on the surface in contact

mode.

» Make sure the trigger channel is set to
de ection or De V.

» An absolute trigger of 1V is a good
place to start for most tips and

samples.

1. * Click the Single Force(Ctrl +3) to do
a force plot.

» Optionally click and drag a box
around the sloped region of the curve
and right click to expand on it for
better a better view.

Note the non-contact region of the curve
should be horizontal if the virtual
de ection correction is working properly.

Find Invols

 Right click on the contact region at a
2 reasonably large force, and select

Calculate Invols.
* It will put up a tto the de ection vs

Z Sensor and calculate Invols for you.

[Optional] Fine Tune Cursor Positions

* You can move the A (circle) and B
(Square) cursors after the tto

change the t region.
* You can drag them each individually

OR

» Deactivate one of the cursors on the
curve by going into the lower margin
of that Igor window and clicking on

the open circle/square.
* When it's deactivated, it will turn

black allowing you to nely position
the other cursors with the arrow keys.
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Perform Line Fit

* On theMaster Panel . Force Tab .
Cal sub tab

a4 e SelectDe InvOLS' from the"Set
Sensitivity' pull-down menu.

* A twill be performed in the
speci ed region, and the InvOLS will
be updated.

20.3.3. Averaging InvOLS

The InvOLS can be slightly different from curve to curve. Foore precise measurements of the
InvOLS, statistical analysis can easily be performed.

1. Atthe bottom of thevaster Panel . Force Tab (SeeFigure 20.1 on page 28Iclick the Set
Up' button.

[Optional] Add the Limit Cont' Control

» Check theLimit Cont. to:' Show?
checkbox.

* Click the "Looks Good'

» Enter a value for how many force

5 curves to be acquired in one spot.

Lets try 100 curves.

Note This will allow a set number of force
curves to be sequentially acquired at the
same XY location, without clicking the
*Single Force' button repeatedly.

3. Click theContinuous' button to acquire the force curves. This may take a few mg)siace
each curve requires a second or two.
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Sec. 20.3. Thermal Meth  od

Activate theMaster Force Panel

* From the main menu bar selestM
Analysis . Master Force Panel.

* In this panel select theisplay Tab.

» Load the curves that you want to
average the DC InvOLS on, if you
saved the curves to memory, they will
already be loaded.

Note Take note of the suf xes of these
curves because they will have to be
designated in the Analysis tab.

Plot the Force Curves

» Plot the Force curves as De ection
volts versus ZSnsr.

» With the graph window selected,
click Ctrl + i to show the info area on

the bottom of the graph.
S. » Drag the cursors from the info area
onto the sloped part of the graph.

Note Take note of the Y axis values, these
will also be used in the Analysis tab to
designate thee ection rangeduring the
averaging.
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Offset the Data

» Go to Modify tab of the force review.
e Select Ext in the upper left and then

All'Y offsets

e This will offset the data to deal with
de ection drift, the Invols analysis
looks at the same voltage range, so
de ection drift needs to be corrected.

Prepare for Analysis

» Go to Analyze tab of the force review.
» Under the Calculate' pull-down,

select'DC InvOLS.

8. [Optional] Click on the Select FPs... button to select wHimtte plots you want to analyze.
9. Under the'Max De ection' control, enter the value of the higher cursor.

10. Under the'Min De ection' control, enter the value of the lower cursor.

Create the Histogram

e Check theHistogram' Check box.

* Click the Do It' button, a histogram
should be generated that will show a
distribution of InvOLS values.

11, * Inthe gure a Gaussian twas

applied, although other ttypes are

available in theFit Type' pull-down.

Note The Mean and Width of the
histogram tis displayed, and that the Bin
size can be changed using the slider bar.

20.3.4. Do a Thermal

Once you have your invols calibrated, you can collect thentla¢ data, which is needed to t for
the spring constant. Thermals are outlined in the next@etli Advanced note, you don't need to
collect the thermal last. You can collect the thermal rbet when the Invols value is updated, the
last collected thermal data is rescaled. You can then t#sealed thermal, and obtain the correct
spring constant.
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ant Tutor

20.3.5. Tips and Tricks

Tip Thermal tting in liquids.

Sometimes when using a soft or “ oppy”
cantilever in liquid, it can be dif cult to
determine the rst resonance peak position
when close to the surface. If you are tting for
the spring constant, it is probably best to do
that in air when the liquid thermals are messy.
But sometimes, you can get cleaner thermals if
you put some distance between the tip and
sample, which can be done by:

» Taking the frequency spectrum before
engaging/ taking force curve; perform a
try tonce you have the InvOLS value.
-OR-

» Disengage the tip and manually retract
of the tip a turn or two of the
thumbwheel MFP3D (20 pm to 40 pm),
or just move the tip up with the knob
(Cypher) before taking the frequency
spectrum. This seems to work much
better, with a low number of iterations.

20.4. Spring Constant Tutor

Figure 20.3.: Spring Constant Tutor
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The Spring Constant Tutor allows all three steps of the gpconstant (k) determination steps
Section 20.3 on page 280 be performed in a single software panel; particularlyfulsemong
beginners.

1. Go toAFM Controls. User Panels and Funcs. Spring Constant Tutor.

2. Steps run from left to right along the top, each step has plalsubsteps that run from top
to bottom on the left side.

3. Determine the virtual de ection from doing a full range ferplot.
4. Engage the tip; notice the active Z-piezo voltage meter.

5. Determine the InvOLS using a trigger channel and triggenfpdilotice the De ection volt-
age is displayed because this force curve acquisition is dooontact mode.

6. Thermal tune: rst withdraw the tip, then click Do Thermal

7. Fit the fundamental resonant peak to complete the Springt@oncalibration.

20.5. “Old” Sader Method

The AFM software also has the option of using the “Old” Sadetlivd to determine the Spring
Constant using the Igor command line. This technique useslithensions of the cantilever (in
meters), the quality factor and frequency (Hz) to back ouvalige (N/m).

In the command line type:

Where is the width, is the length, is the g from the thermal tune ands the frequency.

For example:

results in

For more on spring constant determination, you may nd tHe¥ang references helpful:

1. J. E. Sader, J. W. M. Chon, and P. Mulvaney, “Calibration ofaegular atomic force micro-
scope cantileversReview of Scienti ¢ Instrumentspl. 70, 3967, 1999.

2. J. P.Cleveland, S. Manne, D. Bocek, P. K. Hansma., “A nondletste method for determin-
ing the spring constant of cantilevers for scanning forcerasicopy,” Review of Scienti c
Instruments)\ol. 64, pp. 403-405, 1993.
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21. Thermals
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Ch. 21. Thermals Sec. 21.1. Capturing the Thermal

Capturing a thermal spectrum consists of pulling back data ligh rate and doing a FFT to
determine the spectral components. The MFP3D can run theupdo 2 MHz and Cypher AFMs
up to 32 MHz. These gures are based on sampling rates andléasing Iters for the respective
instruments.

Thermal Tunes are mostly used for a few speci ¢ tasks:

e Determining the cantilever Spring Constant OR InvOLS.

* To determine the frequency of a cantilever for drive fregryeselection for AC mode in air
or uid; OR higher resonance eigenmodes for DualAC imagiEchhigues.

* Determining resonant frequency changes if the tip hasepiakp material (or has become
broken).

21.1. Capturing the Thermal

The Thermal tab is located in the Master
Panel (Ctrl + 5).

2. Assuming a probe is properly loaded, SLD aligned and theqaliotle (PD) zeroed, follow
the procedure below to acquire a thermal tune of the castilev
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Ch. 21. Thermals Sec. 21.1. Capturing the Thermal

Click the “Do Thermal” button (Short cut:
Ctrl+2); a power spectrum plot will appear,
continuously averaging spectrums in real
time. In this example, an Olympus AC 160
Si cantilever in air was used. The higher Q
of the cantilever causes the sharp peak in
air. The red arrow points to the
fundamental resonant frequency of
cantilever. ldentifying the peak can take
some practice, but the general rule of
thumb is the highest lowest peak. Doing
thermals in liquid is much more dif cult to
identify peaks, you should start out looking
at thermals in air.

If the de ection is not zeroed, a dialogue
will come up. On Cypher there will be an
option to zero the PD then. On an MFP3D
you can either click No and zero the PD, or
if precision is not your top priority, click
Yes and continue. The reason to zero the
PD is to have a more linear response in
their center.

5. The user can limit the number samples acquired; generalguple dozen is suf cient for
most tasks unless the S/N ratio really matters. Notice tisellvee is mostly noise, but the
one sharp line around 300kHz is the AC160s resonant freguead arrow in3).

6. Click the Stop button to terminate the collection of powesatpums (ShortCut: Ctrl+2).

Resolution of the acquisition can be changed in the resolution pull dovenu of the Thermal tab.
Larger numbers go faster (less resolution); while smabduwies acquire slower, but give less noise.
The way the data is plotted (i.e., linear vs. logarithmia) eéso be changed in the Graph Log pull
down menu.

Bandwidth of the Thermal tune can also be selected; the default paeansetl MHz for the

MFP3D and 2 MHz for cypher. To change this to a larger or smahéue, click the Setup button
in the Thermal tab, and activate the show checkbox forfigguency ranget the bottom of the
panel.

Use the Frequency Range pull-down menu to
select other Thermal Power spectrum
frequency ranges.
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Be careful when selecting the 2.5 MHz Range
on an MFP3D, as you can see all the way to
Nyquist, the anti alias Iters may not have
removed all of the aliasing: signals between 2
and 2.5 MHz may actually be from 2.5t0 3
MHz.

Save Thermal tune plots by
 Clicking the Save as Force plot button at the top of the tla¢piot; saves as data as a force
plot.

— This is a little strange, in that the PSD is saved as de ecfwinat is really m/sqgrt(Hz)
is labeled as m).

— and that the you need to change the X axis of the force ploeuiency to display it
correctly in the force review.

e Sent to a Layout as a graphic with the copy to layout buttdhetop of the graph.

21.2. Thermal tting for spring constant

1. You need to have calibrated Amplnvols before doing thisestageSection 20.3.2 on page 283
for more details.

Select peak and t thermal:

e Zoom into the area of the peak by left mouse dragging arohegeak, then right
click to see the menu.

» Choose Zoom Graph (at the bottom); the result would looklamto the graph
on the right.

 Click on tthermal, the blue curve will appear.

3. The default setup is that Amplnvols is locked on the thernaalgb seel. This means when
you do a t, you are holding Amplnvols constant, and ttingrfthe spring constant of the
lever.
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21.3. Thermal tting for Invols

This is mostly useful for recalibrating Invols after chamgithe sample or adding liquid. The basic
idea is that you have calibrated the spring constant in aisame clean hard surface. The spring
constant should not change. Invols will depend on numerac®ffs, temperature, spot position,
liquid, etc, so if you know the spring constant, you can altbermal data, and nd what Invols
value would give you the same spring constant.

General outline:
1. Calibrate Invols and or Amp Invols in air on a clean hard suabst
2. Collect thermal data
3. Fitthermal data, tting for spring constant
4. Change sample, or liquid
5. Collect thermal data

Click on Cal Invols so that Amp Invols is
unlocked.

7. Click Fit Thermal Data, the spring constant will not changad Amp Invols, and Invols,
will be updated.

21.4. Thermal Tuning a Cantilever

e Thermals work very well for determining the resonant frengies (and ultimately drive
frequencies) of cantilevers in uid.
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— After you have t the thermal peak, you can right click on itdaselect Move Freq,
Phase and amp to tune. This will set the drive amplitude edinequency and Phase
offset for the cantilever drive based on the thermal t.

* You can do this operation from the right click menu, or frora tlght hand side of
the Fit Thermal Data button the thermal, or the right hand sitthe Center Phase
button on the Tune panel.

21.5. Thermals for tip checks

The thermal is also a very convenient way to check whethéighesource spot is actually on the
cantilever. When aligning spot via IR card, sometimes a sig® is given when the spot is on the
probe substrate, thermals are a good way to double checththapot is on the lever.

The gure to the right shows an example of
a thermal tune when the SLD was on the
1. | back of the probe chip. A reasonable Sum
voltage was displayed in the Sum and

de ection meter.

2.
The gures above show two cases in which a thermal is usefdétgrmining what
happened when the resonant frequency changes throughouagimg experiment. If
the tip breaks (lowering mass, increasifyy, or if there is an increase in mass on the
cantilever/ tip from adhered debris (loweririg).
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Part IV

Supplemental Information

Part IV: Who is it for?  Extra applications tidbits you may nd interesting along tivay.
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Ch. 22. SPM Basics Sec. 22.1. Basic Principles

Even though this user guide focuses on speci ¢ SPM apptinatitechniques, it is still essential
and, hopefully, of interest to understand the working cpteéehind thé&scanning Probe Micro-
scope(SPM) in order to truly master it. A strong basic grasp of SPM kelp you discern what
data the software is displaying and what parts of the ingtninthe software is controlling. This
chapter will cover very generic ideas on SPM. Each follonshgpter in this part of the user guide
will elaborate as necessary.

22.1. Basic Principles

The goal of basic scanning probe topographical microscepy take a very sharp tip and skim it
over the surface of a sample while keeping a log of the XYZtmwss of where the tip has been.
Usually a “ ight pattern” is chosen so that an area of intérgscovered in a regular fashion, in
the same way a farmer might plow a eld. Finally, a 3D plot oétKYZ log entries gives a nice
topographical map of the surface.

A large scale example: create a map of the earth by ying agkaross its surface. With a radar
altimeter the pilot gets information to keep the plane atrestant distance above the terrain while
the GPS system continually logs location.

In both cases the basic requirements to make the system weikeamember, tip = airplane and
sample = earth):

« A way to move the tip in three dimensions.

¢ A way to measure XYZ position of the tip.

* A way to measure distance between tip and sample.
A control system to drive the tip in the XY direction in a pti to give good sample cover-
age.
A control system to drive the tip in the Z direction in such ayto keep the tip-sample
distance constant.

In the case of the plane the requirements are met by the plangines / ight controls, a GPS
(Global Positioning System) receiver, a Radar altimetad, the (auto) pilot. Say the pilot chooses
to keep the plane 1000 meters above the earth while yingsThknown as the “set-point”. An
altimeter reading of 1005 meters indicates the earth isirsgato fall away below the plane and
the pilot must correct by descending to track the landscéipine altimeter starts to read below
1000m, the pilot must ascend. The rules are so simple thakeatranic circuit (autopilot) can
be designed to climb the plane when the altimeter reads bilewetpoint and descend the plane
when the altimeter reads above the setpoint. This is a vesic lmxample of something called
feedback control.

22.2. The Scanning Tunneling Microscope (STM): A Simple SPM

As an example of the SPM we'll start with the Scanning TumgelMicroscope (STM), made
famous for its Nobel Prize winning images of atoms on a serfal is also the rst historical
example of a fully functioning SPM. Here the ve requirednits become:
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Ch. 22. SPM Basics Sec. 22.3. The Atomic Force Microscope (AF  M).

Tip motion  Given the relatively small distances over which the tip nsofesually microns down
to angstroms) the preferred mechanical actuator is madiend glectric materials, which expand
with the application of voltage. 10s to 100s of Volts usualhyer that range nicely for a variety of
commercially available piezo actuators. One controlleltge source and piezo actuator per axis
of motion does the trick.

Tip XYZ position measurement  For the very small distances of interest for STMs (usually tt0
100s of atoms) the relationship between voltage appliedpiezo and the distance moves is very
linear and reproducible. So, after calibrating once, a&gbplioltage = position.

Tip-sample separation measurement ~ The STM sample must be conducting. It has a voltage ap-
plied to it and the tip is attached to a current measuringugitghich holds the tip at ground. The
(tunneling) current between tip and sample is an exporidatiation of tip-sample separation, and
can be calibrated if necessary. Tunneling current valuarecilly related to a height above the
sample surface.

XY tip motion control  Computer controlled voltage supplies drive the XY piezotipoers.

Tip-sample separation control ~ Choose a current level (associated with a unique heighteathe/
sample surface) as the setpoint. The difference betweeisdh@oint and the measured tunneling
current is used to control the Z piezo positioner so thasépiple separation remains constant
during the XY tip scanning process.

While STM is older than AFM, the technique still has many usBsction discusses the subject
further and tells you how to use the AR SPM software to do STgimg.

22.3. The Atomic Force Microscope (AFM).

Where does the name come from? It's a force microscope dimeeasures force between tip and
sample (opposed to tunneling current with an STM). Itis rquired that the sample is conducting;
one of many reasons why AFMs are much more commonplace tbdaydedicated STMs. An
AFM is atomic since it is capable of resolving atoms. Thedidbasic requirements becomes:

Tip motion Same as STM, though the range is usually larger, typicatignfB0-100 microns lat-
erally and 5-50 microns vertically. Ultimate resolutiontypically on the order of nanometers to
fractions of an Angstrom.

Tip XYZ position measurement  Due to the larger range, nonlinearities and hysteresis edgpi
actuators no longer allows position to be derived from aaplioltage. Linear, or at least non-
hysteretic, sensors (such as the LVDT sensors in the Asylese&ch SPM products) are required
for proper position measurement. For at samples, where Ziands small, it can be acceptable
to assume that Z piezo voltage is proportional to tip pasitieor rough samples a linear sensor is
necessary.

Tip-sample force measurement A sharp tip at the end of a micromachined exible lever (can-
tilever) is used to measure forces. The de ection of thedesgroportional to the force applied
to the tip. A beam of light re ected from the back of the levertypically used to measure the
de ection.

XY tip motion control  Same as STM, computer controlled voltages driving piezoteteactua-
tors.
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Tip-sample separation control ~ Choose a xed cantilever de ection (associated with a ueifprce
between tip and sample) as the setpoint. The differencedastwhat setpoint and the measured
cantilever de ection is used to control the Z piezo posiéoiso that de ection remains constant
during the XY tip scanning process.

The method just described is called Contact Mode AFM. Thawmtas popular as it once was it is
still a mainstay of AFM imaging. Please seefor further discussion and how to do Contact Mode
imaging with the AR SPM software.

If contact mode imaging is not so popular anymore, then whatrbplaced it? The simple answer
is probably AC mode imaging, where the cantilever vibrath®/¢n at or near resonance) as it
moves over the surface. The net de ection remains zero,Hmubscillation amplitude is affected
by the presence of the sample. Hence oscillation amplitsdddsen as the feedback parameter.
More on this in??. There are at least a dozen commonly used imaging modeshésittact and
AC. These all get their own chapter in this part of the usedguiEach chapter will start off with a
little theory and will then describe how to it is put into ptige in the AR SPM software. In some
cases special accessories are required, for which you evidult the user guide of your particular
AFM instrument.

22.4. AFM Mechanics

22.4.1. About the Cantilever

AFM cantilevers come in many shapes and avors with vari&iin size, tips, spring constants.
(See theProbe Storr an assortment.)Figure 22.1 on page 308ives a typical example of a
Silicon cantilever. The three main components are:

Chip or handle The large piece of Silicon to which the cantilever itselftimehed. Typically about
3mm long and 1.5mm wide and about 0.5mm thick. Just largegintugrab it will tweezers and
clamp it down in the AFM.

Lever or Cantilever The diving board protruding from the end of the chip.

Tip The pointy bit at the end which actually comes into conta¢h\ior nearly in some cases) the
sample.

Note that different people will refer to the entire cantéechip object in
different ways. Some will call the whole thing the tip. Somié eall the
Confusionin  whole thing the cantilever. In this document we'll do our taescall the entire
Naming object the cantilever, and the sub-parts the chip, levettign Context will
usually make it clear if the word cantilever refers to the {ehabject or the
lever itself.

22.4.2. About the Lever De ection Detector

Detecting the cantilever de ection is typically done byrshig a focused laser beam onto the back
of the lever. Any bending of the lever will cause the re ectsghm to move. This is illustrated
diagrammatically irfFigure 22.2 on page 303
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(a) AC240 cantilever and chip dimensions (b) AC160 SEM micrograph

Figure 22.1.: Cantilever Examples from Olympus

Figure 22.2.: Cantilever optical detection. The optical lever.

This detection mechanism is called gptical lever. Note that the word lever here does not refer to
the cantilever, but the re ected beam which has a leveragffagt in that for small angles of beam
rotation, the longer the re ected beam segment, the moreemewt is incurred by the projected
spot.

The detector itself is typically aplit photodiode or quadrant detector. Four individual photo-
diodes (basically a “solar cell” which outputs a voltagegadional to the amount of light hitting
it) laid out as four square or rectangular quadrants withbiam aligned dead center have the
following nice properties:

Sum The sum of the electrical signal generated by all four quatdrgives you the beam intensity.
This tells you something about how much light is being reeztfrom the lever.

Difference The Difference of two adjacent quadrants and two opposiéeligunts will tell you how
far the beam spot has travelled off center. A zero differaace well centered beam (assuming
the beam spot is symmetric). Depending on which parts aferelifced it possible to detect can-
tilever de ection and also cantilever torsion. The latteuseful for something called Lateral Force
Microscopy or LFM (Se&?.)
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In this section we talked aboutaser. In actuality, this collimated light
source is not necessarily a laser, but can also®eper Luminescent Diode
or SLD. This is a “laser like” device with a shorter coherence lenghich is
advantageous in suppressing unwanted optical interefereifiects. We'll
typically refer to this optical lever light source as “laserhe word light
source could be used, but can be confusing since there is alsin white
light source for illuminating the video image of the cantde used for
aligning sample and laser.

Nomenclature

22.4.3. XYZ Positioning Mechanics

Figure 22.3.: Diagram of a exure based nano positioning stage with position sensor. The frame,
exures, and stage are all cut from a single piece of metal.

Motion in SPMs is typically accomplished by pieces of pideotic material which expand when
voltage is applied. In Asylum Research AFMs these so calledo electric actuators(or simply
piezog are used to push between a frame and a metal element whithdsed with strong springs
(usually thin bridges of solid metal called exures). In pbel with each piezo is a linear sensor
used to measure position accuratefifgure 22.3 on page 3®®hows a diagram of such a device
with a 1:1 action. By incorporating mechanical levers indlesign the motion of the stage can be
larger than the motion of the piezo. In the Asylum ResearclirN3P AFM, the XY motion makes
use of levers, while the Z motion does not.

Three such devices are required to achieve XYZ motion. Thusve have spoken of the XYZ
motion of the tip, but technically one speaksrefative motion between tip and sample. For
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instance, the MPF-3D AFM moves the sample in X and Y (latgyabut the tip in Z (vertically).
The Cypher AFM moves holds the tip still but moves the sampleYZ.

22.4.4. A Basic AFM Diagram

Let put the bits of the last two sections together in a rudiggndiagram of an AFM22.4shows
a sample mounted on a Z positioning stage with is in turn nemloh an XY positioning stage.
Position sensors inside the positioning stages are notrshow

Figure 22.4.: A basic sample scanning AFM (such as the Asylum Research Cypher AFM). A rigid
frame to which the cantilever, detector, laser, and XY stage are attached is not shown.

A collimated laser beam is focused on the cantilever andeleeted beam is directed toward the
split photodetector.

Not shown are:

« is the rigid mechanical frame which holds the cantileveset, detector, and XY positioning
stage xed together.

* The mechanism which allows the cantilever to approach atrdat from the sample.

e The laser aiming mechanism for centering the beam on the dfabe cantilever.

* The re ected beam aiming mechanism for centering the reeddeam on the photodetector.

A half silvered mirror which allows for an optical (videojew down onto the sample and
cantilever for identifying coarse sample features. Thiwiview also helps when centering
the laser spot on the back of the cantilever.

« Many electrical connections to the sensors and actuators.

22.5. AFM Electronics

As you may have guessed, the voltages for driving the pieagatars, and the output voltages
from the position sensors and the photodetector need to hguotated in real time in order for the
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instrument to work. Since desktop computers tend to be t@monterrupted by things like slow
hard drives and multiple programs vying for system resayritds typical to attach a dedicated
electronic controller directly to the AFM. It supplies thiglh voltages required to drive the piezo
actuators and conditions the signals from the various sensothe case of the Asylum Research
SPM controllers, the signals are digitized at a very eadgestand most feedback and control
operations required for XY sample scanning and Z positiedii@ck between tip and sample are
performed by reprogrammable real time computer processors

The Asylum Research controller is extremely exible in tlitatas a minimum of dedicated ana-
log electronics, a crosspoint switch for routing nearlyiafiut and output channels to all DACs
and ADCs as required by a particular imaging technique. Tigiatl processors can acquire new
rmware on the vy for the digital Itering, measurement, arfdedback controls required by a par-
ticular imaging scheme. It's not uncommon that ve yearsaffou buy your Asylum AFM, a
routine software upgrade will unleash entirely new imagimgdes.

In the chapters on various speci ¢ SPM imaging techniquegure 22.4 on page 30ill be
re-drawn with the necessary electronic connection anditietements required for the imaging
technique.
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Ch. 23. Controlling the XY Scanning Motion Sec. 23.1. Fast Sc  an Direction

Only read this chater if you are particularlly interestedhia minute details of how the SPM soft-
ware speci cally controls the XY-axes during scanning aingdes.

Chapter 22 on page 2%fiscussed the notion of scanning a probe across a surfageeostruct-
ing a topographical map of that surface. The scanning axesigided into the “fast” scan axis
and “slow” scan axis. In aforementioned anaology of thelamp ying over the earth, the vehicle
ies in the “fast” direction and after every turnaround slgwprogresses sideways in the “slow”
direction.

These are different than the X and Y axes of the scanner, tratBaan Angleis applied to the
fast and slow scans to determine what the drive is for the wes af the scanner. However in the
display of the data on your computer screen, we display tstesfzan direction as horizontal and
the slow scan direction as vertical. For this section we @ghsider only 0° and 180° scan angles
so that the fast scan direction is the same as the physicalsXeathe scanner and the slow scan
direction is the physical Y-axis of the scanner. You showdalvare that for 90° and 270° scan
angles the slow axis is the X-axis of the scanner, and theaddstis the Y-axis of the scanner.
Please refer to the hardware manual for your scanner as thwliriection is X or Y.

The MFP-3D scanner has a “nested” design. This means theYhasgito
move the entire mass of the X axis, as well as it's own. Theudefaotion at
0° scanning is fast for X (the less massive, nested part) lamdfer Y (the

Note more massive part). For line scan rates under 4Hz on the MF;RR&re is not
much noticeable effect due to the added mass in 90° scanhigCypher
scanner is completely symmetric in X and Y and there is no radgantage to
scanning at 0° or 90°.

23.1. Fast Scan Direction

Figure 23.1 on page 30$hows the voltage applied to fast scan piezo as a functiamef tThis is
atypical 1Hz scan, where the X positon increases for thehadt second (we call this “trace”) and
then decreases back to the starting point for the secondhetiface”). This fast scan axis is the
X-axis of the scanner when scanning at 0° (or 180°), or the i¥ fx 90° (or 270°). Regardless
of scan direction, this motion is always the horizontal axighe image displayed on the computer.
The motion is repeated for every line in the image. For a 5i2ilnage, imagine a swatooth with
512 peaks.

23.2. Slow Scan Direction

The slow direction is the Y-axis of the scanner when scanaii@j (or 180°). The scanner advances
in the slow scan direction to access each successive senHiery time the fast scan direction
completes a line, the slow scan advances its position. Staw somes in two avors: Raster and
Ortho.
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Ch. 23. Controlling the XY Scanning Motion Sec. 23.2. Slow Sc  an Direction

Figure 23.1.: Fast Axis X Piezo Drive (at 0scan angle). Y-axis of graph is piezo voltage; X-axis
is time. The rounded caps (blue regions) are called the turn-around, where the fast axis changes
direction. Data from the turn-around is not typically saved, though it is possible to access it for special
applications.

As of version 090909 and forward of the AR SPM software, Ogt@anning is
now implemented. In the current version of the AR SPM sofewanth raster
and ortho scanning are enabled. When imaging with less tb@ti@s, Ortho
scanning is used. For scans larger than 800 lines, Rastamiagas used,
since Ortho scanning would require too much data storageeiiController.
This applies to both Cypher and MFP-3D AFMs.

Note

23.2.1. Ortho Scanning

In Ortho scanning, the slow axis only moves during the tuouad of the fast axis, where data
is not being recorded. Then while the data is being collectetiere the fast scan is changing
linearly), the slow axis is held constant. The striaightghit paths” of the tip are parallel and the
turnarounds are nicely rounded to minimize transient ¥ibng caused by scanner turnaround.

In Ortho scanning, the tip does not pass over the same poitiieosample in
Trace and Retrace. Instead, the Trace and Retrace imag&sifted by

Note one-half of a pixel in the Slow Scan direction. This is uspakgligible, but
may be noticed on samples with steep features and images sitiall
number of lines.

23.2.2. Raster Scanning

In a Raster scan, the slow axis is simply changing linearth wine (Figure 23.4 on page 31%0
that even as the tip is moving along the fast axis it is moumipe slow axis. The * ight paths” are
not parallel, as is best seen by compairfiigure 23.3 on page 3ldndFigure 23.5 on page 312

SYLUM

ESEARCH
an Oxford Instruments company support.asylumresearch.com Page 309



Ch. 23. Controlling the XY Scanning Motion Sec. 23.2. Slow Sc  an Direction

Figure 23.2.: Slow Axis of Ortho Scan. In image, vertical axis is Y piezo voltage (scan angle 09;
horizontal axis is time. Axis limits are zoomed in to s how the same region as in preceding Figure
(Slow Axis of Raster Scan). The blue sections denote turn-around regions. Approximately 7 scan
lines are shown here, each comprising two steps (one for Trace and one for Retrace).

In the early days, when AFMs were controlled by analog ebits, raster scanning was typical
as it was easy to implement. There is an issue with rastenswamith the way the images are
displayed. The positions of the pixels in the image do not#yxanatch the position of the tip
where that pixel was collected on the surface (except fomtiddle column of pixels). This is
because the rows of image lines are displayed as if they Vilexethe same slow axis position, but
in reality that position is changing as the fast scan is beoigcted (se€igure 23.5 on page 3).2
This effect is at most 2 * ScanSize/ScanLines, which is galyesmall enough to ignore. However,
there are certain situations in which this effect becomgsomant, such as drift rate calculations.
This effect also causes a slight rotation between Trace aithé images; ifrigure 23.5 on
page 312note that the set of scan lines for Trace is at a differenteathigin that for Retrace.

Even with digital controllers, open loop scanners cannoperly execute Ortho scanning due to
piezo actuator creep so much raster scanning continuesstdag. All Asylum Reserach AFMs
have closed loop scanners and digital controllers and utfes scanning almost exclusively. This
mode eliminates the pixel position problems discussedv@hia raster scanning.
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Figure 23.3.: Motion of the Tip Across Surface in Ortho Imaging. The X-axis is the fast axis drive, while
the Y-axis is the slow axis drive. Three scan lines are shown. The blue sections denote turn-around

regions.

Figure 23.4.. Slow Axis of Raster Scan. Y-axis is Y piezo voltage (scan angle 09; X - axis is time in
image. Axis limits are zoomed in to show the same region as in Figure. The blue sections denote turn-

around regions.
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Figure 23.5.: X-Y Motion of the Tip across surface in raster imaging. The X-axis is the fast axis drive,
while the Y-axis is the slow axis drive. Less than 3 scan lines are shown to better illustrate the concept.

The blue sections denote turn-around regions.
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