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Introduction: need for higher resolution tools |

Due to diffraction, optical methods fail in poviding the required space resolution

Nanometer or even sub-nanometer resolution can be achieved by using
electron microscopy (SEM, TEM)

.. BUT ...

Contrast mechanism in electron microscopy are often indirect (they imply many
effects)

Morphology can be quantitatively derived only for the in-plane features (poor
info on the relative height)

Samples must be frequently prepared (made conductive, cut in thin slices,...)
Specific physical quantities (e.g., the local density of states, the magnetic
or electrical polarization, the surface optical properties,...) cannot be
directly measured

Ability to measure local (“point”) physical quantities is
required to investigate nanotechnology products
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Introduction: need for higher resolution tools Il

ON THE OTHER HAND

Optical lithography is unable to provide material control at the desired level
In a conventional context, electron beam lithography (EBL) can be used with
excellent space resolution results

BUT

Both optical and electron lithographies are thought essentially for top-down
approaches

EBL involves accelerated charges, in a process inherently destructive
Bottoms-up approaches, based, e.g., on nanoparticles, nanotubes, organics,
are hardly compatible with the “aggressive” technology which has been
developed for inorganics (silicon technologies)

New, more flexible and more “gentle” techniques must be designed to
access the full potential of nanotechnologies, at least in the laboratory
environment (i.e., not necessarily suited for the industry)

Ability to manipulate the matter at the nanometer level is
required to produce new nanotechnology
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Basics of Scanning Probe Microscopy (SPM)

Scanning:
Probe:

piezoelectric translator
tip probing local properties

Microscopy: sub-micrometer resolution
(+ system to control tip/sample distance
+ electronics for instrument operation)

Developed starting since '80s thanks to:

v'Piezo translators with sub-nm resolution;
v'sub-nm probes

Probe tip

Ow scan

B
Fast 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

SFM

Technique

STM
- AFM
SFFM
MFM

 EFM
SNOM
Ap-SNOM

Probed quantity Resolution
Electron tunneling atomic
Mechanical force 1 nm

Friction force
Local magnetization

Local polarization 10 nm
Optical properties
Optical properties 50 nm

Depending on the probe and on its interaction with the
surface, a variety of physical effects can be investigated
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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 axis” are typically acquired,;

Fast forward Forward/backward cpmparison i_s routinely usgd to
Fast bacward assess the scan quality (unless it is used to derive some
physical quantity, as in LFM)

Slow N

v'vyvy'v'vv'vlvy

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 us 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

Vi e ki b e v e ot | 1YP: ollow lbes made of PZT-
electric field direction: wpansion parallel o eS| hased ceramics with a multi-
: i 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 Iffe rent d Irections.
1coefficients for hard PZT materials are

Mierdin. coefficient d is negative representing contraction perpendidﬁﬁ%

dyy = 250-10-2m/V, dy = - 110-10-2 m/V ; Main issues:
wnd for soft PZT materials = Linearity (possibly closed loop);

dg3 = 600-10-2m/V, dyy = -270-10-2 m/V . = Hysteresis;
%ot PZT-5H : T :
||
Gy = S93-10-2mV | 4y, = —273-10-2 V. Distorted motion (artifacts).
_ §
Displacement as small as ~ 0.1-0.5 y i Y
= ; trod ;
nm/V (along Z) are possible | X o Hiecode X § SoniHon
Typical “scanner sensitivity”: Y // AN 4
~1-10 nm/V (along 2) | + y Electrode  _ y Electrode __|_ 1 + y Electrode
~1-100 nm/V (along XY) ' y Offset—{’
) o ' —_ ™ — x Electrode
Typical driving voltages up to +250 V x Offset ] {hidden)
\,‘ “";J— + % Electrode
Typical min driving step size (16 bit) NN s Bisctrods -
~10my Fig.4.5. Nlustrating the voltages applied to the electrodes of the single-tube scanner

Da C. Bai, STM and its applications
(Springer, 1995) Fisica delle Nanotecnologie 2006/7 - ver. 5a - parte 5.1 - pag. 7



Scanner-related artifacts |

Artifacts mean the presence of spurious 2.6. Scanner Drift

information in an SPM image Drrift in AFM images can occur because of thermal drift in

the piezoelectric scanner and because an APM can be

The easiest way to approach the artifact problem | susceptible to external temperature changes. The maost
8 § ) . common type of drft occurs at the beginning of 2 scan of
IS In AFM (We ” See soon hOW It WOka!) a zoomed-in r=gion of an image. This artifact causes the
inigial part of ascan range to appear distorted. Dnft arti-
facts are most easily observed when imaging test pat-
tems. Dnft will cause lines that should appearstraight to
hawve curvature.

2.0 Scanner Artifacts

Scanners that mowve the prmobe in an atomic force
microscope in the X, Y and Z directions are typicalby
made from piezoslectnc cemmics. As electromechanical
transducers, piezoelectic cemmics are capable of
moving a probe very small distances. However, when a
Ilr'earv-:-ltage ramp is applied tn rez-::relectn{ CERMICS,

piezoslectne cemmics exh B TES 15 EﬁE{E -.':ause-::l
by selfheating. ﬁ.rr.lfa-.':u can also be introduced into

images because of the geometry of the scanner. The

positioning of the scanner relative to the sample can Alter 8 region af 8 sampls jg seanpmed wilh the AFM B e
also create artifacts. anmimnant 3 "Foam” inle 8 small seciion of the image to gel

a higher magnificalion of an image. Scanner delft will causs
tha image be apgear dislorted b Uhe Beginming of e scan.

2.2, X=¥ Calibration/Linearity

All atomic force microscopes must be calibrated in the
¥ axis so that the images presented on the computer
screen are accurate. Also the motion of the scanners
must be linear so 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.

Zoaimad image show-
g oA aishorlion at the
baginming of the sean.
The sran angle je 45
e,

=
=

I e

&

Paul West
Matalia Starostina

PACIFIC NANOTECHNOLOGY
advancing nanotechnology
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Scanner-related artifacts Il

2.4, Background Bow /Tilt

The plerslectric scanners that mowve the probe in an
atomic force microscope typically move the probe in a
curved motion over the surface. The curved motion
results in a "Bow" in the AFM image. Also, a large planar
background or "Tik" can be observed if the probe/sample
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. Afer "leveling”
the desired features are typically directly seen in the

image.

AFM Scanner Suppont

X, Y, T Scannar

.ﬁ, C-J".H:l:;l:r of prote
'\-\__\_\_\_\_ _'_'_'_,_,—'-"

——

w-

A AFM plsrsalscinie searmpar 18 aflen sypaarbad gt the bop by
g8 mechanical aseembly. Thes e molicn of he oobs g
malinear i e £ axis as i & scanned adross a swface. The
motion can be spharcal or sven parabolic depanding on the
Dype of plaraalaalrie SCanner.

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

Figuine ZE4-C: AFM images 5 1.6 X
L& miicran imade oF Mamasilienss
G 8 Sufaee.

fA) The aniginal imags magsuinsd
Iy tha AFM bafans any image
OrCeEsiTg. THE I8 sanlly  Aeddd-
mirad b the dmage as the rghl
e of the mage appears darker
fham bhva WaiT side of e image.

f8) The AFM image shown i "A°
after g Nne-by-lne eveling of the
dmage with a sl ander back-
grsid correciian. The Jdark Band
i thae image 2 cavssd By the im-
Ade grocessing and & nof a meal
Slrucine,

() Particles gns axclisaed Frem
fhe background sublracion proc-

dage & saan gt the sdges. (8] A
e profile aorgss this image shows
Hhe magrilogs of the Bow.

Figue I34-8: Imadge (M) iz a8 B5 X
85 micran dmage of 8 Mal place of
eilfear. The o nbrodvcsd imdo Hha

g by derive Ehis image.
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Closed-loop scanners

v Problems associated with the scanner geometry
can be solved by using different scanner
configurations (e.g., non cylindrical)

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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Outlook

The mother of all SPMs: Scanning Tunneling Microscopy (STM):
mechanisms and instruments to investigate local electronic properties

SPM based on probing mechanical forces:

A. Atomic Force Microscopy (AFM): contact and non contact modes
B. Variants (lateral, electrostatic, magnetic forces,...)
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1. Scanning Tunneling Microscopy (STM)

1]

STM AFM SNOM

Electron tunneling Force microscopy Optical near-field

Locally probed quantity

Historically, STM is the first working realization of SPM, and probably the simplest
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(a)

STM tip (probe) preparation

R

(b)

¥ ) cathode: 6H,O + 6e~ - 3H,(g) + 60H- SRP =-245V
anode: W(s) + 8OH- - WO + 4H,0 + 6e- SOP = +1.05V
e
W(s) + 20H +2H,0 > WOZ + 3H,(g) E0=-143V.
% Electrochemical etching of W or
Fig.4.12. (a) Schematic diagram of the electrochemical cell showing the tungsten wire Pt/Ir typ ical |y used

(anode) being etched in NaOH. The cathode consists of a stainless-steel cylinder which sur-
rounds the anode. (b) Sketch of the etching mechanism shoewing the "flow" of the tungstate

anion down the sides of wire in solution [4. 13]

(b)

(a) piezo
scanning unit
' metallic
i Hp-a P p——
Very Sh_arp tlpS can \,‘q L. tunnel current
be obtained (ideally, & | +
ter_mlnated by a I"“ m 1N\ voliage
“single” atom) T T

electrically conductiong surface
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Basics of Scanning Tunneling Microscopy

Tip is scanned relative to the sample
(or sometimes the sample is scanned)
< »

Tip measures
some property of

the surface

The feedback provides a true (absolute)
measurement of the height (topography)

A feedback mechanism
is used to maintain the
tip at a constant height
above the sample

control voltages for piezotube

tunneling N
current distance control
amplifie and scanning unit

\_—i

[

with electrodes

piezoelectric tube

data processing

and display
tunneling
voltage

BIAS voltage

STM:
v Probe is a conductive tip

v' Sample (surface) is mostly conductive or semiconductive
v" A bias voltage is applied between sample and tip

v Tip is kept at small distance from the surface (typ <1 nm)
v Tunneling current (typ in the pA range) is measured
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Fort (6-45), we know from the qualitative arguments of the
last chapter that-aeeeptable solutions to the time-independent Schroedinger equation
should exist for all values of the total energy E > 0. We also know that the equa-
tion breaks up into three separate equations for the three regions: x < 0 (left of the
barrier), 0 < x < a (within the barrier), and x > a (right of the barrier). In the regions
to the left and to the right of the barrier the equations are those for a free particle
of total energy E. Their general solutions are

W(x) = Ae> 4 Be = x<0 (6-46)
W(x) = Ce™™* + De~ilix X>a
where
TR VamE

h

In the region within the barrier, the form of the equation, and of its general solution,
depends on whether E < ¥V, or E > V,. Both of these cases have been treated in the
previous sections. In the first case, E < I, the general solution is

W(x) = Fe kv 4 Geku O<x<a (6-47)
where
[2m(V, — E
LSl . ) E<V,
In the second case, £ > I, it is
W(x) = Felms 4 Gt 0O<x<a (6-48)
where
[2m(E — V,
ke =Y ail z o E>T,

h

Note that (6-47) involves real exponentials. whereas (6-46) and (6-48) involve complex

Reminders of tunnel effect | ....... ..

exponentials,

Since we are considering the case of a particle incident on the barrier from the
left, in the region to the right of the barrier there can be only a transmitted wave
as there is nothing in that region to produce a reflection. Thus we can set

D=0
In the present situation, however, we cannot set G = 0 in (6-47) since the value of x
is limited in the barrier region, 0 < x < a, so yr(x) for E < ¥, cannot become infinitely
large even if the increasing exponential is present. Nor can we set G = 0 in (6-48)
since y(x) for E > ¥, will have a reflected component in the barrier region that
arises from the potential discontinuity at x = a.
We consider first the case in which the energy of the particle is less than the height

g‘I!lcr, ie., the case:

In matchlng 1}1 x] and dy(x)/dx at the points x = 0 and x = a, four equations in the
ese equations can be used
to evaluate B, C, F, dnd (r in terms of A. The value Ul' A determines the amplitude
of the eigenfunction, and it can be left arbitrary. The form of the probability density
corresponding to the eigenfunction obtained is indicated in Figure 6-14 for a typical
situation. In the region x > a the wave function is a pure traveling wave and so the
probability density is constant, as for x > 0 in Figure 6-10. In the region x < 0 the
wave function is principally a standing wave but has a small traveling wave com-
ponent becausc the reflected traveling wave has an amplitude less than that of the

Da Eisberg Resnick, Quantum Physics
Wiley (1985)

0 a
Flgure 8-14 The probability density function ¥*¥ for a typical barrier penetration situation.

incident wave. So the probability density in that region oscillates but has minimum
values somewhat greater than zero, as for x < 0 in Figure 6-10. In the region
0 < x < a the wave function has components of both types, but it is principally a
standing wave of exponentially decreasing amplitude, and this behavior can be seen
in the behavior of the probability density in the region.

The most interesting result of the calculation is the ratio T, of the probability flux
transmitted through the barrier into the region x > g, to the probability flux incident
upon the barrier. This transmission coefficient is found to be

2 6 _ ,—kuay27] -1 -]
_ 1, C*C “lis (¢F= — g~ F1m) . sinh? kya 6-49)
zeda v5 Dol B R
1) 1) L) &)
where
PmVya? E
kpa = hzo (1 — Fo) E<V,

If the exponents are very large, this formula reduces to Depends on E/ V and a

e 16_(} B E)E-ka (exponennallg/g
Vo Vo

as can be verified with ease. When (6-50) is a good approximation, T is extremely

small.

These equations make a prediction which is, from the point of view of classical
mechanics, very remarkable, They say that a particle of mass m and total energy E,
incident on a potential barrier of height V, > E and finite thickness a, actually has a
certain probability T of pgnetrating the barrier and appearing on the other side. This
phenomenon is call& bgrrier peneiration, a3 the particle is said to tunnel through
the barrier, Of course, T is vanishingly small in the classical limit because in that
limit the quantity 2mV,e*/%°, which is a measure of the opacity of the barrier, is ex-
tremely large.

We shall discuss barrier penetration in detail shortly, but let us first finish de-
scribing the calculations by considering the case in which the energy of the particle is

kpa > 1

# % |n the height of the barrier, i.e., the case:
n this case the eigenfunction is oscillatory in all three regions, but of longer wave-

length in the barrier region, 0 < x < a. Evaluation of the constants B, C, F, and G
by application of the continuity conditions at x = 0 and x = &, leads to the following
formula for the transmission coefficient

* dnra = lemay2 - 1 .2
T=u1C C= (e e ) o |f e sin? kya (6-51)
nid*4 6 (il 4 f B
Vo \Vs LAAN
where
2mVya® [ E
k= _"ﬁTo_(T/;_ 1) E¥ ko

Depends on E/V,and a
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Table 6-2. A Summary of the Systems Studied in Chapter 6

Name of Physical Poiential and Probability Significant
System Example Total Energics Density Feature
Zero Proton in E Results used
potential beam from for other
cyclotron Y= systems
Step Conduction V(x) Penetration
potential electron near ! qap of excluded
(energy surface of — L region
below top) metal ° 0
Step Neutron E vy Partial reflec-
potential trying to Vix) : tion at
(energy escape ! potential
above top) nucleus 0 0 discontinuity
Barrier & particle ! ; Tunneling
potential trying to E | ]
(energy escape -'. vy <
—V r
below top) Coloumb 0 SV 0 o X
barrier
Barrier Electron scat- No reflection
potential tering from  ———8 —p ! I at certain
(energy negatively : | ey energies
above top) ionized atom i i
" Vix) - :
0 a 0 a
Finite Neutron ‘ - —V(x) ! | Energy o
square bound in E oy quantization
well nucleus : '.
potential
Infinite Molecule Approximation
square strictly to finite
well confined square well
potential to box
Simple Atom of Zero-point
harmonic vibrating energy
oscillator diatomic
potential molecule

Reminders of
tunnel effect Il

Da Eisberg Resnick, Quantum Physics

Wiley (1985)

Single barrier tunneling

(Single barrier) tunneling of
electrons through tip and
surface (or vice versa,
depending on bias polarity) is
the key point of STM
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More on tunneling current

2.1. Electron Tunneling

In classical physics an electron cannot penetrat:
into or across a potential barrier if its energy E is
smaller than the potential @within the barrier. A
quantum me i

eV

wave function in the barrier. For a rectangular

Sample

barrier we get

P(d) = P(0)e ™ _2m(®-E) Extinction length
p

The probability of finding an electrog behind the barrier of the width d is
W(d) = (@) =[#(0)f e Exponential decrease

In scanning tunnneling microscopy @ small bias voltage V j# applied so that due to the
electric field the tunneling of electrons results in a tunneling current |. The height of the
barrier can roughly be approximated by the average workfunction of sample and tip.

D=1/2(D,y, +Dy,)

If the voltage is much smaller than the workfunction eV << &_the inverse decay length for
all tunneling electrons can be simplified to
K~ “z;l“‘r' Typ k ~ 101°m-*?

The current is proportional to the probability of electrons to tunnel through the barrier:

EF: 'Tn (O)F e-2xd

E,=Eg-eV

By using the definition of the local density of states for = 0

1 E
P(st)EgE_ZEL‘Pn(Z)F <«— Local density of states
i (a definition)

the current can be expressed by

Tee Vp,, (0,Eg )™ *)

= Vp,(0,Ep)e NE where [d] = fk', (@] = eV;

unction value a change of 1A in distance causes ¢
change of nearly one order of magnitude in current. This facilitates the high vertical
resolution,

With 5eV as typical ex

Also
I o Vpsa (d?EF)
which means that the current is proportional to the local density of states of the sample at

the Fermi energy at a distance d, i.e. the position of the tip.

A more exact calculation of the current density of the square barrier problem requires the

Schradinger's equation to be solved in the three regions: before, in and behind the barrier,
The coefficients have to be adapted so that the overall solution is continually differentiable
Defining the transition probability as

_16E(V-E)

L ani. 2m(V-E)
e = ——
with the approximation Kd>>1

The current density itself is defined as

h d¥ d¥
Jz‘—zi—["f’ (1) - ¥ )—]

For € nonsquare potentiallhe WKB method must be used. This is more adequate as the

potential is changed by the applied voltage and influenced by the image force on the
electron. The W WKB method yields a transition probability of
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in
O Bardeen (Quantum) approach to tunneling

Another way of describing electron tunneling comes from Bardeen's approach which makes use of
the time dependent perturbation theory. The probability of an electron in the state Wat — “to tunnel

into a state Xat H"is given by Fermi's Golden Rule QU antum mech.
2n 2 Treatment
w= ?ﬂ\/ﬂ O(Ey -E,)

The tunneling matrix element is given by an integral over a surface in the barrier region lying
between the tip and the sample:

h 0 s
=— —-¥—|ds
M 21112%(?C bz kPé va

Applying a bias voltage V and approximating the Fermi distribution as a step function (kT <« &
Eesolution), the current is

v
47 ef

I= _ﬁ_ Ipn (EF =gV a)pﬁp (EF +e )|M|2 de (**)
1}

Imaging the occupied states of Imaging the unoccupied states of
SiC(0001)3x3

Hence the current is given by a combination of the local densities of states of t o
weighted by the tunneling matrix element M. SiC(0001)3x3

ST T
@
. Eolod |a Vo Tunneling current
B ...... = involves both local
" ] B density of states (of
o oy tip and saample) and
o el S " tip distance
Sample (> Tip Tip Sample#)

Schematic of electron tunneling with respect to the density of states of the sample.

3(Ey —E)) me: atan ron can tunnel if there is an unoccupied state with the same
energy in the other electrode (thus inelastic tunneling is not treated). In case of a negative potential
on the sample the occupied states generate the current, whereas in case of a positive bias the
unoccupied states of the sample are of importance. Therefore, as shown below, by altering the
voltage, a complete different image can be detected as other states contribute to the tunneling
current. This is used in tunneling spectroscopy. It should finally be mentioned that the probability of
tunneling (expressed by M) is larger for electrons which are close to the fermi edge due to the

lower barrier. Fisica delle Nanotecnologie 2006/7 - ver. 5a - parte 5.1 - pag. 18

Holes can also tunnel!




Lateral resolution in STM

2.3. Lateral resolution

The lateral resolution of STM can not be understood in : :

The corresponding wave length of the tunneling electron would be A> 10 A.

Therefore the STM works in the near- i g tric curvature of the tip with a
radius of curvature of e.g. 1000 A and x= 1 A would give rise to a resolution of about 50 A.

The actual atomic resolution can only be understood in a quantum
mechanical view: The most prominent model in this respect is the s-
wave-tip model. The tip is regarded as a protuding piece of
Sommerfeld metal with a Radius of curvature R (see Figure). It is
assumed that only the s-wave solutions of this quantum mechanical
problem (spherical potential well) are important. Thus, at low bias
the tunneling current is proportional to the local density of states at
the center of cuvature of the tip ry:
E, .
[e Z |lP|_|_(rIJ)‘ = evpsa (rl:l?EF)
v

E =E;-¢

In this model only the properties of the sample contribute to the
STM image which is quite easy to handle. But it cannot explain the
atomic resolution.

Calculations and experiments showed that there is
often @ state near the fermi edge present at
the apex atom which also predominantely
contributes to the tunneling current. It is understood
that this state (and also the p, like state) is
advantageous for a ,,sharp,, tip. Since the tunneling
current is a convolution of the tip state and the
sample state, there is a symmetry between both: By
interchanging the electronic state of the tip and the
sample state, the image should be the same
(reciprocity principle). This can also explain the fact
that the corrugation amplitude of an STM image is
often larger than that of the LDOS of the sample
(measured by helium scattering). In this case the tip
traces a fictitious surface with a d,” like state.

The state of the tip atom is dependent on the
material and the orientation. As the tip is quite
difficult to handle, it is one of the most difficult
problems in a STM experiment.

sample

Interaction which causes a high corrugated

tunneling distribution

105 SEM
(S)TEM
! e
x N .
el W
% A \\\\\\\\ \ l
E 101k \Linn L \\‘ |
g NN l
§ B REM, PCM |
10"
1 ] 1 ! [ 1 1
10! 10! 10° 10°

Lateral scale [nm]

Fig.1.1. Comparison of the resolu-
tion range of STM with that of other
micrescopes [1.1]. [HM: High-resolu-
tion optical Microscope. PCM: Phase
Contrast Microscope. (S)TEM: (Scan-
ning) Transmission Electron Micro-
scope. FIM: Field Ion Microscope.
REM: Reflection Electron Micro-
scope]

“Atomic” resolution achievable in STM
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Tunneling current and STM

2.1 Theoretical Fundamentals of the Scanning Tunneling
Microscope

How does a measuring instrument function that allows us tIn the

case of a scanning tunnelling microscope a fine metallic tip is used a5 tie probe (calied
munnelling tip} (see Figure 3). This tip is approached toward the surface until a current
flows when a voltage is between the tip and the sample surface. This happens at
distances in the order he current is called tunnel current since it is based on
the quantum-mechanical farnel effect. After a tunnelling contact is established, the tip is
moved over the surfuce by a piezoelectric scanning unit, whose mechanical extension
can be controlled by applying appropriate voltages. The scanning unit is typically capa-
ble of scanning an area of a few nm up to several pm, This allows us to obtain a micro-
scopic image of the spatial variation of the tunnel current. Hence the name scanning
tunnelling micrascope.

*+ A metallic tip is moved as probe towards a conducting surface up to a distance of

about | nm

+ With an applied voltage a current flows due to the funnef effect (tunnel current)

* The spatial variation of the tunncl current is measured by scanning over the sample
surface

* A microscopic image of the surface is produced
At this stage we have to ask what kmd of atumw scale st-ructures can be made visible by
the scanning tunnelling in hese structures must by
PR T i s om0 70 Wl st G T
tunnelling process, ITlie vacuumn barrier between tun-
nelling tip and sample, which represents a potennal barrier. The tunnel effect allows a
particle (here an electron) to tunnel through this potential barrier even though the elec-
tron’s energy is lower than the barrier height. The probability of such a process
decreases exponentially with the geometrical distance between the tip and the sample
and with increasing barrier height. An experimental apparatus making use of the tunnel
effect must therefore minimise the potential barrier to be tunnelled through. This is reali-
sed in the scanning tunnelling microscope cenfiguration by moving the tip very close
{gbout 1 nm) to the surface. The electrans can then pass between the surface and the tip,
The direction of the tunnel current is fixed by applying a voltage between sample and
tip.

Tn order to explain and interpret the images of the surface states obtained in this
way, efforts to develop a theory were made very soon after the invention of t

tunnelling microscope. One of the pessible theoretical approaches is based of Bardeen's
idea of applying a transfer Hamiltonian operator to the tunnelling process [2]. This

the advantage of adequately describing the many-particle nature of the tunnel junction.
In the model, a weak averlap of the wave functions of the surface states of the two elec-
trodes (tunnelling tip and sample swrface) is assumed to allow a perturbation calculation.
On this basis, Tersoff and Hamann developed a_simple theory of scanning tunnelling
microscopy [3], [4] Hence follows the tunnel current:

T~V 0y} Prarapie (70, 75) )

The tunnefling tip is assumed to be a metallic s-orbital as shown schematically in
Figure 4. In addition, it is assumed thatTow voltages FYi.e., much smaller than the wotk
function) are applied. (W5 is the dcnsﬂ?;ﬁs of the tip and py . (75, Wi} is that
of the sample surface_{gﬂie cenire r, ol the fip orbital and at the Fermi energy #}. Eq.
(1) shows that at low voltage the scanning tunnelling microscope thus images the elec-
tronic density of states at the sample surface near the Fermi energy. However, this result
also means that the scanmn mnnelling mictoscope images do not dlrectly show the
atoms, but Tathe - s can be seen in Eq. (1), the
tips density of states ente ; i the same way as the density of states
of the sample, It is therefore desuable to know the exact electronic state of the tip, but
unfortunately, in practice, every tip is different and the details remain unknown.

» Weak overlap of the wave functions of the surface states of the twe electrodes (tan-
nelling tip and sample surface)

* Tunnelling tip approximated as an s-orbital
* Low voltages (V¥ < work function)

tunnelling tip

s-arbital

T

sample

Figure 4: Schematic
representation of the
tunnelling geometry in
the Tersoff-Hamann
model.

ancuum_ ==

sample tip

Figure 5: At high voltages not
only the states near the Fermi
energy Wy contribute to the cur-
rent but all states whose cnergy
ranges between Wy and Witel

Extension to
“high” bias

» The timnel current is proportional to the local density of states of the sample

+ The scanning tunnelling microscope images the electronic local density of states of
the sample near the Fermi energy.

In a first approximation the density of surface states decreases exponentially into the

vacuum with the effective inverse decay length k4

(2)

m, is the electron mass and k) is the parallel wave vector of the tunnelling electrons, B i is

the barrier height, which is approx]mately a function of the applied vohiage F and the

work functions &, and ®,;, of the sample and tip [5], respectively:
DU N sample & o Tnip 2

:w_% &

The tunnel current thus decreases exponentially with the tip-sample distance z
I~exp [—Zkeﬂ- z] (4)

The exponential current-voltage dependence is quite essential for the high measurement
accuracy of a scanning wnnelling microscope, since even small changes in distance may
cause a large change in the tunnel current. Thus the tip just needs one microtip, which is
only about 0.1 nm closer to the surface than the next one, and still all current flows over
only the closest microtip. Thus even apparently wide tips can yield atomic reselution via
one microtip,

The description of the tunnel current by-Eq however, has an important resn:ic-
tion: it strictly speaking only applies In particular for the invcstigat{on
of semiconductor surfaces voltages of the order of 2 to 3 V are required due to the exist-
ence of a band gap. Thus the theory must be extended. The simplest extension yields:

WF, i +elV

-y

F.tip

Ptip(W}Psample(W +eV) T(W.V) dW (5

T(W.¥) is a transmission coefficient which depends on the energy of the electrons and
the applied voltage, The tunnel current is composed of the preduct of the density of
states of the tip and sample at all the different electron energies that are allowed to par-
ticipate in the tunnelling process (Figure 5). For exarnple, an image measured at —2 V
applied to the sample, consequently shows all occupied sample states with an energy
between the Fermi energy and 2 eV below the Fermi energy. Tunnelling at a positive
voltages analogously provides a measurement of the empty surface states in an energy
intetval determined again by the voltage.

In order to illustrate this effect more clearly, in the following th lnP(l 10) surface
will be presented. On InP{110} surfaces two electrical states exist near Tan
occupied state below the valence band edge and an empty state above the conducnon
band edge (Figure 6). All the other states are located geometrically deeper in the crystal
or energetically deeper in the bands. They thus contribute little to the tunnel current.

Da R. Waser Ed., Nanoelectronics
and information technology (Wiley-

VCH, 2003)
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Modes of operation in STM

(a) piezo
scanning unit

Constant current Constant height

metallic
tip

T
tunnel current

(a}

voltage

Fel:t;lback
loop

V,(V,, V) > z(x, y) Inf(Vy, V,) = V@ - z (x,)
b A _ y
(b) Fig. 1.2a,b. Schematic view of two modes of operation in STM [1. 10]. S is the gap between
height motion the tip and the sample, [ and V- are the tunneling current and bias voltage, respectively, and
/ of the tip V, is the feedback voltage controlting the tip height along the z direction. (a) constant-cur-
s rent mode and (b} constant-height mode
* 2 r i C ter wotkstation Control unit Microscope
2.2 Operating Modes of the Scanning Tunneling Microscope = 2 : Plczoelectric
Up to now, the theoretical background of a scanning tunnelling microscope has been é pff\i?er}"s’ﬂgfiﬁis Pre amp_o "
pres.ented, but nothing has been said about the experimental operation of a scanning tun- e )
nelling microscope. The simplest way to obtain a scanning tunnelling microscope image [ i b Head 7/ #7;
-4

is to directly measure the variation of the tunnel current as a function of the scanming
position while keeping the distance between tip and sample surface constant. A so-

Display D-A's = Tl

called curtent image is then obtained. Instead of directly recording the atomic variation High-speed le
: g ( = z board Sample| Sample
of the current, however, the usual procedure is to keep the tunnel current constant while special - purpose : i
: o i = . digital signal % Tunneling stage
scanning aver the surface. This is done by changing the distance between tip and surface processor A-D T b
[

¢
I “ . x
using a feedback loop (Figure 8). In order to get an image, the voltage required at the
piezoelectric crystal to adjust the distance is recorded, One obtains a so-calted constant- Hard drive £ ﬂ nm

current STM image, =
———l Motor drive E—f St
RAM n:&];ir Base
Bi support
| D-A 188
80386

Feedback loop used to keep microprosessor
C O n Stant th e tu n n el | n g C u r re nt Fig. 4.27. Block diagram of the STM control, data acquisition and display system indicat-

ing all of the equipment connections
-> “absolute” topography map
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Atomic resolution in STM

Highly Oriented Pyrolithic Graphite (HOPG) substrates well suited as test samples

A few examples

STM image - 3D view
Cs on HOPG (bias 0.5 V)
8 h after dep.

STM image — plan view
HOPG substrate, p < 108 mbar
5nm x 5 nm scan (bias 0.5V)

Surface electron-
related features can be
easily observed

2D-FFT
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Bias polarity-related contrast mechanisms
(a) (b)

W

w\m'.unln i

[
: |
l Figure 6: Schematic of the
' tunnelling process at
{a) negative and
(b) positive voltages applied
to the InP(110) surface.

=
0
f

InP(110)
tip samr'~

tio

n the special case of the InP(110) surface, the occupied surface state is spatially
(a) _ _ located above the—P—atorms; —wiereas the empty state is bound to the In atoms

(Figure 7a,b). The P and In atoms are alternately arranged in zigzag rows, At negative

ey . sample voltages, the scanning tunnelling microscope probes the occupied states located
b | 2l » at the P sublattice, whose electrons tunnel into the empty states of the tunnelling tip

« —y - (Figure 6a). Conversely, only the empty surface states at the In sublattice are probed at

- -« ® positive voltages applied to the sample (Figure 6b) [6] - [8]. If the voltage polarity is

& e . changed every scan line, i.e. the occupied and the empty states are probed each alternat-

v s s ng scan line, the two resulting images can be superimposed and the zigzag rows of

filled altemating "In" and "P" atoms become visible (Figure 7c).

®) _~ dangling bond & Apart from the spatial distribution of the density of states, its energy dependence is

a N \ o also of interest, and it should be possible to determine this depsndence from current-
9 ’ ) | ’ - ’ Sl voltage characteristics using Eq, (5} In order to do so, however, information is required °

< ‘o — o | b empty gbou_t the transmission coefficient, Whjch turns outtobe a great obsta,cl.e even if approx-

o ek N dangling bond imations [9] are used. Therefore, in most cases, an experimentally viable approach is

AT Ay used, in which the density of states is approximated as follows [10], [11];

® cation (In, Ga) « anion (P, As) :
psample(eV) R (dﬂ d V)"{ (ﬂ V) (6)
f:)g;:;:;mﬁc o i el It is thus possible to experimentally measure the density of states as a function of the i
(b) side view of the (110) surfaces of energy relative to the Fermi level. | ,

HI-V compound semicondugtors,
(c} Superposition of two scanning
tunnelling microscope images meas- . . .
ured at positive (red) and negative Contrast mechanisms related to bias polarity
{green) voltage. The density of state
maxima correspond to the surface
states at the In and P atoms, respec-
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STM spectroscopy |

(V) Spectroscopy.

Copyright @ NT-MDT, 2002

o] &1 ]

vt nikrndt, com

STM offers analytical tool with unique
space resolution capabilities

In 1) Spectroscopy (or Current Imaging Tunneling
Spectroscopy, CITSY a normal topographic image is
acguired at fixed |, and ¥V, At each point in the
image feedback loop is interrupted and the bias
voltage is set to a series of woltages ¥, and the
tunneling current I is recorded. The waltage is then
returned to %, and the feedhack loop is turned back
an. Each Y spectra can he acquired in a few
millizeconds so there is no appreciable drift in the
tip position. This procedure generates a camplete
current image ;) at each voltage % in addition to
the topographic image 28 el e

CITS data can he used to calculate a current
difference image

Dbyt where Vioand Wy bracket a padicular
suface state, producing an atomic resolved, real
space image of 3 surface state. This technigue, for
example can he used in UHY to image filled
ad-atom states or the dangling bond states for
silican recaonstructions.

= References

1. 3. Binnig and H. Rahrer; Surf, Sci. 126 {1983)
236 Rep. Prog. Phys. 55, 11651240 (1992).

= Download Flash model

At one point over the surface, | vs V
and | vs Z curves can be acquired

liz) Spectroscopy.

Copyright @ MT-MDT, 2002

X
O] &1 ]

wiww,nkrndt. com

The I(Z) Spectroscopy is related to LBH spectroscopy
and can bhe used for providing an infarmation ahout
the z-dependence of the microscopic work function
of the surface. Mext imporant use of the I
Spectroscopy is concerned with for testing of the
STh tip quality.

The tunneling current |1 in STM exponentially decays
with the tip-sample separation z as

|1 ~ expi-2kz,
where the decay constant is given by

2k= 2(2mUh e

I iz the awverage work function Ug, = Uz + U W2,
where Uy and L. are the tip and sample work
functions, respectively.

In the 1iZ) Spectrozcopy, we measure the tunnel
current wersus tip-sample separation at each pixel of
an ST image. For Ua, =168V 2k=1.025 8 "ev .
Sharp IZ) dependence helps in determining of tip
guality. As is empirically established if tunnel current
|7 drop to one-half with £ = 3 A the tip is considered
to hewery good, ifwith £= 10 A, then using this tip it
is possible to have an atomic resolution on HOPG. If
this takes place with £ = 20 A this tip should not he
used and must be replaced.

iz References
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STM spectroscopy Il: an example

|-V curves can be
acquired at different
positions

STM image -
plan view
Cs on HOPG
(bias 0.5V)
8 h after dep.

Tunneling
current
(conversion
factor 108)

Typical STM I-V
curvesof different
regions
(covered/uncovered)

| [arb. un]

Possibility to discriminate
“conductivity” of small-sized
samples with an excellent
space resolution

YOV Bias
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2. Scanning force microscopy (AFM and relatives)

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
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AFM probes

f‘ s - : --Iomln{———-

\/
atomically

/ sharp

tip

sample

3um -

o

.3.5a-d. SEM micrographs of Siz Ny cantilevers with integrated pyramidal tips. (a) The
SN film is attached to the surface of a glass block with dimensions of 2 X3 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]

e 15pum —

scanner

The local character of AFM relies on
the availability of suitable probes
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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 siicon wafter with specific crystaline onentation. (a)
This results i the forming of square pyrammudal tips with
characteristic angles.

Exposed Si

(810, or SizNy4
5i3N removed)

(d) By
i . SiO; or

5i Si SizNy
(111) plane in Si
|—|thog raphyg' N Fig.5.2a-d. Fabrication of thin-film microcantilevers. (a) A thin film of 8iO, or Sig Ny is
| iz

3Ny formed on the surfacc of a (100) Si wafer and patterned to define the shape of the cantilever
A 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

gi i serve as a pedestal for mounting the cantilever in the AFM [5.4]

Anisotropic etching

Removal etching (a) 3um$; (©) S o o
Sy Hoast Ao AW
: i) =~
5i3N4 Masking material (SiO,) g
Au
. ¢ ; Glass and
S'J‘ 4 (d) Saw cut - = Cr removed
; | g
Si F g |
L il
itri e Metallization Nt e B
Nitride growth | ( ) _
v

Substrate

(e)
|—_ i | Metal
g—d/) Tip

cantilever
Fig.5.4a-e. Fabrication of Si3 N4 microcantilevers with(integrated pyramidal tips,)(a) to
(e) illustrate the steps in the fabrication process, see text [5.4
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Examples of commercial cantilevers
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e A Many different cantilevers are
mwhdfgeined r 3 M., - . .
At R — 1.8 commercially available

w1 Evallable with gefd osaling b
Righ redlecdivily.

They are different for:

L o L,-\E,-WWJ -Dimensions and shape, typ 0.1-0.5 mm:
s -Elastic constant (materials and design,

typ 0.05-50 N/m;
-Tip coating (conductive, super-hard, etc.)
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tip has to be used);
-Possible material manipulation (e.g.,
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Basics of tip/sample interaction

When the tip is approached to the sample (at sub-nm distance!), forces depend roughly
on van der Waals interaction between the apical tip atoms and the surface

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

cantilever deflection

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

When tip/sample distance is kept in the
repulsive region, contact operating mode is
achieved

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

0.20
o DR R ki
5T
T L
0.10 o E'-_:__
2 & Gzl
& 008 | G e
% e i !
Sy
0.10 [ | d i |
0.4 05 0.6
Distance (nm)
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Scanning Force Microscopy

%.12 The Operation Principle of Scanning Force Microscope

e main electronic components of the SEM are the same as fi ) savissighDicab
topography of the scanned surface is reconstructed by analysing t!?er c::gei;ﬂ"ﬂdr; oof‘ntll-)lfettliw :
at the enq of a spring. Today, the interferometrical and optical lever method dominats
com_mercla_l SFM apparatus. The most common method for detecting the deflection of
cantilever is bylmt_easunng the position of a reflected laser-beam on a photosensitive
detector. The principle of this optical lever method is presented in F igure 18 a. Withont

cantilever displacement both quadrants of the photodiode (A and B) have the same irra-

diation P, = Fg = P/2 (P represents the-toal-tightiatensity). The change of the irradi-
ated area in the quadrants A and B i ¢ displacement
~

Lens Laser
o T

8 o Ad = 25in(©)- §; =26 5, =35, -6/ {10

For small angles Sin(@)) ~0 and © may be evaluated from the relation 6= 36/2L
(Figure 18b). For £, and Py one would get approximately Py = P/2-(d + Ad)/2 and
AR=P2{d- Adﬁ’Z. Using the simple difference between P, and Pp would lead to

AP=P.38 Ef(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 &:
By _4 35 (1
Py + 1 Ld

The “lever amplification” Ad/é& = 38, /L is about a factor of one thousand. On the basis
cohpique one is eble to detect changes In the postion of'a cantilever of the

FoNapge distfhces between the tip and the sample the bending of the cantilever by
atiractive forces is negligible. After the cantilever is brought closer to the surface of the D)
sample (point “a” Figure 18c) the van der Waals forces induce a strong’deflection bf the
cantilever and, simultaneously, 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 result 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 TR I
linear function of distance. On reversal this characteristicshows a hysteresis. This means F
T

Cantilever

that the cantilever loges contact with the surface at a distance (point “d”) which is rmch 3 Y
larger than the distance on approaching the surface (point “a”). = ﬂv_ E—‘(c:ung«s modulus of cantilever
Up to now, the actual probe, i.e. the tip of the leaf spring, has not been discussed in 4 spring constant k = (0.1-10N/m) Figure 18: The amplification of the
detail, Tts preparation is particularly demanding since the tip and the sensitive spring cantilevar motion through the optical
should be one piece. Moreover, the cantilever should be as small as possible. Nowadays, Exl 3 By 2 lever arm method.
such scanning tips are commercially available (in contrast to the tunnelling tips, which jz —m—m—or| g =—————— {a) Optical laser path in the standard
you should prepare yourself), Figure 19 shows such a spring with tip (cantilever) made 3Ex/ 2Ex{ AFM set-up.
of 8i. The characteristic parameters of a cantilever has been presented in Figure 18b. (b) Cantilever beam in bending.
'_Th‘13 Sprilng.mnit; "' e cantilever enables topograph- 35 (¢) Cantilever force as a function of
ical analysis with atomic Fe30 : o i : the distance tip — sample distance.
For the realisation o anning force microscope, the force measurement must be o= 21 I-g eometrical moment of inertia 5 p

supplemented by(a feedback control, in analogy to the scanning tunnelling microscope.
The controller keeps the ude of the vibration of the cantilever (the tip), and thus

also the distance, constant. During scanning the feedback controller retracts the sample

with the scanner of a piezoelectric ceramic or shifts towards the cantilever until the . i

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 scanning force A n 0 pt I C al | eV er m et h O d I S u S ed
micrographs thus show agreas of constant effective foree constant. If the surface is chem-

ically homogeneous and if only van der Waals forces act on the tip, the SFM image tO d eteCt th e C an tl | ever d efl eC tl O n

shows the topography of the surface.
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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; s
repulsive regime Tip is far from the L
surface; no deflection 2651
o / E’l L
S 25 |
] i
x . :
7] / % leS :I
= :
s 07T & i .
w D= rosaaaienpe prie tgd e B he sanrnessapsnesfinens snn e ns s
Tip is pulled toward the -
surface - attractive regime -le5H
g RN LR T I
Proubﬁe dis?agnce frlom sallh:'!] le A Lk £ 4
Probe Distance from Sample (z distance) <« P

Z[nm]

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 Princm
As already menticned above, ls forces lead to an attractive interacti

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 centres of gravily of the electronic charge densify and
the charge of nucleus are exactly overlapping on a time average, the separation of the
centres of gravity is spatially fluctuating in every moment. This produces statistical fluc-
tuations of the atoms' dipele moments. The dipole moment of an atom can again induce
a dipale moment in the neighbouring atom and the induced dipole moment acts back on
the first atom, This creates a dipole-dipeie interaction on basis of the fluctuating dipole
maments. This interaction decreases with & \in the case of small distances d (Lenard-

" Jones\potential), At larger distances,\the intefaction potential decreases more rapidly
{d"). This msesmmmMﬁ_Wmc i fits OCCUTS

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

“aoms 1 and 2 is longer than the typical fluctuation time of the instantancous dipele
-foment, the virtual photen 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 microscope i on the interaction of individual aton
only. Both the sample and the tip are large in comparison to the distance. In orde
obtain their interaction, all forces between the atoms of both bodies meed to-be ini
grated, The result of this is known for g es—In all cases, th
summation leads to a weaker decrease of i distance d rel
ative to a half-space leads to an interaction potential of

y—_Cre 1 0
6 43

where € is the interaction constant of the van der Waals potential and A the density o
the solid. C is basicaliy determined by the electroni¢ polarizabilities of the atoms in th
half-space and of the single atom. If one has two spheres with radii R, and R; at distanc:
d (distance between sphere surfaces) one obtains an interaction potential of

y=_ KR 1 @
6(R+Ry} d

where A is the so-called Hamaker constant, It is materials specific and essentially con
tains the densities of the two bodies and the interaction constant C of the van der Waalt
potential. If 2 sphere with radius R has a distance d from a half-space, an interactior
potential of o )

ar 1 Realistic tip/su rfac(g]

U=—%"7

is obtained from Eq. (8). This case describes the geometry in a scanning force micro-
scope best and is most widely used. The distance dependence of the vau der Weals
potential thus obtained is used analogously to the distance dependence of the tunnel cur-
rent in a scanning tunnelling microscope to achieve a high resolution of the scanning
force microscope. However, since the distance dependence is much weaker, the sensitiv-
ity of the scanning force microscope is lower.

potential

Figure 15: The van der Waals potential I/
between 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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Non-contact mode of operation

The opetation method of a scanning force microscope has proved to be
particularly useful. Tn this method the nominal force constant of the van der Waals
potential, i asecond derivative of the potential, is exploited. This can be measured

by using(@ vibrating tipXFigure 16}. If a tip vibrates at distance d, which is outside the
interaction range of the van der Waals potential, then the vibration fmq_uency and the
amplitude are only determined by the spring constant k of the spring. This corresponds
to a harmonic potential. When the tip comes into the interaction range of the van der
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 k of the spring by an additional
contribution f of the van der Waals potential. As a consequence, the vibration frequency
is shifted to lower frequencies as shown in Figure 7. w is the resonance frequency
without interaction and Aw the frequency shift to lower values. If an excitation fr&
quency of the tip of w,, > w is selected and kept constant, the amplitude of the vibration
decreases as the tip approaches the sample, since the interaction becomes increasingly
stronger, Thus, the vibration amplitude also becomes a measure for the distance of the
tip from the sample surface. If a spring with low damping Q! is selected, the resonance
curve is steep and the ratio of the amplitude change for a given frequency shift becomes
large.

In practi i .1 in comparison to distance d are used to
ensure the linearity of the amplitude signai. With a given measurement accuracy of 1 %,

o =1 3 o

10

51

i

i
(:J*= fe; f= U

fTapping mod:F a
II.I L_E aluwl

0l -k

|
|

i
i

|
1}
1
1}
L e

Figure 16: Scheyhatic 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

however, this means that the assembly must measure deflection changes of 0.01 nm,
which is achieved most simply by a laser interferometer or optical lever method.

resonance ffequency of the leaf spring is
shifted. (fyom [23]).

fw)y

o

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

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 transducer fed by
an oscillating voltage and mechanically coupled/to the cantilver

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

The vibration reflects in an oscillation of th¢ position-sensiive detector
(multiquadrant diode) and amplitude is monitored

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

Non-contact modes
suitable for “soft”
surfaces

No sample
preparation is
needed!!

o
T
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A very few examples of AFM images

Multi-phase systems

nm

100

80

YBCO/YSZ/Ni

TappingMode AFM image of poly(styrene) and poly{methyl
methacrylate) blend polymer film. The film was spin-cast on
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
PS-rich phase. 3pm scan courtesy C. Ton-That, Robert Gordon

. . 0.0 0.2 0.4 0.6 0.8 1.0 12
University, UK,

Atomic resolution on mica

atomic resolution image of the titanium oxide layer on top of a

titanum substrate. Contact mode AFM in air, commercial silicon  The sample is a strip of adhesive (3M Scotch tape) that has

nitride cantalever. 5 nm scan courtesy P. Cacciafesta, been peeled of a metal surface. The image shows small pits in

University of Bristol, UK. the sticky surfaces of the adhesive. The image was acquired in
TappingMode at frequency of 3 Hz and setpoint of 1.8 ¥, 2pm

scan courtesy L scudiers, WWashington State University, USA,
See http://www.veeco.com
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Phase imaging techniques

Animations at www.ntmdt.com!

——amplitude
o | Extender
Electronics |—phase

landing

phase lag 1

'F." ‘."'I;-'I.r' '-‘H-" I."l ‘.\",:;. J,\-J{}’\}}
1 I~

This technique allow us to discriminate materials with
different viscoelastic properties

=

Dephasing between mechanical
oscillation (e.g., the tapping
oscillation) and the response of the
surface (affecting the tip deflection)
depends on the viscoleasticity of
the surface (purely elastic vs
Newton fluid)

Interpretation similar to a forced
and damped mechanical oscillator

Phase imaging:
- adds a contast mechanism;
- allows for local material analyses

Materiale tratto da seminario PhD di Michele Alderighi, 2005
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2.B. Force microscopies derived from AFM

B SR x '“‘%ﬁ“}oym

=
e

Figure 19: Scanning electron micrograph of a can-
tilever made of Si. [24].

We have seen how AFM, based on the occurrence
of tip/surface van der Waals forces, can map the
local topography of the sample

No sample preparation is needed, and the topography
map is obtained with “absolute” calibration

The achievable space resolution can reach the
atomic level, even though most common
instruments are capable of a slightly smaller
resolution (in the nm range, depending also on the
sample properties!)

The close vicinity between tip and surface realized in AFM opens the way for probing
physical quantities other than the van der Waals interaction force

For instance, tribological and material quantities can be measured (e.g., friction,
viscoelaticity, Young modulus, etc.)

With suitable tips (conductive, magnetic), static and quasi-static electromagnetic forces
locally occurring at the sample surface can be analyzed
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Lateral Force Microscopy (LFM, SFFM)

photo diode ?

cantilever

sample

X-, y-, Z-scanner

v, scan direction

—

Fn SO

Fz,!;'rﬁ'l &

During the scan, the tip is continuously displaced
with respect to the surface

Friction forces occur, resulting in a twisting of the
cantilever

Cantilever twist can be recorded by a two-dimension
position sensitive detector (i.e., a 4-quadrant
photodetector)

Friction effects can be corrected by the
topographical artifacts by comparing forward and
backward scans

« (A+B)-(C+D) = normal force (AFM signal)

 (A+C)-(B+D) = lateral force (LFM signal)

Materiale tratto dal seminario di Cinzia Rotella, 2006
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Friction and topography: artifacts and genuine

Trace (forward scan) Retrace (backward scan)
R
T <
B~ A ¢

» >
v AV v _-_/v J \V_
Iy Friction force is always
oriented against motion!

From topography data (the space derivative...)

Surface slope /'\ Surface slope /\
T Yol e

» -
Lateral force data (Local) friction data
Friction force Friction force
e

L

l-w__.r-/\*\/“a

Lateral force data are always convuleted with topography (slope), but genuine
information of the local friction can be derived by comparing trace and retrace and
considering simultaneously acquired topography data

nanotechnology (Springer, 2003)
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Examples of LFM/SFFM images

. &) Wire spring consiaat = 2 500 Nim :
v Fricthonnl & § Wire '
i Force Lood = 75w HI™ N deflocoon (A
] 40 24 :
Tl ;
= 00 [ —— ] :
: '-_ [}
i py  -sof 120
! Lopd = 2.5 10 =N :
E 40 —_— 24

" W »
_!l.l:l M N

25 ik
¥ r :
&) 3 . :
; Load = 5.6 = 1=} '
: 10 440 : —
; : . i
i A0 24 : = W . - —_
' C Fig.20.18 (a) Topography ond (b} frction image of
: ao k0 ' %i(11117%7 messured with a PTFE coated Sidip. (After
' ' [20.2971)
-0 - 24 :
ETIT - —44
' T ¥ ;
' 1] A4 FiT R E N o1

= Sample pasition (A

' Fig. 20.18a=¢ Friction loops cn graphite scquined with ja) Fy =
ET.E pM b} 24 pM and (e} T5 pM. (Afeer [20.1])

v LFM/SFFM offers an additional contrast

mechanism

v'Possibility to discriminate different materials at Fig. 20.198,b Fricticn images of {al Ca(l11) and
{b} Tl 1000 Frame size: 3nme (ARer [20.34])

the atom level

v I i i i i Da B. Bhushan, Handbook of
Nanotribology investigations can be carried out e eemolooy (ot 5603
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A few words on nanotribology

-

macroscopic Sliding motion of the AFM tip “in
friction m contact” with the surface turns out

affected by “tribological
mechanisms” at the atomic scale:
- Adhesion:;

- Ploughing;

- Deformation

single
o mﬁ RIS

* Modello di Tomlinson (1929) :
modello di attrito applicabile su scala atomica

scale must account for local tip
/surface interaction

elastica 2 K(Ax)? che
viene dissipata nel
processo di rilassamento
da2a3

reticolo

45
2 g La frizione € I'energia
= % =
w n
3

—
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Stick-slip mechanism during the scan

cantilever \ f

\ 5_’ L /
\ ol Potenziale \I\i slip ~ _ '
elastico della | [ Eror Interaction potential accounts for
\\Opur.‘rra molla \ / the periodic surface potential
= A -, If\;"
\ /
/ - Potenziale interazione \/
/O \/ O\j O\/Ov \j O punta-reticolo
Pendenza 0,6 Forza laterale
" ) 04 | media:
nera regrone 02 permette il
di equilibrio: % calcolo di
costante w— 0,0
elastica che L:,,‘“‘_D 51
rappresenta le ' .
interaziani 0,4} Area_dentl_'u il
punta-campione 0§l . . L . ciclo di
_ 0 1 2 3 4 5 isteresi: energia
1Ker=1/K:+1/Ke x (nm) totale dissipata
Singola linea di scansione LFM di NaCl a v= 2.5 nm/s
'., - N L .

= % % » guantitative info can

be achieved at the
atomic level
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Magnetic Force Microscopy (MFM)

mag._gingie ,
3.3.2 Magnetic Scanning Force Microscopy (MFM) demai i M % ekl
If a magnetic tip i used in the scanning force microscope, magnetic structares can be Sl i l/\q X
imaged. Wiagnetic scanning force microscopy is of interest, in particular, for the investi- . ! H" T ill Y il
gation of magnetic storage media. In the most general case, the magnetic force between o __-I
sample and tip is
™ Frngg= grad (- Jr:mumph Hampie!
s
Fmag="vf Mtip'HsampledV (13}
tip
or 1 Frag
Fmag i ('mtipv )Bsample (14)

) e T i ?{ / R
where H,..), and B, are the magnetic stray field and the magnetic induction of the ey e 'Q,‘;" -
sample, respectively. ﬂiip and my; are the magnetisation and the magnetic moment of @R=1
the tip, respectively. Since in most cases the exact magnetic structure of the tip is not o

known, a model tip magnetization must assumed. In the simplest case, the tip is a spher-
ically structured magnetic single domain with the magnetisation M, Of particular
interest are the stray fields of magnetic storage media which consist of different
domains. Since the important aspect in force microscopy is not the forces but the force
gradient, a pronounced variation of the signal is found near the domain walls, but not
inside & domain. This situation is sketched in Figure 21. The parameter of the two
curves shown (solid and broken lines) is the ratio of the working distance ¢ and the
tadius R of the magnetic domain of the tip.

Figure 22a shows an experimentally measured picture of four different oriented
magnetic domains. Images b and ¢ show the fine structure of a 180° domain. Alternating

Figure 21: Principie of magnetic scanning

bright and dark contrasts can be seen. These contrast changes show that the domain wall fcfrce mflicrosctﬁl)py‘l Dlthe leﬂ,dlhe :LP-S?TIE
consists of segments with different wall orientation, This example illustrates that mag- Fhe ?m gurda T Sal‘:cwn an m:;a fng
netic SFM is well suited for imaging magnetic structures that are commonly used in e e e
today’s’ storage media. function of distance for this configuration.

Two domain walls exist at position
& {aftae I

Figure 22: Magnetic SFM image of
magnetic domains.
(a) shows four domains of a Landau-
Lifshitz structure in which the domain
walls are the dark and bright lines.
(b} and (¢) show the fine structure of a
180° domain wall. The domain wall
consists of segments with different
wall orientation. Arrows denote the
domain orientation. (after [26]).

Height range [00.0 nm

. Fig.5.21. A pairof images of a magneto-optical disk [5.36]
— 2 um — 2um b | um

Fisica delle Nanotecnologie 2006/7 - ver. 5a - parte 5.1 - pag. 43



Lardwwmr Deflecter Sgne
[ - 3
] . 1 I.!—.—ﬂ -
Lk
Shwien ol
1
i e Sare Conirrllar
Lueni S T
Bk me e bwpamn g
| o pEn g =
I' ey 3
¥ Corares L oy Syl |
. I LTl L PR
by
o e g Im ih:.lm::jgw
L. F ]
- Crsmiren Floctronics iodils
ol il

Electrostatic Force Microscopy (EFM)

Basic idea: application of a ddp
between tip at sample in order to be
sensitive to electric forces, thus to the
space distribution of charges on the
sample surface and to its electrostatic
potential

Modulation/demodulation techniques
used to get direct information on
various surface/tip interaction features

dependence of the electrical and

local eiectrical surface charge of

30 - Charged sapphire
surface
= 20 =
'TE i ]
~
L1
10F -
L
oF A
1 L 1 1 i 1
0 200 400 500
d/nm

Excellent sensitivity to local charges

Figure 24: Comparison of the distance

van der Waals forces between a tipand a

Application to electronic devices (also in operating

conditions)

Application to ferroelectric materials (also know as
Piezoelectric Force Microscopy - PFM)
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Operating modes in EFM

@ Un EFM viene utilizzato principalmente per misurare il potenziale elettrosta-
tico locale della superficie. A tale scopo alla punta viene applicata esternamente
una tensione con una componente continua V. € una componente V modulata alla

frequenza £. 1l campione ¢ invece collegato a massa. La forza elettrostatica tra
mpione ¢ data da [1]:

C rappresenta 'accoppiamento capacitivo tra punta e campione mentre g ¢ la variabile
che indica la quota della punta. In ¥ compaiono la tensione applicata (V, +V sin£2 t)

una eventuale tensione indotta sulla punta da altri effetti secondari (V, ) e la tensione
locale del campione (ch).
V=(V Vit Vi)V osin (Q10)

La forza ele s-tFa- ipione e la punta pud essere scomposta in tre

._1dC

2dz 24z
Esaminiamo ora in dettaglio le tre componenti.

1) 1l prime termine della forza ¢ costante nel tempo ed € pari a:

(Vo t VitV i 4V asin(Qu)] = F 4+ F g+ F

ma 4C

2 0
i el e e RS e
i 2 dz [[ o de el J 2 at']

2) 1l secondo termine invece dipende direttamente dalle quantita di interesse come
dC/dz o (V‘,F + V, /) ed € modulato alla frequenza £2:

Rotate Image Left

VotV ot V,.M} v, sin{£2¢)

dC
Frngt

3) 1l terzo termine ¢ modulato alla frequenza 282 ed ¢ molto importante perché di-
pende esclusivamente da VM che e noto, e da dC/dz :

—i% I’i,cos[ 201¢)

Materiale tratto dal seminario di Nicola Paradiso, 2006

Operazione in modalita nano-Kelvin

Come si ¢ detto precedentemente operando con un EFM occorre fornire una tg
na-€o eT ) : e con un circuito di reazione no{1

/1 tale che il termine F =0. pex cm V. = -(V_+ me/}' allora po

uperficie dovute asiaa V| che a -

Impiego di un EFM per misure in de

L'utilizzo dell'EFM & basato sull'assunto che la forza elettrostatica sia un effetto al secon-
do ordine sull'oscillazione meccanica [1]. Tali effetti vengono separati per mezzo di due
amplificatori lock-1n che permettono di estrarre 1l segnale modulato alla frequenza Q e
juello alla frequenza 2£2 E' conveniente scegliere la frequenza £ in modo da lavorare
lontani dalla risonanza di oscillazione meccanica. Come si ¢ detto, conyiene inserire anche
un circuito di reazione per poter misurare e mappare 1l potenziale elettrico superficiale. _
Queste operagioni richiedonoe che la distanga punta-campione sia stabile durante la mi-
sura. Esaminiamo brevemente due metodi che permettono di lavorare in tali condizioni.

Modalita single-pass

Operando in aria, I'ampiezza dell'oscillazione meccanjca della cantilever vicina alla riso-

nanza ¢ in genere debolmente dipendente da eventuali interazioni glettrostatiche. Se pero

localmente™i valori di ¥ e di ¥, diventano molto intensi 'immagine topografica che si

ricava puo risultare disturbata. In modalita single-pass si utilizzano tensioni dc basse e si

acquisiscono simultaneamente 1 dati sulla topogratia (ottenut: facendo osaillare la sonda

m gp ying mode), 1 dati del segnale alla frequenza £2 ¢ al{a frequenza 282,
a

Operando in
Y 3 . A
modalita nano-Kelvin i pratica s1 sottrae la tensione V_che disturba I'immagine, mentre

con il segnale alla frequenza 242, si ricava il valore dell'flccuppiamcntn capacitivo locale.

T
mettiamo

-are variazio

WModalita double-pass

Questa modalita prevede un primo passaggio volto ad acquisire il profilo topografico locale.
La cantilever viene posta in oscillazione ?ip?mfl; mode) senza che le venga applicata alcuna
tensione esterna. Alla fine della scansione della Tinea, 1l piezo si ntrae, allontana la sonda dal
campione di una certa quantita fissata e riprende la scansione nel senso opposto, mantenendo
fissa la quota basandosi sui dati tcpcgrahm appena acquisiti. In questa fase la punta é rela-
tivamente piu sensibile alle forze eleftrostatiche in quanto, forze a lungo range. Nello :Ea_ec:l-
fico qui viene rilevata la variazione di fase dovuta al gradiente di forza elettrostatica. Rispetto
alla modalita single-pass questa modalita ha 1l vantaggio di essere piu sensibile alle proprieta
elettrostatiche del sistema. Lo svantaggio € rappresentato dalla perdita di risoluzione dovuta
all'aver aumentato la quota di lavoro.

&

first pass

Double-pass technique
to get rid of topography

¢ *3can profile
recording in
height offset Thhe_ f::tsi l;fassst +
eight offsel
(iift height)

EFM - Data
CUPCLLLLELCE L EPDEY PRV IS

[EE TR T T
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Examples of EFM images

Electronic devices

Topogrophy (et cnd phowe dessciion EFA fnghil] imocpes
of e surloce of o hickdilm resistor [TFRL EFV imoge depicts the
conchuclive Buls neteon, (daik] esposed of fie aurloce.  Stpm scom

Ferroelectric materials

Riportiamo a tifolo di esempio I'immagine ricavata dalla scansione di un campione
suﬁ ]’[}1 dlsl‘l‘llblclll 1 de1 domim ferroelettric. L'are csamg'lata
oli domini misurano 500nm x 300nm [3].

a cul superficie sono sta
misura 2pm x 3um, mentre 1 sing

‘I > >
Lomant feri
i Subst

Y Fisnr |
=L x 3 L.

Per materiali che non hanno una polarizzazione permangnte vale l'anafim_sv ta pre-,

cedentemente. La polanzzazione va calcolata auto-consistentemente; la risoluzione in

ggm casci decresce con l'aumentare della separazione tip-sample, come messo in evi-
enza dalla seguente figura:

Image of ferroelectric domain structure in TGS Sample
by Yoltage Modulation Atomic Force Microscopy
Scan size 27 pm £27 pm
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Conclusions

v' Scanning Probe techniques have been developed thanks to
advances in material fabrication (atomic probes), electronics (and
piezoelectric translators), and methods of operation (e.g., the role
of feedback)

v’ Space resolution is excellent in SPMs (at the “atomic level” for
some of them)

v Most important: physical quantities can be measured (in
guantitative terms) with SPM, as topographical height, surface
density of states, optical properties, ...

v STM is a powerful method to access local electronic properties
of a surface (and, through a suitable feedback system, topography
at the atomic level)

v AFM extends STM capabilities to any kind of material surfaces
(not restricted to conductive as in STM)

v AFM “relatives” open the way to a wide variety of local
measurements and imaging methods
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