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Outlook

« General features of Scanning Probe Microscopy

 Forces at the small and ultra-small scales: repulsive and attractive charatcer
(contact, non-contact)

 Using the force at the small and ultra-small scales to imgae samples with
unprecedented resolution:
the Atomic Force Microscopy (AFM) and its variants

 (to be discussed in the next seminars: how to use AFMs to measure
mechanical properties at the nanoscale)
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Basics of Scanning Probe Microscopy (SPM)

Probe: tip probing local properties

Microscopy: sub-micrometer resolution
(+ system to control tip/sample distance

Scanning:  piezoelectric translator
Probe tipv

P— | —————

+ electronics for instrument operation)

Developed starting since '80s thanks to:

B
. . . Fast scan
v'Piezo translators with sub-nm resolution; ‘3/
v'sub-nm probes Slow scan

Piezoelectric scanner

Various physical quantities can be measured point-by-point during the
scan and an image (i.e., a map of the quantity) can be built up
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A few examples of SPMs

Technique Probed quantity Resolution
STM Electron tunneling atomic
- AFM Mechanical force o
SEM SFFM Friction force
MFM Local magnetization
 EFM Local polarization 10 nm
SNOM Optical properties
Ap-SNOM Optical properties 50 nm

Depending on the probe and on its interaction with the
surface, a variety of physical effects can be investigated

Scuola Dottorato da Vinci — 2009/10 Proprieta piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida — v. 1 - part 4 —pag. 4



A few preliminary considerations on scans

Normally, a raster scan is applied:

Scan addresses an array of discrete, equispaced “pixels” (e.g.,
64x64, 128x128, 256x256,...);

Scan speed is different for one and the other directions (fast
and slow scans, respectively);

Forward (trace) and backward (retrace) scans along the “fast
I axis” are typically acquired;

Forward/backward comparison is routinely used to assess
the scan quality (unless it is used to derive some physical
guantity, as in LFM)

Slow S

vV 'v'v'v'vvvy

Fast forward
Fast backward

The acquisition speeds depends on:

- Time response of the scanner (typically a few ms for nm-sized displacements);

- The signal-to-noise of the quantity to be probed and acquired (through ps to s depending on the
nature of the measurement)

Rule of thumb: fast acquisition are more suited to higher resolution
(in order to prevent thermal and mechanical drifts)
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A few details: piezoelectric scanner

Mierdin: coefficient d is negative representing contraction perpendiculéi;%
sobthe:field; and positive for stain measured along the 3-direction (along”"gi- Typ hO”OW tu bes made Of PZT'

which the thickness t is measured) representing expansion parallel to the’ base d Cerami CS Wlth a multi-

electric field direction:

| <o | electrode configuration aimed at

controlling the displacement along
Although there are many ceramic compositions used today, most can

se placed into two general categories: hard and soft PZT materials. Typical d Iﬁe rent d Irections.
1coefficients for hard PZT materials are

dyy = 250-10-Bm/V, dy, = - 110-10-2 m/V Main issues:
ind for soft PZT materials o Linearity (pOSSIbly closed |00p),
dy; = 600-10-2m/v, d = Hysteres|s
For PZT-5H ; ’ i i
» Distorted motion (artifacts).

- 270-10-12 m/V .

fl

3

B

dj; = 593-10-2m/V, dy, = -273-10-2 m/V .

v
Displacement as small as ~ 0.1-0.5 ‘7437 —74;
nm/\/ (alann 7\ a ihl " z Electrode x Common
IRIRRVAA \ } (@8 M

\@6

alvi IU 4

Typical “scanner sensitivity”: Ny \
~1-10 nm/V (along Z) - + y Electrods  _ v Electrode o) 1 + y Electrode
~1-100 nm/V (along XY) y Offset—{’
™~ — x Electrode
Typical driving voltages up to +250 V | ™ x Offset _ (hidden)
\,‘ ‘““;:rL- + % Electrode
Typical min driving step size (16 bit) \-u_&.i + x Electrode .

~10 mV

Da C. Bai, STM and its applications
(Springer, 1995) o o
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Scanner-related artifacts |

Artifacts mean the presence of spurious
information in an SPM image

The easiest way to approach the artifact problem
is in AFM (we’ll see soon how it works!)

2.0 Scanner Artifacts

Scanners that mowve the probe in an atomic force
microscope in the X, Y and 2 directions are typically
made from piezoelectnc cemmics. As electromechanical
transducers, piezoelectnc cemmics are capable of
moving a probe very 5ma|l distances. However, when a
lirear voltage mmp is applis piezoelectnc cemmics,
the cemmics mmﬂen Further, the
piezoslectnc cemmics exhibithysteretis effects caused
by selfheating. Artifacts can alko be introduced into
images because of the geometry of the scanner. The
positoning of the scanner relative to the sample can
also create artifacts.

2.2, X=¥ Calibration/Linearity

All atomic force microscopes must be calibrated in the
¥ axis so that the imapges presented on the computer
screen are accurate. Also the motion of the scanners
must be linearso that the distances measured from the
images are accurate. With no correction, the features on
an image will typically appearsmalleron one side of the
image than on the other.

Faul West l.mur IC NANOTECHNOLOGY
Matalia Starostina === aduc
Scuola Dottorato da¥mci= 2009

2.6. Scanner Drift

Drft in AFM images can occur because of thermal drift in
the piezoelectric scanner and because an APM can be
susceptible to external temperature changes. The most
common type of drft occurs at the beginning of a scan of
a zoomed-in r=gion of an image. This artifact causes the
imitial part of a scan range to appear distorted. Drnft arti-
facts are most easily observed when imaging test pat-
tems. Drnft will cause lines that should appear straight to
have curvature.

Alter 8 reglon of 8 sample 8 seanned wilth the AFM I ig
oMo b "Foom  inbe 8 smal sedion of the image o gel
& highar magniieatios of an image. Sagnamoer JAI Wil 2auee
the image bo appear distorted at the baginming of the sean.

-

. Zoamead Image shew-
s kg a disforlion atb he
. beghveing af the sean.
s Tha scan angls iz 45
dEgress,
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Scanner-related artifacts Il

2.4. Background Bow fTilt

The piemslkectric scanners that move the probe in an
atomic force microscope typically mowve the probe in a
curved motion over the surface. The curved motion
results in a "Bow" in the AFM image. Also, a large planar
backaground or "Tik" can be observed if the probefsample
angle is not perpendicular.

Often the images measured by the AFM include a
background "Bow” and a background "Tilt" that are larger
than the features of interest. In such cases the back-
ground must be subtracted from the image. This s often
called "leveling” or "flattening” the imags. After "leveling”
the desired features are typically diectly seen in the

image.

AFM Scanner Suppon

X, Y. £ Scannar

Curved molcn of probe
- E

-\_"'\-\_\_\__\__'__,_,—F"'_FF
A AFM plargeleclnis Sognnar i offen synnaiad gb e Ian by
g mechanical aseembly. Thes the mobion of he oobs g
maplinear i e £ axis as i & scanned adross a swface,. The
molion can be sphadcal oF even parabolic depanding on the
e of plaraalecinie scanmer.

(Image) post-processing can help
(but may introduce new artifacts, as well...)

I Scuola Dottorato da!

Figqura 153A-8: Image (Al isan B85 X
85 micran dmage of a Mal plecs of
Slicof. The bow lroducad fla the
Mage & saan gt the sdges. (B A
e profile aoross this image shows
B tadreibisgles of he Bdwy.

Figuine ZE4-C: AFM images 5 1.6 X
L& miicran imade oF Mamasilienss
O 3 surace.

fA) The ariginal image measunsg
Iy tha AFM bafans any image
Srocessing. TR I8 sasly  reoodg-
Airad i the image as he Aghl
gida of the image apnears darksy
fham b eIt side of e imadge.

(B) The AFM image showh v "A°
aftar & M- Bye-line levaling of Hhae
Mhade with a Ml osder back-
grzind correctian. The Jdark band
i e dmage je cavesd by the im-
age grocessing and & aof a meal
Slrachudns,

{C) Particles grs axclisaed Frgm
fhe background sublracion proc-
egg by derfve Ehis imadge.
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Closed-loop scanners

v Drohlam o cra
riooie ruie scaiiii

C AaAacacn
Iio AAoovuid vv

can be solved by using different scanner
configurations (e.g., non cylindrical)

riatad with +
el Wil

v Problems associated with non-linearity,
hysteresis, drifts, can be solved by using closed-
loop scanners (displacement is indipendently
measured, e.g., by capacitive or interferometric
or resistive means, and a loop is applied)

Excellent performances presently achievable

Nanometer Accuracy in 1 millisecond with 50-picometer
Resolution

PicoCube® systems provide resolution of 50 picometers
and below. The ultra-fast XY/XYZ piezo drives offer
resonant frequencies of 9.8 kHz in Z and >3 kHz in X and
Y! The high resonant frequency and high-bandwidth
capacitive feedback allow step and settle to 1% accuracy
in as little as one millisecond.
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2. Scanning force microscopy (AFM and relatives)

L

STM AFM SNOM

Electron tunneling icroscopy Optical near-field

Locally probed quantity

AFM is probably the most straightforward (and easy to understand/interpret) probe microscopy
(and, for sure, the one with the largest worldwide diffusion)
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AFM probes

detector

- i Pl

scanner

.5.5a-d. SEM micrographs of Siy N4 cantilevers with integrated pyramidal tips. (a) The
S¥N4 film is attached to the surface of a glass block with dimensions of 23 X0.7 mm3.
Four cantilevers protrude from the edge of the block. (b) Four pyramidal tips can be seen at
the end of this V-shaped cantilever. (¢) The pyramidal tips are hollow when viewed from the
back side. (d) Each tip has very smooth sidewalls, and the tip appears to terminate virtually
at a point, with less than 30 nm radius [5.4]

The local character of AFM relies on
the availability of suitable probes
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Microfabricated cantilevers

Cantilevered beams are the most ubiguitous structures in the field of
microelectromechanical systems (MEMS). An early example of a MEMS
cantilever is the Resonistor™*™®! an electromechanical monolithic resonator.
MEMS cantilevers are commonly fabricated from silicon (Si), silicon nitride
(SiM), or polymers. The fabrication process typically involves undercutting the
cantilever structure to release it, often with an anisotropic wet or dry etching
technigue. Without cantilever transducers, atomic force microscopy would not
be possible. A large number of research groups are attempting to develop
cantilever arrays as biosensors for medical diagnostic applications. MEMS
cantilevers are also finding application as radio frequency filters and
resonators. The MEMS cantilevers are commonly made as unimorphs or SEM image of a used AFM cantiever &
bimorphs.

Two equations are key to understanding the behavior of MEMS cantilevers. The first is Stoney's formula, which relates
cantilever end deflection & to applied stress o:

-t (4

where vis Poisson's ratio, E is Young's modulus, L is the beam length and ¢ is the cantilever thickness. Very sensitive
optical and capacitive methods have been developed to measure changes in the static deflection of cantilever beams
used in dc-coupled sensors.

The second is the formula relating the cantilever spring constant k& to the cantilever dimensions and material constants:
F  Euwt®
6 4AL3

where F is force and w is the cantilever width. The spring constant is related to the cantilever resonance frequency g

k

by the usual harmonic oscillator formula (g = k}./m A change in the force applied to a cantilever can shift the

resonance frequency. The frequency shift can be measured with exquisite accuracy using heterodyne technigues and is
the basis of ac-coupled cantilever sensors.

The principal advantage of MEMS cantilevers is their cheapness and ease of fabrication in large arrays. The challenge for
their practical application lies in the square and cubic dependences of cantilever performance specifications on
dimensions. These superlinear dependences mean that cantilevers are quite sensitive to variation in process parameters.
Controlling residual stress can also be difficult.
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Cantilever/tip fabrication: examples

Free cantilever

The first step in the fabrication of an AFM tip is the etching of a ()
single-crystal sihicon wafter with specific crystalline onentation. (a) '
This results i the forming of square pyramudal tips with
characteristic angles.

Exposed Si
(810, or SisNy
Si_N removed)
3 Top
view (d) R
Si ’ Si0; or
Si Si;N,

(111) plane in Si

L|thography ) Fig.5.2a-d. Fabrication of thin-film microcantilevers. {a) A thin film of 5i0; ur Siq Ny is
5|3N 4 formed on the sur_face of a (100) Si wafer and patterned to define the shape of the cantilever
£ 7 and to create openings on the top and bottom of the wafer. (b) The windows are aligned along
(111) planes. (c) Anisotropic etching of the exposed Si with KOH undercuts the cantilever
; and self-terminates at the (111) planes as shown. (d) A small Si chip is cut from the wafer to
Si Si serve as a pedestal for mounting the cantilever in the AFM [5.4]

Anisotropic etching

Removal etching (a) fia *FL (c) Saw cut Cr

N e a4
5i3N4 Masking material (SiO,) Q

Au
(b)

Si I Glass and

Si J‘4 (d) Saw cut -4 == Cr removed

- | e AR TR

: a2

L J
Nitride growth | o Metallization Q

g e ( )
v

Substrate |-‘_ 100pm (l:!)ctal

gd/) Tip

F tilever
Fig.5.4a-e. Fabrication of Siy N, microcantilevers with(integrated pyramidal tips){(a) to
(e) illustrate the steps in the fabrication process, see text [3.4

Triangular
Cantilever

Substrate Substrate
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FEATURES:

o Compat Db ke wiith all mgoer AFR
brands.

& Typheal radliss of cirvaliin:
whaipened Gpa: < 28 nm,
unsbipsan il Bpac < 5 s

w1 Avallable mith godd osaling e
higgh refleciiily.

= ik ik EFErS [ Sidy S
o apgEo s,

& The eddest range of spring con-
wlasts esmmarcially availabho
o i il ehip

Trpival Meciauieal Cara

Examples of commercial cantilevers

-F Termaobfloren opes Micr devery o ffead v ol comlant dwerlue wodey, feree
anniradlon wloresenm, and figed operatbar The rauge o foee cegstanr

euahle grers fo Dearee 5off raveales b combmer ay wetl! oo iph foad frree v

diTianee sprcroTonpy

Many different cantilevers are

commercially available

They are different for:

-Dimensions and shape, typ 0.1-0.5 mm:
-Elastic constant (materials and design,
typ 0.05-50 N/m;

-Tip coating (conductive, super-hard, etc.)

Cantilever choice depends for

My

instance on:
-Operation mode (contact/non

Cimldever Bpe

A = 1 i g i | B - e D g s

' gl | [F - i anggalar |E - 1nangddar |F - Hanilar

contact);

-Quantities to be probed (e.g., if an

electric field is needed, a conductive

tip has to be used);
-Possible material manipulation (e.qg.,

nanoindentation requires super-hard

Sranitked miode of ogeralios Ceorrlacd
ik vz length | B0 i A} i 3 pm 2N} pm | &} i 35 m
Critile v widl 1E jim 20 um 2T e 21 i IE = LE pm
Cantilever thadineai b jm 0.6 je=t 0.6 poa L6 LA gm |5 @
Fimir: Cimiadan (FA% Bim 02 M 0l Wim L0 M= 10 B m OO Mim
Rewoman Frog sy 21 kHa 15 kHz TkHz 15 kH= 18 kHe 1 30 kHa
ot Suio i

B el e

Shapenad " zaharpensd
Chrlaly ekl conted™ Ll et " il cxaliad * Uhnciatend

Hall wafer - {250 chayta |

MECT-A LT

B SCT-RHW

[[MICT-AUEW _ [marcT

- YT

tips)

Unestarimilead - 125 ohira)

BASCT-ALINM

1

[IMLCT-ALRM W LT-FIOBM

Bloiinted - i35 chiga)

REECT-ALRIT-A

MECT-NOMWT-A [ MLCT-ALRT-A

MLCT-MORMT-A

Bdpimed - (35 chips)

MECT-8 LT -BE

BECT

! M Mo s Wit Ao Probs WS sytiams

ﬁTHEFEMOM CROSCOPES
Sclista Battsrats daVinei=2009/10

Microlevers™

GEMERAL PURPOSE CANTILEVERS
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Basics of tip/sample interaction

When the hn IS apprgavhed to the sam pl (at sub-nm dlcfnnr‘nl\ forces dep nd .nghl}
on van der Waals interaction (see Lennard-Jones) between ap|cal tip atoms and surface

At “large” distance forces are weakly attractive, at “short” distance they are repulsive

Surface topography (height variations) can be sensed by monitoring the force, i.e., the
cantilever deflection

When tip/sample distance is kept in the

repulsive region, contact operating mode is
achieved

Propottional region
~-Atamic Forca (AF) .
AF =< {Py-Fp) { {(Py*+Fg)

——==— | When tip/sample distance is kept (mostly) in the
attractive region, non-contact operating mode

e is achieved
% i |
0.A0——=1 05 0.6
Distance (nm)
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Tip/sample forces

Sample investigation is available thanks to the forces acting between a cantilever and a surface. They are
puite different. One or another force dominate at different tip-sample separations.

During cantact and the surface defarmation by the cantilever, the elastic repulsion farce dominates;
thiz approximation is called the Hertz model and is considered inthe chapter "Elastic interactions,
The Herz prohlem".

At tip-sample separations of the order of several tens of angstrom the major interaction is the
interrmolecular interaction called the Van der Waals force (see chapter "The Van derWaals force™.
At the same distance hetween the tip and the sample and in the presence of liguid films, the
interaction is influenced much by capillary and adhesion forces. The range of capillary forces
considered in the chapter " Capillary forces" is determined by the liguid film thickness.

At larger separations the electrostatic interaction starts to dominate. It is described in chapter
"Electrostatic force microscopy”,

At separations ofthe order of a thousand of angstroms magnetic forces considered in the chapter
"Magnetic farce microscapy” prevail,

O NT-MDT

non-contact

& F
FHertz* (=h)**
"semicontact”
Va.rlous k.|n.d of forces.do cooperate « mode |
in providing the typical force vs , ,
distance behavior experienced in : :
AFM ! !
|
1 O :
|
I |
contact :
mode | mode
. <
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A few words on van der Waals |

The Van der Waals force or the intermolecular attractive force has three components of slightly different
physical nature but having the same potential dependence on the intermalecular distance — 1/,-'5 . This lucky

circurmstance allows to compare directly constants of interaction that correspond to three Wan der Waals force
cornponents because proportions between thern will be held constant at diferent . maanitudes. Constants at

1]/.,«'5 multiplier will differ for various materials.
W=W_. + L+ - 1/.?“6 (1)
orient ind disp

All three Van der Waals force components are based on dipoles interaction, therefore we should
remember two basic formuolas:

.-';7
e
7
the energy of dipole d placed infield E is [1] and the electric field produced by the dipale d is [1]:
W = ~dE o pLlEUR) g 1 g
r I

where o —unit vector directed from the point atwhich
the energy is determined to the dipole.

The orientational interaction {or the Casimir force) arises between two polar molecules each of which
has the electric dipole maoment. In accordance with (23, (33 the interaction energy of dipoles dl and |:l2 separated
by distance »

dyd; -3{dn)(don) 1
Wp=—2—p il @
3 3
7 o
depends suficiently upon the molecules relative position. Here o s the unit vector directed along the line
hetween maolecules.

In order to reach the potential minimurm, dipoles tend to align along the common axis (Fig. 1). The thermal
rrotion, however, breaks this arder. To determine the "resulting” orientation patential B 4.4 one should average
statistically interactions over all possible orientations of molecules pair. Motice that in accordance with the Gibbs
distribution exp[:—WﬁcT), which gives the probability of the systern being in the state with energy [ at

temperature 7, the energetically advantageous arientations are preferable. That is why despite the isotropy of
possihle mutual arientations, the average result will he nonzera.

Scuola Dottorato da Vinci—2009/10
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Awveraging with the use of the Gibbs distribution is performed in accardance with the following farmula:

where, far the sake of normalization, the denaminator is the statistical sum and v is the integration parameter
providing enumeration of all the systermn possible states {3 pair of dipoles mutual orientations).

It Wy = &T the exponent can be approximated by the series expansion:

"ol %o
exp[ kT ] i ©
=0 the energy of orientation interaction is approximated as:
g 2
[P | Dy
L £T o
et [av+ [Wpae

On perfarming integration it can he shown that IWde =0, thus, 7 . Introducing constant

2
orient WD
Al in accardance with (43, we finally have:

W . =CG”SEL=—£ (8)
onent T B [

F Fr
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A few words on van der Waals Il

The dispersion interaction {or the London force) is a prevailing one hecause it involves nonpolar

- 'ecules aswell. This third termiin 1) i= always presented that is why it is the major one.

The induction interaction {or the Debye force) arises hetween polar and nonpolar molecules, Electric field
E generated by dipole d1 polarizes the other molecule {Fig. 2). The induced moment calculated in the first order

ofthe quantum perturbation theary is equal to djnd = xE where X stands for the maolecule palarizahility.

Then, the potential of induction interaction is computed as follows:

3(nd)’ +df __ya?

d7 d7

1. 3. Due to the quantum uncertainty, nonpolar molecules have “momentary” dipole moments, interaction

hetween which is of the second order of smallness of the perturbation theory.

In a system of nanpolar malecules the electrons wave function ¥ is such that average values of dipole

moments in any state » are equal to zero: <I|£fn|d12|l'£fn)=0. Howewer, nondiagonal matrix elemeants

W;nd = dde =?CE2 =5 = o iz)] {wn |d1,2|wm) are nonzero. Moreover, the second quanturn mechanical correction to the interaction eneroy

#0 I

Thus, this kind of interactian also "universally’ depends an B =J . +W 4 +Wdisp —~ 1/:*6 though

having the other reason and the other constant.

It should he noted that in liquids and salids the polarized moalecule experiences the symmetric influence of
many neighbor malecules, the induction interaction being strangly caompensated by their action. The resultis that
the real induction interaction is estimated as:

Wmd~i”,n=8+13 (10)
F

calculated as is known [2] according to the formula below, is nonzero too:

In a systers of nonpolar rmcdecules the electrons wave function ¥ is such that average values of dipole

moments in any state » are egual to zero: (wn|d12|wn)=0. However, nondiagonal matrix elements

{Wn |d1’2|l|£fm} are nonzero. Moreover, the second quantum mechanical correction to the interaction energy

calculated as is known [2] according to the formula below, is nonzero toa:

2
{2y _ |<'|""rn |W|Wm }|
Waci=» ——n ——— (mn
n,zm En T Em

where perturbation JF7 is given by (4), g, &, — energies of the system of two molecules in arbitrary states 2

Obwiously, the force is determined by

and #2 .

In a certain sense, "momentary' magnitudes of dipole moments {at zero average valug) are nonzero and
they interact {Fig. 3). In the second order of smallness the averaged magnitude of such "momentan’ potential is

A
F=-gradl¥ , Wdisp =23 (13 not already vanished and namely this is the potential of dispersion interaction.

r‘ﬁ

Estimations of the “an der Waals aftraction for AFM studies in the contact mode  give:
Fagy ~10F +107 .

Van der Waals interaction is based on different
dipole/dipole interaction mechanisms, all leading to a r -°

Correction {113 as is seen, is proporional to the sguare of perurbation WD. Fromthis it is clear that

2 __ A3
Wiy ~ 5 Wiy =3 (12)
341,
Constant f-'L3 = 75— X1X2 is called the Hamaker constant there 1'1 . 1'2 —ionization potentials, %y,
2(h+1a)

¥a —molecules polarizability).

The classical interpretation of this interaction is as follows. The dipole maoment of one molecule arisen

bEhaVior from fluctuations, generates field which, in turn, palatizes the second malecule. The already nonzera field of the
second malecule polarizes the first one. The potential of this peculiar system with a "positive feedback” is
This results into a r ™ force on the cantilever depending on calculated similarlyto the Induction Interaction.

specific tip shape and distance
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Hertz problem (continuous)

Wihen the cantilever and the sample are in contgCt, elastic forced) start to act giving rise to both the sample
and tip deformations which can affect the acquired i o_preqferly interpret the results and choose the

measuting made one should have a clear idea of elastic interactions in contact and "semicontact’ modes. Solution in spherical simmetries
Such consideration is necessary in order to: The general solution te this problem is well known (see chapter 2.2.2.3) though it is written in an implicit form [1]. In

order to get the general idea of the deformations in elastic contact and obtain characteristic numerical values, we will
= avoid tip or sample damage during scanning - even at low loading force the Pressure i @ confine to the analysis of two spherical surfaces interaction - the tip and the small sample area. This means that
contactzaone can exceed the strength limit because contact area is very small. A==, ”'f - ?"ﬁ =y
» reconstruct properly the sample surface topography basing on the acquired image profile in
case when surface features are ofthe same size as the tip curvature radius. 0
= analyze forces in the "semicontact' mode at a mament of the tip contact with the surface which ;
directly affect the cantilever oscillation and are ane ofthe damping reazons.

Hertz problem

Elastic deformations in the contact zone (the Herz probism).

Let us consider first anly the elastic force. The Hertz problem is deformations determination at local
contact of hodies under load & action.

We have to adopt some simplifying assumptions [1].

1. Suppose that both the cantilever and sample materials are isotropic, i.e. their elastic properties
are described only by two pairs of parameters — Young's moduli &, & and Poisson ratios I,

W' iFor the anisotropic matetials the number of such independent elastic characteristics can

PN

Fig. 2. Relation between contact area radius

reach 21). Fig. 1. Hertz problem definition. @ and penetration depth j; in deformed
2. Azsume that in the wicinity of the contact point the undeformed parts of bodies surface in

perpendicular planes arthogonal to the plane in the given point (Fig. 1) are described by two
curvature radii 7y, 7y (forthe tiph and .Ff, .?'2'l ffor the studied sample area). Under the load the contacting bodies deform in such a way that instead of a contact point some contact area arises.
Since the problem symmetry is axial, this area is clearly circular. Denote its radius by @ .

state.

3. Deformations are small compared to surfaces curvature radii.

Let us introduce the following convenient guantities: 'lJ."R = 1;"!‘ +'lJ."'rJ and effective Young's modulus of the given pair

I O of materials:
1 : , o2 g2
rL—="wr En Effective Young’s modulus for the 1_3[1-w” 1w .
/ \ 2 material pair (springs in series) ¥ 4| F B 0

At small deformations (assumption 3 in chapter 2.2.2.1) the following geometric relation between penetration depth
4 and contact circle radius @ iz valid:

3
h=— (2)
{}H [_ r.z which is clear from Fig. 2.
r 1 ‘“"-] 51 |.l1 The Hertz problem solution relates the loading force & and the penetration depth % :
; B
O kL 21
Fig. 1. Hertz problem definition. = — = Kh?R2 (2

/_\_ Ay,
AAS F
8 e @
oy
i\_—fl
surface
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Hertz

The given =solution for the case of two spherical bodies contact includes one important special case of the flat sample

contact with the tip having curvature radius & (p =&, r'=w )

Let us depict the Hertz problem solution, i.e. the dependence of the penetration depth (horizontal axis) upon the
loading force (wertical axis) for positive f . In Fig. 3, the rizing branch corresponds to the Hertz problem solution.

F
F"” h:l.')

Fig. 3. Force F depending on penetration depth }
(graph of the Hertz problem solution).

A=z mentioned above, the =olution can be obtained in implicit form for any kind of surfaces (stipulated in condition 2 in
chapter 2.2.2.1), however our goal is an exact numerical result. Nevertheless, this result by the order of magnitude is the
zame as in our simplified case. Therefore, we can estimate the characteristic contact pressure from formula (4).

Reszults are tabulated in tables which prezent magnitudes of contact area and pressure at warious Young's modulus of
a studied material. The data are calculated for the silicon cantilever - £ =150GPa - with the curvature radius 10nm at

two loading force magnitudes & = 5- ]0'9 I and =5 ]0'3 7.

Sample Young's modulus, Contact area radius & , Penetration due to deformation jp , Contact pressure o,
Pa nm nm GPa
108 7.2 16 5.2 24 0.03 0.07
102 3.4 7.2 1.1 5.2 0.14 0.3
100 1.6 3.4 0.25 1.1 0.63 1.4
10lt 0.9 1.8 0.07 0.3 2.2 4.7
1012 | 0.7 | 1.4 | 0.04 | 0.2 | 3.7 | 7.9
at loading force &, nN
[ s R 5 | 50 [ s | =0

Table 1. Comparative analysis of contact deformations arising during AFM-investigation of materials

having different elastic properties [2].

Scuola Dottorato da Vinci—2009/10

Material and its Young's Contact area radius g, | Penetration due to deformation %, | Contact pressure o,
modulus nm nm GPa
Quartz glass,

E=065CPa 3.74 5.04 1.04 6.46 0.11 0.25
Kapron,

E=1GFPa 3.24 6.98 1.05 4.87 0.15 0.33
Copper,

E=120GPa 0.79 1.7 0.062 0.29 2.55 5.51
Tungsten,

£ =400GPa 0.68 1.46 0.046 0.21 3.44 7.47
Diamond,

E=1000GPa 0.64 1.38 0.041 0.19 3.88 8.36

at loading force &, nN
5 50 5 50 5 50

Table 2. Comparative analysis of contact deformations arising during AFM-investigation of materials
having different elastic properties using silicon cantilever.

It i= clearly seen that the contact pressure is higher for more stiff samples.

The other restriction (assumption 1 in section 2.2.2.1) is the problem solution within the model of the continuum with
isotropic characteristics. Naturally, on the microlevel, the molecular structure is of great importance, therefore such
assumption is rather relative. That is why the Hertz problem solution with a more exact geometrical characteristics of
contacting surfaces (in contrast to the considered case) makes no sense because assumption 1 in section 2.2.2.1 itzelf is a

very crude approximation.

deformations smallness.

force as F25.

Summary.

+ The Hertz problem allows to determine parameters of deformation in a "point” of two bodies contact.

+ Definition of the Hertz problem implies the use of uniform isotropic linearly elastic media model and the assumption of

v In a place of the tip-sample "point” contact the contact area arises.

+ The Hertz problem solution relates the deformation and applied load. Penetration j; is proportional to the compressing
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Forces in AFM

Materials destruction during scanning.

Once the contact pressure is estimated according to formula (4) in chapter 2.2.2.2, it is easy to determine which
material can be damaged during scanning. For that it is enough to compare materials ultimate strength (measured in Pa)
and arising stress (pressure ). See Appendix 1.

Howewer, even if this strength is exceeded, no probe or sample material destruction can occur during scanning. The
point is that the overcritical pressure should act longer than the damage process duration (relaxation time of elastic
deformations is about 10‘5 =). During rather fast scanning of large areas this condition may fail. See Appendix 2.

Reconstruction of the surface feature shape from the scan line profile.

The change in the probe vertical position during scanning in the contact mode produces profile which can differ much
from the real surface topography. One of the reasons for that is the elastic deformation of the tip and the sample. For
example, the decrease in the organic molecules vertical dimensions was experimentally established. Because these
materials are very soft, the probe "indents" protrusions on their surfaces (See Appendix 3 and chapter 2.5.1).

The =econd reason for the difference between =can profile and real surface geometry is the tip-sample convolution.
Itz consideration is important when studying small (of the order of the tip curvature radius) surface features. A finite tip
dimension results in the lack of the ability to probe narrow cavities on the sample surface thus decreasing their depth and
width. Similarly, convex features image appears wider. The conveolution phenomenon is best understood from Fig. 1.

probe trajectory

Fig. 1. Tip convolution during scanning. The scan profile can differ much from real surface
geometry.

It can be =een that for an object having in reality radius » ~ & the measured dimensions are larger depending on
the tip radius (see details in the chapter 2.5.2).

If one assumes the simultaneous effect of convelution and deformation, it becomes clear how much the image profile
can differ from the real topography. In Appendix 4 it is demonstrated that the acquired image needs to be analyzed and
even computer processed in order to obtain the sample real topography.

Non-elastic conservative contact forces.

A=z tip makes contact with the sample, some other forces arise besides the elastic one. For example, the Van der
Waals interaction (revealed not only when two bodies touch but within some distance between them) leads to the contact
pressure decrease because Wan der Waals forces in contrast to elastic ones are attractive but not repulsive.

Fll
F—h*

=y

%/

Fig. 2. Plots of force 7 wvs. penetration depth % . Shown are the Hertz problem solution

as well as solution with a hysteresis loop accounting for the nonconservative forces.

This alongwith other attractive microscopic interactions (not discussed here) result in the downward shift of the plot
(Fig. 3 in chapter 2.2.2.2) which illustrates the Hertz problem solution. As can be seen, at }; = () the force is negative. This

means that as the tip slightly touches the sample, an attractive force acts.
Nonconservative effects.

Besides elastic and Van der Waals forces, some other nonconservative forces exist: from friction to energy
dissipation by arising elastic waves s phonones. These forces modify the Hertz problem sclution ewven greater. Let us
consider the experimental consequences of such contact interactions.

Farticularly, due to the nonconservative forces, the tip adhesion (sticking to the surface) takes place. In this case the
touch and separation happen differently, i.e. the hysteresis occurs.

The tip adhered to the surface carries a small "stuck" portion of the sample (during the upward mowve) which, for
=ome time before separation, goes up producing a neck (Fig. 3).

sample

Fig. 3. "Sticking” of the sample surface portion to the tip is due to
nonconservative forces and results in hysteresis.

The hysteresiz loop in the plot means that in order to press the tip into the sample surface and then separate it and
bring it back, some work must be done. In other words, if one hits the sample surface with the cantilever, the collision will
be non-elastic. In semicontact vibration mode such non-elastic sticking is one of the damping factors.
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Not to forget: adhesion/capillary effects

Letus examine the effect of the surface tension on AFM measdrements. [1]At the mament of a cantilever
contact with a liquid film on a flat surface, the film suface reshapes producing the "neck™. The water wets the
cantilever surface (Fig. 1) because the water-cantilever cantact {if it is hydrophilich is energetically advantageous
as compared to the water-air contact, Motice that in such cases the contact angle is always less than 907,

F
=== gpproach curve
retraction curve
W - work of adhesion
0 [
W

Fig. 1. "Neck™ formation.

Itis intuitively clear that the neck curved surface will tend to flatten that is available anly atthe expense of
the cantilever pulling down. This means that the cantilever attracts to the sample.

Calzulation ofthis attraction force is a simple task. Let the tip curvature radios be much larger than ather
characteristic dimensions of the casze. In Fig. 2 the following designations are introduced: [ — tip-sample
separation, & ="immersion depth®, & - film thickness, pp — lesser curvature radius of the liguid surface, ps
—tip-liguid contact area radius.

Wiie will not cancentrate attention on 4 walue determination. Far the estimation purpose we will use the AdheSion effects can further affect the

maximum value of the capillary attraction farce thattakes place at =0 . In this case the unknown parameter

d vanishes: interaction (unless UHV operation is
Frap = Fruax = AmRacosd &) performed!)

Taking into account that cantilever radius & is 10nm, water surface tension at 20" is egual to
0.073M/m  and the contact angle is small ie. cogf is close to 1, we get the following estimation:

F,':ap -~ 1[]_8 - 1[]_g M . Thus, the capillary force by the order of magnitude is the same as the Van der'Wasls

interaction and the electrostatic force.

Didring the cantilever approach-retraction cycle, the hysteresis arises. Atthe upward mave the neck stays
longer because the cantilewer surface is already wetted and the ligquid neck goes with the tip. As honds break,
the capillary force stops to act and the cantilever suddenly returns into its undeflected state.
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Scanning Force Microscopy

%.12 The Operation Principle of Scanning Force Microscope

e main electronic components of the SFM are the same as fi

topography of the scanned surface is reconstructed by analysing tl;]er c::geizi‘gxl; oofntlﬁyett]iw
at the enq of a spring. Today, the interferometrical and o tical lever method duminats
com_mercmll SFM apparatus, The most common method for detecting the deflection of
cantilever is by.mgasuﬁng the position of a reflected laser-beam on a photosensitive
detector. The principle of this optical lever method is presented in Figure 18 a. Without

cantilever displacement both quadrants of the photodiode (A and B) have the same irra-
diation Py = Py = P/2 (P represents the-totaltight-atensity). The change of the irradi-
ated area in the quadrants A and B i€ a linear function of the displacement

§ocAd =2sin(8) §; =20- 5, =35, 6L (10)

For small angles 5in{@)~ O and & may be evaluated from the relation ©— 38/2L
(Figure 18b), For P, and Py one would get approximaiely Py =Pf2-(d+ Ad)/z and
R =Pf2.{d~ Adﬁ’z. Using the simple difference between P, and Py would lsad to

AP = P-386{{Ld) but in this case one cannot distinguish between the displacement &
of the cantilever and the variation in the laser power P Hence the normalised difference
is used, which is only dependent of &
Pa—ty 35 (1
Pa+ P Ld

The “lever amplification™ Ad/é = 35, /1L is about a factor of one thousand, On the basis
cohpique one is able to detect changes in the postion of a cantilever of the

FoNapge distfhees between the tip and the sample the bending of the cantilever by
attractive forces is negligible. After the cantilever is brought closer to the surface of the
sample (point “a” Figure 18c) the van der Waals forces induce a strong(deflection f the
cantilever and, simultancously, the cantilever is moving towards the surface. This
increases the forces on the cantilever, which is a kind of positive feedback and brings the

cantilever to a direct contact with the sample surface {point “b”). However, when the
cantilever is brought even closer in contact to the sample, it actually begins to bend in

the opposite direction as a regult of a repulsive interaction ( “b-¢”). In the range (*b-c™)
the position of the laser beam om both quadrants, which is proportional to the force, is a
linear function of distance. On reversal this characteristihis means
that the cantilever loges contact with the surface at a distance (point “d”) which is rmch
larger than the distance on approaching the surface (point “a”),

Up to now, the actual prebe, i.e. the tip of the leaf spring, has not been discussed in
detail, Tts preparation is particularly demanding since the tip and the sensitive spring

I i oreover, the cantilever should be as small as possible. Nowadays,
such scanning tips are commercially available (in confrast to the tunnelling tips, which
you should prepare yourself). Figure 19 shows such a spring with tip (cantilever) made
of 8i. The characteristic parameters of a cantilever has been presented in Figure 18b.
The spring consta :.- e cantilever enables topograph-
ical analysis with atomic reseiution

For the realisation o

The controller keeps The amplitude of the vibration of the cantilever {the 1ip), and thus
also the distance, constant. During scanning the feedback controller retracts the sample
with the scammer of a piezoelectric ceramic or shifts towards the cantilever until the
vibration amplitude has reached the setpoint value again. The principle of height regula-
tion is exactly the same as for the scanning tunnelling microscope. The smmmi Eorce
micrographs thus show areas of constant effective force con i -
ically homogeneous and if only van der Waals forces act on the tip, the SFM image
shows the topography of the surface.
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a) 2-Quadrant Diode
20,

Cantilever

7 Exaxa‘: E-Young«s madulus of cantilever
% 41° spring constant k = (0.1-10N/m) Figure 18: The amplification of the
cantilever motion through the optical
3 2 lever arm method,
0= %——* P B= —255:'— {a) Optical laser path in the standard
% i AFM set-up.
{b} Cantilever beam in bending.
35 ) Cgmilever force as a function of
ST I-geometrical moment of inertia the distance tip — sample distance.
An optical lever method is used
to detect the cantilever deflection
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Force vs distance curves

In the approaching step, force (i.e., cantilever deflection) vs distance plots have a typical
behavior

Force vs distance curves can be used to get local information on the mechanical
properties of the surface (force spectroscopy)

Tip is in hard contact

with the surface; - I
repuls'!ve regime Tip is far from the f
g surface; no deflection 305
x’/ / E" L
L= 2e5-
]
= L
ar / E leSH
e
o ﬂ T %, L
e D L.
Tip is pulled toward the -
surface - attractive regime -le5-
Probe Distance from Sample (z distance) <

Note: we are discussing of the contact mode operation and tip might penetrate
into the sample (as in nanoindentation — we will see later!)
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Contact mode of operation

3.1 Theoretical Principles of the-Seanmi eTviic
As already mentioned above, Van—der Waa <
between the tip on the spring and the sample surface. Figure 15 shows schematically the
van der Waals potential between two atoms. The potential can be described in a simpler
classical picture as the interaction potential between the time dependent dipole moments
of the two atoms. ATthough the cenires of gravily of iie elecironic charge denstly and
the charge of nuclens are exactly overlapping en a time average, the scparation of the
centres of gravity is spatially fluctuating in every moment. This produces statistical fluc-
tuations of the atoms' dipole moments. The dipole moment of an atom can again induce
- & dipole moment in the neighbouring atom and the induced dipole moment acts back on
the first atom. This creates a dipole-dipele interaction on basis of the fluctuating dipole
maments. This interaction decreases M\n the case of small distances ¢ (Lenard-

" Joned\potential}, At larger distances,\the intglaction potential decreases more rapidly
{d7). This arises mmm%matm o TRGTEATS OCCUTS

throygh the exchange of virtual photons. If the transit time of the virtual photon between

“gtoms 1 and 2 is longer than the typical fluctuation time of the instantaneous dipele

~goment, the virtual photon weakens the interaction. This range of the van der Waals
interaction is therefore called retarded, whereas that at short distances is unretarded.

Ui

The scanning force microscape i on the interaction of individua! aton
only. Bath the sample and the tip are largs in comparison: to the distance. In orde
obtain their interaction, all forces between the aloms of both bodies need tobe int

grated. The resuls of this is known for phriple bodies and geommeties=—ly gl‘L cases, th
summation leads 1o a weaker decrease of the-interaction, A singic ator-af distance d e,
ative 19 & half-space laads o an interaction potential

{7

where € is the inieraction consiant of thevan der Waals potential and A the density o
the solid, € is basically determined by the electronic polarizabilities of the atoms in th
half space and of the single atom. If cne has two spheres with radii R, and R, at distan
 (distance between sphere surfaces) onc obtains an interaction potential of

gy ARRy 1 @
R+ Ry} d

where A is the so-called Hamaker constant, [t is materials specific and essentially cone
fains the densities of the two bodies and the interaction constam C of the van der Waak
potential. if 2 sphere with radius R has a distance 4 from a half-space, an interaction
potential of

is obtainad from Eq. (8). This case describes the peometry in  scanning force micro-
scope best and is most widely Gsed, 1he Oisiance depengence Of the vau der Vaals
potental ihus ohained is used analogously to the distance dependence of the tuninel cur-
rent in a scanning wnnelling microscope to achieve a high resolution of the scanning
force microscope. However, since the distance dependenes s much weaker, the sensitiv-
ity of the scanning foree microscope is lower.

Realistic tip/surface p(%tential

Figure 15: The van der Waals potential I/
berween two atotns. 4, is the critical distance
above which the transit time effects weaken the
interaction [23].

Contact mode is suitable
for rather rigid surfaces

In the contact mode of operation, mechanical interaction leads to
tip displacement, i.e., to cantilever deflection related to
topography changes

As in STM (constant gap), typical operation foresees a feedback
system, acting on the Z direction of the piezoscanner, which
keeps constant the cantilever deflection during the scan

The “error signal” of the feedback system provides a topography
map (with a calibrated sub-nm space resolution)
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Operation modes (AFM contact)

y with soft matter

The most straightforward AFM operation mode involves “contact” (repulsive) forces

Constant height and constant force configurations are possible (the latter, the most common, is
based on feedback)

Major drawback: surface degradation, especi

/

‘Yertical tip position

_ T—

Cantilever deflectior

—_—

Copyright & MT-MDT, 2002

[0 [ ]

w, nkmdk. com

santilever.

In Contact mode of operation the cantilever deflection under
scanning reflects repulsive force acting upon the tip.

Repulsion force Foacting upon the tip is related to the
cantilever deflection walue x» under Hooke's law: F — -k,
where k is cantilever spring constant. The spring constant
value for different cantilevers usually vary fram 0.01 to several
I,

In our units the wertical cantilever deflection walue is
measured by means of the aptical registration systern and
converted into electrical signal DFL. In contact mode the DFL
signal is used as a parameter characterizing the interaction
force hetween the tip and the surface. There is a linear
relationship hetween the DFL walue and the force. In
Constant Height mode of operation the scanner of the
micrascope maintaing fixed end of cantilever an the constant
height value. So deflection of the cantilever under scanning
reflects tapography of sample under investioation.

Constant Height mode has some  advantages  and

disadvantages.

Main advantage of Constant Height mode is high scanning
speeds. It is restricted only by resonant frequency of the

Zonstant Height mode has also some disadvantages. Samples must be sufficiently smooth. When exploring soft
samples {like polymers, biological samples, Lanamuir-Blodgett films ete) they can be destroyed by the scratching
aecause the prabe scanning tip is in direct contact with the surface. Thereunto under scanning soft samples with
-elatively high relief the pressure upon the surface varies , simultaneously varies local flexure of sample surface. As
3 result acquired topography of the sample can prove distorted. Possible existence of substantial capillary forces
mposed by a liquid adsorption layer can decrease the resolution.
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Sample

wertical tip position

—_— T

—

Cantilever deflection

Copyright @ NT-MOT, 2002

I I

vy, nkrndt, com

In Contact mode of operation the cantilever
deflection under scanning reflects repulsive force
acting upon the tip.

1 Repulsion force F oacting upan the tip is related to

the cantilever deflection value x under Hooke's law:
F = -k, where k is cantilewer spring constant. The
spring constant value for different cantilevers usually
wary frorm 0.01 to several Mirm.

In our units the wertical cantilever deflection value is
measured by means of the optical registration
systermn and converted into electrical signal DFL. In
contact mode the DFL signal iz used as a
parameter  characterizing  the interaction  force
hetween the tip and the surface. There is & linear
relationship hetiween the DFL walue and the force. In
Constant Force mode of operation the deflection of
the cantilever is maintained hy the feedback circuitry
an the preset wvalue. So vertical displacement of the
scanner under scanning reflects topoaraphy of
sample under investigation.

Constant Force mode has some advantages and
disadvantages.

Main advantage of Constant Force mode is possibility to measure with high resolution simultaneously with
topography some other characteristics - Friction Forces, Spreading Resistance ete.

Constant Faorce mode has also some disadvantages. Speed of scanning is restricted by the response time
of feedback system. When exploring soft samples (like palymers, hiological samples, Langmuir-Blodgett
films etc.) they can he destroved by the scratching because the probe scanning tip is in direct contact with
the surface. Thereunto under scanning soft unhomogeneous samples the local flexure of sample surface
waries. As a result acquired topography of the sample can prove distorted. Possible existence of suhstantial
capillary forces imposed by a liquid adsorption layer can decrease the resolution.

Locally probing the (repulsive) force allows for topography
and morphology reconstruction
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Non-contact modes of operation

ethod of a scanning force microscope has proved to be
particularly oseful, 0 this method the neminal force constant of the van der Waals

potential, i.ethe-secand derivative of the potential, is exploited. This can be measured
by utinga_vibrating tip)(Figure 16). If a tip vibrates at distance d. which is outside the
interaction range of the van der Waals potential, then the vibration frequency and the

amplitude are onty determined by the spring constant k of the spring. This cortesponds ' '

o —o I
ST

(.Llrz: Pk =" m;._s,‘
tn a harmonic potential. When the tip comes into the interaction range of the van des

Waals potential, the harmonic potential and the interaction potential are superimposed
thus changing the vibration frequency and the amplitude of the spring.

This is described by modifying the spring constant & of the spring by an additional
comtribution, f of the van der Weals potential, As a consequence, the vibration frequency A
is shiftec to lower frequencies ag shown in Figure 17, wy is the resonance frequency ‘ :
without interaction and Aw the frequency shift to lower valuss. If an excitation fre-
quency of the tip of o1y, > wy is selected and kept coastaut, the amplitide of the vibration
decreases as the tip approaches the sample, since the interaction becomeg increasingly
stranget, Thus, the vibration amplitude also becomes a measure for the distance of the
tip from the sample surface. If a spring with low damping (" is slected, the resonance
curve is steep and the ratio of the ammlitude change for a given fiequency shift becomes
large.

In practice, small amplitudes (approx. | nm) in comparison to distance d arc used to
ensire the linearity of the amplitude signal. With a given measurement acouracy of 1%,
however, this means that the assembly must measure deflection changes of (.01 am,

which is achieved most simply by a iaser interferometer er optical lever method.

| =" working area SFM <0

Figure 16: Schejhatic representation of the
effect of the vay/ der Waals interaction poten-
tial on the vibyation frequency of the spring
with tip. As the tip approaches the surface, th
resonance ffequency of the leaf spring is
shifted. (fyom [23]).

afwl 4

Tapping mode
II !:' l_J alwl
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Figure 17: Resonance curves of the tip
without and with interaction with a van der
Waals potential, The interaction leads to a
shift Aw of'the resonance frequency with the
consequence that the tip excited with the fre-

In non-contact (tapping) mode, the tip/sample distance is continuougly
modulated thanks to a vibrating tip

Tip vibration is typically achieved by using a piezoelectric transdycer fed by
an oscillating voltage and mechanically coupled/to the cantiiver

mechanical r
undreds of k

Oscillation frequency is typically set around t
frequency of the system (cantilever+tip), i.e.

onance

The vibration reflects in an oscillation of th¢ position-sensftive detector
(multiuadrant diode) and amplitude is mgnitored

Tip/sample interaction leads to a damping (and phase shift) of the recorded
oscillation when the distance gets small

Suitably conditioned electronic signals are sent into the feedback system in
order to stabilize the distance and to derive the topography map

quency w, has a vibration amplitude a(w)
attenuated by Aa [23].

Non-contact modes
suitable for “soft”
surfaces

No sample
preparation is
needed!!
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Effects on the cantilever resonance

Consider a cantilever oscillations when in addition to driving force ({13 in chapter 2.2.3.3), an external
force Mg () acts on it The equation of motion in this case is wiitten as

F+ 20 +wiz = Ay cos Gt + Fy(2) fm (1

I a general case the steady-state solution of equation {13 is the sum of harmonics with frequencies
divisible by a driving force frequency £3

zi) =Z‘4n cos(ml2t + 1, ) @

In chapter 2.2.3.4 we considered the paticular case of eguation (1) solution - small oscillations when the
following candition is met

mw%
hH e
A B [S)]
dzz
4%,
where wp = cantilever natural resonant frequency, 5 — mean of the second derivative of the
dz

tip-sample interaction force (averaged with respect to oscillations amplitude.

In practice, condition (3 is seldom met. Howewer, utilizing numerical methods, one can show that even
under weak condition (4}, the character of steady-state oscillations will anly slightly differ from harmaonic (a
major contribution is made anly by the first harmaonic)

2
&< %
candition B ()
dzz
solution zi(f) ~ Acos (Qz + g.o) ()

In contrastto the case of small oscillations where the steady-state condition is entirely determined by systemn
parameters, the motion in the considered case depends on the initial state. That is, depending on the initial
position of the cantilever relative to the equilibrium position, the character of the steady-state oscillations will
vary (Fig. 1).

Z Steady-state solution Z(f) ~ Acos{{Qr+g@)

z

— 7‘”%_5
V7

Fig. 1. Feasibility of several
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normalized amplitude, rel. units
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Fig. 2. Resonance curves in case of nonlinear oscillations.

Cantilever oscillatons are
strongly dependent on
“damping” (both in terms
of amplitude and
frequency/phase)
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Non-Contact mode.

The Mon-Contact AFM (NG AFM), invented in 1987 TI" ue non-contact mo d e

F [1], offers  unigue advantages  owver  other

| contemporary scanning probe technigues such as
cantact AFM and STH. The absence of repulsive
forces {presenting in Contact AFM ) in M AFM
permits it use in the imaging "soft" samples and,
unlike the ST, the MNC AFM does not reguire
caonducting samples.

| The MC AFM works wia the principle "amplitude ‘/ Vertical OSCi”ation (tapp|ng) iS

modulation” detection. The corresponding detection

scherme exploits the change in the amplitude, A, of applled to the tlp, at a frequency
the oscillation of a cantilever due to the interaction of .
a tip with a sample. To the first order, the working of close to its resonance

the MC AFWM can be understood in terms of a
farce-gradient model [1]. Accarding to this madel, in
the limit of small A, a cantilever approaching a

sample undergoes a shift, df, in its  natural \/ Resonance frequency Variations
frequency, Ty, towards a new value given by .
(and dephasing) are measured

bt
o] &1 [m]

Copyright @& MT-MDT, 2002 v mkmde. com - [wehere fay is the new, effective resonance frequency

of the cantilever of nominal stifiess ko in the ‘/ Feed baCk keeps the resonance

presence of a force gradient F'iZ) due to the sample. The guantity z represents an effective tip-sample

Tutt fa (1-FiZiik) 12

separation while df = fog - T, i3 typically negative, for the case of attractive farces. freq Uency ConSta nt by Cha ngl ng the
If cantilewer is initially forced to vikirate at a fz.¢ =T,, then the shift in the resonance spectrurm of the cantilever b | d . h

toweards lower frequencies will cause a decrease inthe oscillation amplitude at ;. as the tip approaches pro e/Samp e ISta ncer ence

he sample [1) topography is reconstructed

This change in 4 is used as the inputto the NC-AFM feedback. To abtain a M AFM image the userinitially
chooses a value A..t as the set-point such that A.et = Afzet) when the cantilever is far away from the
sample. The M AFM feedback then moves the cantilever closer to the sample until its instantaneous
ascillation amplitude, 4, drops to Az atthe user-defined driving frequency fzop. At this pointthe sample can
he scanned in the x=y plane with the feedback keeping A = A..¢ = constant in order to ohtain a W AFM
image. The MC AFM feedback brings the cantilever closer {on average) to the sample if d.. is decreased at
any paint, and mowves the cantilever farther away from the sample {on average) if dz.t is increased. Overall,
the implication of the above model is that the NC AFM image may be considered, in the limit of small 4, o
he a map of constant interaction-farce gradient experienced by the tip due to the sample.

The non-contact mode has the advantage that the tip never makes contact with the sample and therefare
cannot disturh or destroy the sample. This is padicularly important in biological applications.

i References Non-contact modes allow for
1. 1 Appl Phys. B1, 4723 (19371 .
analysis of soft surfaces
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Examples of other operation modes

Semicontact mode,

scanning

A
@D Seecimenung
z
—
b4
[0 (53 O

wiww, nkrndt. comm

Copyright @ MT-MDT, 2002

Usage of Scanning Force  Microscopy  with
oscillating cantilever was firstly anticipated by Binnig
[1]. Earlier experimental realizations of scanning
with ascillated cantilever was realized in waorks [2,
3l It was demonstrated influence of the force
gradients on the cantilever frequency shift and
passihility of non-contact scanning sample surface,

| It must he noted also that Dorig studied freguency

shit of ascillating cantilever under influence of ST
tip [4].

In [2] was dermonstrated also possibility of materials
sensing under abrupt decreasing of cantilewver
oscillation  amplitude.  Possibility of  scanning
sample surface not only in attractive but also in
repulsive farces was demaonstrated in [4]. Relatively
small shift of oscillating frequency with sensing
repulsive forces means that contact of cantilever tip
with sample surface under oscillation is not
constant. Only during small part of oscillating period
the tip "feels" contact repulsive force. Especially it
cohcerns  to oscillations  with  relatively  high

amplitudes. Scanning sample surface with cantilever oscillated in this manner is not non-contact, hot
intermmittent contact. Corresponding maode of Scanning Force Mictoscope operation (ntermittent Contact

mode) is in cormmaon practice.

The Intermittent Contact mode can he characterized by some advantages in comparizon with do Contact
rmode, First ofall, in this mode the force of pressure ofthe cantilever onto the surface is less, that allows to
wark with softer and easy to damage materials such as polymers and hioorganics. The semicontact mode
is also maore sensitive to the interaction with the surface that gives & possibility to investigate some
characteristics of the surface - distribution of magnetic and electric domains, elasticity and viscosity of the

surface.

Force modulation: an additional contrast
mechanism related to material (mechanical)
properties is found and exploited

Scuola Dottorato da Vinci—2009/10

Semicontact: the tip gets in “temporarily”
contact thus combining advantages of contact
and non-contact

Force Modulation mode.

Bipe

tip position

a

Cantilever deflection

1 urlﬂrlﬁjﬂlul"lul"'ufl JU] anﬂu"u"u"u"u'

atiffness

I

Capyright @ MT-MDT, 2002

O] [ [

wiww, nkrndt. comm

composite materials investigations.

Proprieta piccola e piccolissima scala

Under realization of Force  Modulation mode
(Fil-mode) along with scanning of sample surface
as in Constant Force mode  (CFC-mode) the
scanner {or the sample) executes 5 verical periodic

'1 maotion [1]. Under this periodic motion cantilever

"feels out" the sample surface. At that the pressure
of the probe tip on the sample surface does not
remain constant but has  periodic component,
Usually sinusaoidal. In accordance with the local
elasticity of the sample value of corresponding
indentatian will change under scanning. On the stiff
areas of the sample surface depth of indentation
will he smaller, and on the compliant areas - larger.
Tracing of the sample surface relief height is
conducted by the usage of the averaged cantilever
deflection in the feedback circuit [2]. If values of the
scanner werical displacement Dz, the probe tip
vettical  displacement D and  cantilever  force
constant k. are known, one can determine the local
elasticity ofthe sample under investigation ks

ke= e (DD - 17

I turn with known walue of the lacal elasticity ane
can to determine the modulus of elasticity of the
sample. It can be done with usage of the calibrating
measurements orwith usage of the Hertzian model
[3]. Farce Modulation mode is widely used in
polymers, semiconductors, hiological, especially in
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A very few examples of AFM images |

E £
=S s
v g
nm
3
™ 100
0
2
=
- g
il 80
g
[i2]
2
' 60
~ 3
o .
¥
- » YBCO/YSZ/Ni
&
L=] o
0 I 2 3 4 - 6 Hm 20
Helicobacter pylari
Mode: Semicontact rode
SPM Maodel: Solvar PATH-PRO 0
Scan size: 12472 pm

Source MDT-file: download (1.07 kb

Canversion of two cells of bacterium Helicabacter pisioriinto coccoid forms. Polished silicone covered by palymer.

Image courtesy of Budashov LA, Moscow State University, Institute of Biochemical Physics
Sample courtesy of Marmynaliev KT, Scientific Research Institute of Physical-Chemical Medicine, Moscow.

titanum substrate, Contact mode AFM in air, commercial silicon
nitride cantalewver. 5 nm scan courtesy P. Cacciafesta, }
University of Gristol, UIC, f] "i-"" 4""
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Muscovite is fairly commeon and is found in igneous, metamorphic and detrital sedimentary rocks. It has a layer-like structure of alumitum silicate sheets not strongly . . . i
bonded, and they are held together by the ¥ ions. For further reading on this topic see the following publication: Gelatin on Mica Surfaces, J Phys. Chem. 94, hLtti-mocle: AFRA Dperatlun s uvith simuttaneous measurement of the
4611-4617. topography in ST mode (upper image) with stomic resolution on
See nup.//www.veeco.com . . . . . .
P SiC1 117 =7 using a conductive cantilever, and of the atomic scale variation

. . L of the farce, | e. cartilever deflection (lovwer image].
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A very few examples of AFM images I

Multi-phase systems

DMNA Molecules

e high rezolution of the SPM iz able to dizcern very subtle features such asz these two linear dzDMA molecules
TappingMode AFM image of poly(styrene) and poly(methyl ztlapping each other. 155nm scan, Image courtesy of W, Blaine Stine at ermail address
methacrylate) blend polymer film. The film was spin-cast on reb@stinet. pprd. sbbott. corn,
mica substrate from chloroform solution, The surface structure
is resulted from the spinodal decomposition. The islands consist

of a PMMS-rich phase while the surface matrix composes of a A Butterfly Wing Imaged in TappingMode AFM
PS-rich phase. 3pm scan courtesy C. Ton-That, Robert Gordon

A butt_.. Y Cage e e e wen wowered 3-D latkice iz an array of
holez an the cuticle of the scales, The order of such El system leads to strong diffraction of favored wavelangths in
certain directions, This scattering process and pigmentation causes the coloration of the butterfly, &,.25pm scan
courtesy of 1, Wuest, Museurn d'Histoire Maturelle, Switzerland,

The sample is a strip of adhesive {3M Scotch tape) that has

been peeled of a metal surface. The image shows small pits in

the sticky surfaces of the adhesive. The image was acquired in . . . 11
TappingMode at frequency of 3 Hz and setpoint of 1.8 V. 2um Huge Varlety Of AFM appllcatlons' ‘
scan courtesy L Scudiers, Washington State University, USA,
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A very few examples of AFM images llI

Contact-mode topography of
nonanethiol SAM grown on
Au/mica

Hexagonal arrangement -
structural variant

c(x@x«@ )R30O
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Conclusions

v Invention of scanning probe microscopies (born with SM in mid ‘80s)
gave impulse to analysis at the small and ultra-small scales

v' Mechanical forces are at the basis of the AFM operation
v In AFM the probed quantity is the local attractive/repulsive forces

v' Many variants have been introduced, remarkably the non-contact (or
tapping) AFM for “soft” materials

v’ (to be discussed: how AFM can measure mechanica properties at the
small and ultra-small scales)
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