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In this chapter, we are demonstrate how to set-up an amplitude-modulation (AM) AFM for
tapping mode operation. We use a Cypher scanning probe microscope from Asylum Research.
We employ our techniques for tip characterization and discuss the attractive and repulsive
regimes.

A detailed video for this demonstration can be found here.

Brief introduction of an AFM system

An AFM system includes a cantilever with a sharp tip to scan and sense a sample’s surface. In
the typical (2020) setup, a laser beam needs to be placed on the front end (Figure 1) of the
cantilever to detect its position and to be able to take a reference to move the cantilever
towards or away from the sample’s surface. There are different types of cantilevers where
several properties can vary from the dimensions of the cantilever, the coatings on the tip, and
the materials it is made of. Criteria on how to choose the cantilever depends on purposes

defined by the experiments and the sample’s properties.

Laser Beam

Quadrant
Photodiode

Figure 1: Laser Beam place on the front end of the cantilever.
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Calibrating the cantilever

In tapping mode, the cantilever is oscillating at its resonance frequency with a certain amplitude.
The resonance frequency can be found using thermal analysis (Figure 2). As for the cantilever’s
parameters (such as spring constant, quality factor etc.), these can be tuned by fitting a
Lorentzian to the thermal curve (Figure 3). The thermal data simply makes the cantilever
oscillate due to random motion of molecules in the air. The energy of these molecules is
dependent on the equipartition theorem and therefore on temperature. Simple models are
employed to fit the curve. If your AFM lacks thermal fitting one can always select the peak by
inspection and apply the equipartition theorem: 1/2ksT=average energy of each degree of

freedom of the cantilever.
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Figure 2: Thermal analysis panel.
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Figure 3: Fitting the thermal curve to extract the quality factor and spring constant.

Steps to approach the tip to the surface

1. Insert the cantilever into its holder
(Figure 4).

Figure 4

2. Fix the cantilever holder on the
Cypher head (Figure 5).

Figure 5
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3. Place sample area of interest
towards the center of scan plate.
You can use magnets to hold the
sample holder on the Cypher scan
plate (Figure 6).

Figure 6

4. Click on the "standard" tab then
"topography" and "AC Air
Topography". This indicates that

we will operate the tapping mode Standard... Topography... ACAirTopography
in air. Choosing the appropriate
mode will set up some basic
parameters for you, so you don't
need to adjust it afterward (Figure
7).

Figure 7

5. Use the Igor software to put the
laser spot (Figure 8), find the focus
of the tip (Figure 9) and the focus of
the sample (Figure 10).

Figure 8: Use the "spot on"(red circle) to
place the laser spot. The directional arrows
in the orange circle can be used to adjust

1] Video o (&3]

the position. ¥ SpotOn TipPos & Zoom 4§ Home Options ~ Capture
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Figure 9: Ensure that the "Move Focus" is %] Engage Panel (o] @[ =]
activated. Arrows in yellow rectangle can
be used to adjust the focus on the tip.

Use the "SET" button to register the |

{ Approach | Detector | Prefs |

(Un) Load

focus position.
—' Sample
vy N
Move Focus .
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A 4 Focus
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| Move To
Pre-Engage
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Tip Approach
Figure 10: Use arrow keys to focus on the = — —
K Panel (Ctrl+ (o @[
sample. Then accept the focus position by A i i =
clicking on the "SET" tab. ‘ Approach | Detector | Prefs |
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oo Focus v
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A 4 Focus
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6. Click Move to pre-engage

8| Engage Panel (Ctrl+8) o | B3
Figure 11). .
( gure ) Approach | Detector | Prefs
TN — (Un) Load
tu ‘ A Sample
et 2 -
Move Focus coa E
y N OnTip ||+
A 4 Focus 2
On Sample ‘T
v Sample Height
h 4 < :
Focus Position: 2.025 mm
Tip Position: 2.025 mm | |Tip Approach
Figure 11
7. The cantilever should be =t e g E—
driven at the resonance
frequency. To find the natural A
frequency, you need to L
perform the Thermal test ‘J
(Figure 12). After the thermal | |
test, copy the frequency on o .
the thermal tab and paste it : T

in the main tab of the master  Figure s
panel (Figure 13).
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Using default image settings.

Figure 13
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8. Now the free amplitude can Imaging Mode AC Mode -
now be adjusted. Usually for Setpoint Integral Gain
this system, | set the amplitude 800.00 mv 10.00
to about 100 millivolts and the Drive Amplitude
set point to 80% of the free Ll
amplitude (80 millivolts) (Figure 2;”:7':6’1‘:':“&’
14). This corresponds to
approximate 5 nm of free
amplitude AO and 4 nm of Set Rl =)@
point. This would be a soft Sum/4.96 [N Stop Meter
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Figure 14
9. The phase should be 90 """'m
degrees so adjust the phase to T T — _
90 degrees and zero the PD e 5 s Sum(4.96 I
(Figure 15). = e [
P Phase 90.00 ! _— Cotstaned™
F N wl;lpl;t Overload| ® sewp | @
e
;T’m
Figure 15

10. Then approach the cantilever

by clicking on the "Tip
Approaching" button on the
engage panel (Figure 16).

Engage Panel (Ctrl+8)

Approach

258
vy

Move Focus

Detector

Focus Position:
Tip Position:

(Un) Load
Sample

Focus
On Tip

Focus

On Sample

Sample Height
1.975 mm

Move To

Start
Tip Approach

Figure 16
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Checking tip status - Critical amplitude method

As a key trait of dynamic AFM, there is a minimum (or critical) free amplitude A. for the
cantilever to transition abruptly from the attractive to the repulsive force regimes for a given
set-up?®. An example has been shown in Figure 17. The cantilever is in the repulsive regime
when intermittent mechanical contact between the tip and sample prevails. While it is in the
attractive regime, when the tip—sample interaction mainly involves non-contact. In Amplitude
Phase Displacement (APD) curves (Figure 18), the amplitude, phase lag, and deflection are
recorded. When the phase of a free oscillating cantilever lies above 90°, the average force is
attractive (attractive regime) and when it lies below 90°, the average force is repulsive (repulsive
regime). This is a rule of thumb method to distinguish between intermittent and non-
intermittent mechanical contact that was established at the end of the 90s and beginning of the
first decade of the century by several groups. For details see the work by Garcia et al.2 For small
free amplitudes, the attractive regime prevails for all perturbed amplitudes. As the (free)
amplitude is increased, there is a range of values of free amplitudes for which bi-stability is

observed.

Sum492 NN
Deflection -0.07 |
Amp (mV) 198 .0 I

Sum492 N oo v
Deflection -0.07 | frgoae
Amp (mv) 157.9 I "
Phase 91.51 ——r
Z Voitage 65 45 1
Input Overioad * - o

Phase 91.43
Z Vokage 6551 |
Input Overioed’  *

Figure 5: The Critical Amplitude of the tip.
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Figure 6: The APD curve.

Bi-stability is a sharp stochastic transition from attractive to repulsive regimes (Figure 19). The

range of free amplitudes where this abrupt jump occur is defined as the range of critical

amplitude. The critical amplitude is the minimum value of free amplitude (A) required to transit

from the attractive to the repulsive regime at resonance®?®. The critical amplitude depends on

cantilever—sample properties and can only be defined as a range. The magnitude of the chosen

free amplitude determines the regime. So, to image in the attractive regime set the free below

the critical amplitude usually
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Figure 7: Bi-stability curve.

about half of the critical amplitude®!°. To image in the repulsive regime, increase the free
amplitude above the critical amplitude’. In this case, you can double the value of the critical
amplitude. To find the critical amplitude, a force — distance curve rather than imaging needs to
be plotted. Force plot is used to find the binding forces between the tip and the sample while
imaging is use to determine the topography of the sample. Note that as the tip wears away the
critical amplitude will increase and it might happen that you are imaging in the repulsive regime
and eventually a transition to the attractive regime occurs during imaging. This is because the
tip radius has increased. You will have to increase A in order to image in the repulsive regime.

See for example Ref. 4.

Steps to find the critical amplitude
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1. Click on the master panel |=™ ™% - + Force Pane S
Ima orce map
and click on the force tab |w=e s sanos106um 5 o (gl
anel Fl ure 20 3 Points & Lines T Force Dist 50.00nm & ?
p ( g ) 28 : SRR ScanRate 0.99 Hz g ?
sz‘::" © |Split] velocity 99.21nmis % ?
Eraors Mods Misc. | Cal. | GoThere | Save
Setpont \tegral Gain @®  DeninvOLS [100.00 nmWV ?
80 00 mv C 10.00
. Kappa Factor 1.09 ?
2361y 3 e ®  AmpinvOLS 15850 N 2
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Mo Trigger Channel  AmpVoks z] ?
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— 0 Absolute © Relative 0
Trigger Point 40.00 mV ?
Frame Frame
Y own Withdraw Channels ?
Using Setaul image sengs. ] Single Force| | Continuous ?
Save Curve Review ?
Master Panel Setup 2
Figure 20
2. Set the cantilever
amplitude to about 100
millivolts and set point 80
milli-volts.
3. Click on the engage button. 5 Force Panel oll® (8
And now set the force
. Start Dist 1.86 um ¢ @
distance to about 30nm
(Figure 21) Force Dist 50.00 nm G
9@ [Split| velocity 9921 nm/s ¢ ?
Misc Cal Go There | Save
® 0DeninvOLS 100.00 nmV ?
Kappa Factor 1.09 G ?
® AmpinvOLS 15850 nmV ?
' Spring Constant 1.44 nN/nm ?
—
| Set Senstivity v ?
Imaging Mode AC Mode ] ?
Trigger Channel  AmpVolts Z] ?
Increasing Decreasing @ 3
Absolute @ Relative ?
Trigger Point 40.00 mV v ?
Withdraw Channels ?
Single Force | | Continuous £
Save Curve Review ?
Master Panel Setup ?
Figure 21

4. The force-distance is how
long the force- distance
cycle will be, provided a
trigger point isn’t arrived at
before that. The trigger
point is defined as the
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minimum value of 9 Force Panel o @R
mpli hat is reach
amp tudet'at' s reached - TTEmT m
before the tip is retracted
. . F t 50.00 ?
while recording APD curves. orce Dist (50.00 nm
. . Scan Rate 0.99 Hz ¥ ?
Set the trigger point to 30
s . 9@ | Split| Velocity 99.21 nnvs ?
millivolts (Figure 22).
Misc. | Cal Go There | Save
®  DeninvOLS 100.00 nmiV 2
Kappa Factor 1.09 ?
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. ?
,
—_— — 3
Single Force| | Continuous ?
Save Curve Review ?
Master Panel Setup ?
Figure 22
5. Move the mouse to the | Master Panel (Ctrl+5) =
white bar on the left of the Imaces] Forco |mEmesn
master panel and Shift right StantDist |0 nm o kai
click. This help sets the _ Force Dist|20.00 nm 2
start distance to be the M seanpatelnoams 2 @
=] Click to shift the start dist
force distance above the Ctrl+Click to set the start dist to be force distance above the
current Z position
currentZ pOSition (Figure | Shift+Click to set the start dist to that position
23) Dwell FB ZSensor B ?
' Indenter Ramp after Trigger | |ndenter Panel
Bias Ramp after Trigger [ Do IV Panel
Figure 23
6. Now click on the single £ Master Panel Ctte5) =T
. Image = Force | Fmap
force tab (Figure 24). 0 e . &
= Force Dist | 20.00 nm 0
L 'l .nQQ'N.' 2
Shft Click o se the strt st o that posiion
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Figure 24
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7. Keep increasing the free
amplitude gradually and
repeating the force plot
until the abrupt jumpis
observed. As explained
earlier, bi-stability existin a
range of free amplitude,
and the minimum
amplitude it occurs is the
critical amplitude.

Examples of force curves and their interpretation in
the literature

The attractive and the repulsive regimes and bi-stability

In the paper “A method to provide rapid in situ determination of tip radius in dynamic atomic
force microscopy”?, we showed (Figure 8) examples of phase (top) and amplitude (bottom)

curves taken on a mica sample with the Cypher AFM.

Ao=20 nm <Ac Ao= 25 nm=Ac
T T T
=l =1 (C) =
(.

—m— Attractive —

160 (a)
140
120

100 —

80 - -~ - -

60 — \ =l =
40 — = -

—~=—— Attractive

Phase ¢ [°]

—=—— Repulsive

020 (b) ' | =
0.15 — = =
0.10 -

—=— Attractive
0.05 — -

Amplitude A [V]

0.00

o

2 0 2]0

Zc [nm] Zc [nm]
Figure 8: Experimental APD curves (a) and (b) below Ac and (c) and (d) at Ac where bi-stability is present. (a) and (b)
Below Ac the attractive regime prevails throughout both on approach (red) and retraction (blue). This can be deduced
by observing that at other than A/A0_1 (light blue colored region) the phase always lies above 90¢. (c) and (d) As the
free amplitude reaches Ac, a discrete transition between force regimes is observed. Note that the phase lies below
90° in some regions of the curve (and at other than A/A0_1). At this point two (c) phase and (d) amplitude branches
co-exist for a given separation z.. The co-existence of these two branches implies that the system displays bi-stability.
Experimental parameters: cantilever model AC240TS, fO = f = 70 kHz, Q = 150, and k = 2 N/m. For (a) and (b) A0 = 20
nm while for (c) and (d) A0 = 25 nm. The sample is aluminum (Al).
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The relationship between the tip radius and the attractive and repulsive
regimes

As the tip radius increases, for example by scanning the surface, the critical amplitude A.
increases with it. The user should be thus aware that this parameter A. might change during
experiments. In fact, A can be used to monitor the stability of the tip radius. If it does not change,
typically it means the tip has not changed. Again, this is discussed in Ref. 4. An example of tip
variation is given in Figure 9. In particular, we see in the figure how the critical amplitude for the
same cantilever-surface system varies with time. The tip-surface system is therefore varying
with time. This means any attempt to scan the sample should take into consideration that the
tip is not a constant parameter. The fact that the A. observable changes with it can be exploited

to monitor the changes.

Ao =6-7 nm = Ac
= %] @) —~=— Attractive |
% 1004 E
e b —a— Repulsive 1
40 E
0.06—
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= 1 i 4
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0.0 T T T T T T
0 2 4 6 8 10
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= J
© 100
&=
£ J
401
072 T
e [0)
£ 048+
s 4
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00l ; ,

0 15 30 45 60 75
Zc [nm]

Figure 9: Sequence of APD curves obtained on a mica sample with an AC160TS cantilever where the corresponding
amplitudes ((a), (c), (e)) and phases ((b), (d), (f)) are shown. The approach and retractions curves are shown in red
and blue, respectively. The attractive and the repulsive regimes, and force transitions in the curves can be readily
distinguished in both the amplitude and phase curves. These occur at different tip-sample separations during
approach and retraction. Furthermore, step-like jumps in both amplitude and phase are observed. These are also a
characteristic of bi-stability that can be used to establish if force transitions have occurred. The experimental
parameters are: cantilever model AC160TS, fO = f = 300 kHz, Q = 500, and k = 40 N/m. The sample is mica.
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