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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
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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

Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 13



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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Basics of Scanning Tunneling Microscopy Il

The invention of the scanning tunnelling microscope
(STM) in 1981 was preceded by two technological achieve-

ments: the invention of the topografiner by Young etal in 1972,
and the electron tunnelling experiments reported by Teague in
his PhD dissertation in 1978 [1]. The topografiner was a de-
vice that used a piezoelectric driver to scan a surface whose
probe rested approximately 100 nm above the sample surface.
Using a field emission current induced by applying a posi-
tive voltage of a few kilovolts to the sample, the topografiner
could produce a surface image with a lateral resolution of
400 nm [2]. Teague's experiments demonstrated vacuum tun-
nelling between two gold electrodes, at voltages and tunnelling
gap widths used in modern day STMs. Teague’s apparatus al-
lowed fine adjustment of the gap width, but did not have a raster
scan mechanism [3]. Binnig and Rohrer combined these tech-
nologies to create the STM [4]. They used the STM to deter-
mine the atomic positions in 51{111)-7 » 7, one of the most
complex surface reconstructions, highlighting the STMs abil-
ity to image af the atomic scale [3].

(B)

{c)
0.96
0.95
0.94]
= .934
-§ 0.924
N .91
0.804
0,89
0.88

Pasition (nm)

Figure 1. The high-resolution power of a LT-5TM can exhibit features of a Au(111) single crystal surface on several scales: the herringbone
reconstruction, surface standing waves. and gold atoms. (a) The image of Au{111) (9 nm x 30 nm) was produced at 6.5 K under tunnelling
conditions of 1.1 nA and 10 mV. (b) Zooming into a section of the Aui111) surface (5 nm x 5 nm). standing waves of electronic density are
observed as electrons scatter from an impurity near the top of the surface. (¢} Two linescans are drawn in (b) to demonstrate the corrugation
and lateral resolution of the STM. Both linescans pass over a soliton wall of the herringbone structure and show the herringbone’s large
amplitude. The dotted line shows an irregular pattern within the linescan, where standing waves interfere with the atomic corrugation.

Huge potential in analyzing
surfaces with extremely high
space resolution
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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

f(x) = Aers 4 Be#ax 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

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

_0,C*C Gl it i sinh? ke
_le*A_ 1+16£ 1_£ - 1+4£(1_£)
W\ B\ W
Depends on E/V,

2mVoa1( E)
ko = e E < ¥
2 K A and a g

If th t large, this formula reduces to :
& exponents are Very large. 1S [orm . (expo nentl al Iy)
T=l164 (1 - 70) g™ 2ka kpa 1 (6-50)
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 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

# % |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

(6-49)

where

BN C*C (Eilma _ e—[tmn)z -1 sinl kmﬂ
= =|1-— =l 4+ —a— 6-51
e 6 (il 4 f B “
o \W Wik
where
2mVya® [ E
k= _"ﬁTo_(T/;_l) E¥ ko

Depends on E/V,and a

Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 16

Da Eisberg Resnick, Quantum Physics



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 |

Tunneling Effect in Quasiclassical
Approximation

The quasiclassical qualitative condition imply that
de Broglie wavelength of the particle A is less than
characteristic length I determining the conditions of
the problem. This condition means that the particle
wavelength should not change considerably within
the length of the wavelength order

di
daz

<<1 (1)

where A=A/27. A(z)=2ah/p(z) — de Broglie
wavelength of the particle expressed by way of the
particle classical momentum p(z) [1].

Condition (1) can be expressed in another form
taking into account that

mdU _ mF
pdz p

d—p:i_\.-'bn(}?—b’ S (2)

dz dz

where F =—dU/dz means classical force acting
upon the narticle in the external field.
Introducing this force., we get

nikh F|
— <=1 (3)
r

From (3) it 1is clear that the quasiclassical
approximation is not valid at too small momentum
of the particle. In particular. it is deliberately invalid
near positions in which the particle. according to
classical mechanics, should stop, then start moving
in the opposite direction. These points are the so
called "turning points". Their coordinates z,and z,
are determined from the condition E=Ufz).

It should be emphasized that condition (3) itself can
be insufficient for the permissibility of the
quasiclassical approach. One more condition should
be met: the barrier height should not change much
over the length L.

Let us consider the particles mowve in the field
shown in Fig. 1 which is characterized by the
presence of the potential barrier with potential
energy U/(z) exceeding particle total energy E and
meeting all the quasiclassics conditions. In this case
points ziand z, are the turning points.

JLU(Z)

N‘r

]
Fig. 1. Potential barrier of arbitrary shape

The approximation technique of the Schrodinger
equation solution when quasiclassical conditions
are met was first used by Wentzel, Kramers and
Brillouin. This technique is known as WKB
approximation or quasiclassical quantization
method. In this textbook we do not present the
Schrodinger equations solution for the given case.
However, it can be found in [1]. [2] and the barrier
transnarencv in this case is

- €
[

Comparing

expressions
Tunneling Effect for transmission coefficients of
rectangular barrier (precise solution of Shrodinger
equation) and (4) for quasiclassical approximation,
we can notice that there is no qualitative difference

(3) in chapter

between them. In both cases the transparency
decreases exponentially with the barrier width.

) NT-MDT

http:wawmtﬁdi.com
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The MIM junction |

1794 JOHN G. SIMMONS
8 The electronic current can flow through the insulating
[ e L region between the two electrodes if: (a) The electrons
A Sym m etri C in the electrodes have enough thermal energy to sur-
. mount the potential barrier and flow in the conduction
(al" b It rarm BCVEC T band. (b) The barrier is thin enough to permit its pene-
] . .

. F—— i tration by the electric tunnel effect.
b arrier n — Sommerfeld and Bethe, and Holm conducted analyses
— of these conditions for low temperatures so that thermal
- == current could be neglected, thus restricting the electron
ELECTRODE 1 | INSULMTOR | ELECTRODE 2 transport between electrodes to the tunnel effect; a

similar procedure is followed in this paper,
The probability D(E.) that an electron can penetrate
a potential barrier of height V(x)}—the barrier is as-

Fic, 1, General barrier in insulating film
between two metal electrodes.

The number N; of electrons tunneling from electrode
2 to electrode 1 is determined in a similar manner. The
tunnel probability D(E,) is the same in either direction,
and if electrode 2 is at a positive potential ¥, with
respect to electrode 1, the Fermi-Dirac function is
written as f(E+eV); therefore,

4,’"!2 Fm e
N f DEME. f JE+VYE,  (6)
[] 0

The net flow of electrons N(=N,—N,) through the
barrier is

En
N= f D(E.)dE,
0

x| %ﬁ [ ’ e~ E+bE]. @)

Wpeol3

— J,(T#; oViexp [“l@i— lVlw]

v

.

Fiz. 2. Pictorial illustration of Eq. (20}, showing
current flow hetween the electrodes.

‘The purpose of this paper is to derive a single theory su:lmed to be in the x direction, as shofvn in Fig, 1—is and
for the current flow through a generalized barrier. The given by the well-known approximation®: Writing ta=(me/ W) (n— Eum eV
theory is applied to the problem of the rectangular e o drnte Hence : 1= Fi—eV).
barrier, as studied by Sommerfeld and Bethe,? and by D(E)=exp) —— Il ()= EV T = f J(EME. 1 , .
Holm? The generalized theory permits derivation of (E)=exp i)y CalE-E)le, (1) WKB Bt 5 t= Em’/::))gﬂ?ﬁ.) ﬂ:EI;"’"’;iV Qen S|ty of
more accurate expressions for the high and low voltages, and demie o 0 e 1: ;1}< i) ( t i
* states

as well as resolution of the anomalies associated with

where E;=mo.?/2, and is the energy component of the

incident electron in the x direction. The number ¥, of
electrons tunneling through the barrier from electrode

the formulae derived by Holm for intermediate voltages.
Finally, a method is described for the application of
the theory to a practical barrier—that is, to a rec-

(= T f(E+eV)dE,,

]

and r=t—iy Eq. (7) becomes

tangular barrier with the image potential included, The . 152 o
hyperbolic form of the image potential is used in the (1) D(E2)dn __I “n(v \D(ENE. Net J= /’ D(E)dE ®
generalized formula, thus eliminating the need to resort e é| ectrons B

to a parabolic approximation. The result is a more
accurate theoretical current~voltage relationship for a
tunnel junction.

where Ey is the maximum energy of the electrons in the
electrode, and n(v.)de, is the number of electrons per
unit volume with velocity between 1, and 2,4dv,, For
an isotropic velocity distribution, which is assumed to
exist here inside the electrodes, the number of electrons
per unit volume with velocity between the usual infini-
tesimal limits is given by

n(o)dvdogd= (2m'/ ) f(E)dvadv,dv,  (3)

where f(E) is the Fermi-Dirac distribution function.
Consequently, from Eq. (3),

NOTATION

m=mass of electron,
e=charge of electron,
k= Planck’s constant,
s=thickness of insulating film,
51, s2=limits of barrier at Fermi level,
As=s53—3,
J=tunnel current density,
V=voltage across film,
V;=image potential,
n="Fermi level,
J(E)=Fermi-Dirac function,
y=work function of metal electrode,
¢o=height of rectangular barrier,
p=mean barrier height,
e=permittivity of insulating film,
K=dielectric constant, and
o=tunnel resistivity (0-cm?),

In Eq, (4), the integrand is expressed in polar coordi-
nates; that is,
vi=yltol,

THE TUNNEL EQUATION Er=mif2.

When two metallic electrodes are separated by an Substituting Eq. (4) in Eq. (2) yields
insulating film, the equilibrium conditions require that
the top of the energy gap of the insulator be positioned
above the Fermi lével of the electrodes. Thus, the action
of the insulating film is to introduce a potential barrier
between the electrodes which impedes the flow of elec-
trons between the electrodes,

wﬂ Em %
N f D(E,)rlE,[ [BME. )

D, Bohm, Quanébum Theory (Prentice-Hall, Inc., Englewood
Cliffs, New Jersey, 1951), p. 275,

tunnel Iagm*v““ﬂ&? Relationship for a
current Generalized Barrier

Writing® V(x)=n+p(x), with reference to Fig. 1,
Eq. (1) becomes

4,], "
D(Ex)=exz)[—-hf(2ﬂf)* / (n+ v(x)—Ex)’dr]- )
1

Integrating Eq, (9), using Eq. (AS) from the Appendix,
vields

D(Eo)~exp[—A (15— E.)), (10)
where , the mean barrier height above Fermi level of
the negatively biased electrode, is

o

1
g=— elxd,

As Jy
A= (8aBAs/h) (2,

where § is defined in the Appendix. At 0°K, ¢, and ¢,
are given by

and

1= (drme/H)(1—E.)

*By the substitution V(x)-u+¢(x)) we have inherently as-
sumed that the width As of the barrier in the range £,> V() >
is constant and equal to the barrier width at the Fermi level,
This assumption is justified for practical barciers, because As
varies slowly below the Fermi level [Fig, 4(a)], and the integral
has effective values only when £~y
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Substituting Eqs. m Eq. (8) gives

drme Ll
J“?W expl A (15— E)iE
0

+ (w—Ez)exp[*A(uﬂ‘o—E,)‘]dE,’, (12)

¥

To facilitate integration, Eq. (12) is written in the form

%m =l
T=r o[ ent-atrre-ny,
0

- f exp(—A(nt g—EVaE,
P

+|  (+e-E)

eV

Xexp[~A(r+g—E) Wk, . (13)

The first of the integrals in Eq. (13) yields
(Bem ¥ /B) e/ A LA(+HeV V1] expl— A (p+el )]
~[A(etn) 1] expl -4 (p+a)t]). (14)
The second term in the braces is negligible compared
to the first term and, usually, 4 (¢+eV)1>1; thus Eq.
(14) reduces to
(Brme' /AW (o+eb ) exp[—d (p+eV )], (13)

The second integral in Eq. (13) is of the same form
as the first. Taking advantage of the approximations



The MIM junction Il

[

(i

ELECTRODE ELECTRODE 2  e——
(a) (b} (e

Tie. 3. Rectangular potential barrier in insulating flm between metal electrodes for: (a) V=0; (b) ¥ <en/e; (c) V> qufe.

. flowing from electrode 2 to electrode 1, resulting in a
that lead to Eq (15), the second term integates to net current density J, given by Eq, (20). (See Fig. 2.)
~ (8rme/ B4 p{[A g+ 1] exp(— A Y When V is zero, a state of dynamic equilibrium can be

—[A(e+eV) 1] expl~A(g+eV)]). (16)  considered to exlst‘—%hat is, & current density of mag-

nitude Jy3 exp(—4.zi)flo n-either direction.
The third integral of Eq. (13) has the form ”
£33 66 Although E
Atfg gl ot L n ugh Eq. ery low voltages,
fz‘e— =e (A+ A”+A3+A‘)' L more convenient form can be deduced for this range'
From Eq. (20),
where

=Jl& —Agt
——y J=Jolpexp(-4¢)

=(pteV)expl-A(p+eV)i]). (21)

It is observed that, since eV~0, B [as defined in Eq.
(A6)] takes the value unity. Since @>eV, Eq. (21)
can be written

J=Tio—(g+eV) exp(~AeV /28]

The third and fourth terms in parentheses in Eq. {17)
are negligible by comparison with the first two; there-
fore, the third integral in Eq. (13) integrates to

(Brme/itA)}{ 7 exp(=43Y)
~(pteV) expl~ A (p+eV ]}

B/ 1A)(3/4)(5 expl~A#) . ] .
Expanding exp(—AeV/23¥), and neglecting te -
=) AN (O5) i ot et i B () ™ "

Summing Eqs. (13), (16), and (18) yields J=J - (p+eV)(1—AeV /264 exp(~ A )

J= ¢/ 2mh) (84s){ @ exp(— A &) =JuelV[4e/2—1] exp(—A4 ). (23)
=(g+eV) expl—A(p+eVIiT) (19) Since 4 24/21, F

Equation (19) can be expressed in the following form: T=1.8V exp(—d ),

T=Ju[gexp(—4¢") where
—(#+eV) exp[—~A4(a+eV)1]), (20)

Je=[(2m)i/ A (e/ )

where Since eV is very small, & is considered to be the zero-

Jo=e/2nh(BAs)

Equation (20) has the advantage that it can be
applied to any shape of potential barrier providing the
mean barrier height is known, or, alternatively, if the
current-voltage characteristic of 3 tunne! junction is APPLICATION OF THE TUNNEL EQUATIONS
known, the mean barrier height can be determined. Consider a rectangular potential barrier [Fig. 3(a)].

Equation (20) can be interpreted as a current density This was the type of barrier studied by Snmmerfeld and
Jo exp(~A4 ") flowing from electrode 1 to electrode
2 and a current density Jo(@+eV) exp[—4 (g-+eV)i]

voltage mean barrier height, Thus, in this case Eq (24)
expresses J as a linear function of v, Lha.t is, the
junction is Ohmic for very low voltages.

Xexp(—d#!). (22)

Lifiear dep.

Bethe, and by Holm. Sommerfeld and Bethe considered
the low-voltage and high-voltage cases, and Holm the
intermediate case. Equations for each are derived for
these cases, using Eqs. (20) and (24),

Low-Voltage Range: V~0
From Fig. 3(a),
As=y,
and
= g0
Substituting these values in Eq. (24) gives

T=[3(2me)d/2s)(e/hRV
Xexp[— (4ms/h) (Imer)t].  (25)

This result is in agreement with the Sommerfeld-Bethe
result for low voltage

Intermediate-Voltage Range: V< g,/e

As=3,

#=(p—eV/2).
Substituting these values in Eq. (20),
J=J{(p—eV/2) exp[ - A(g—eV/2)]
—(oteV/2) exp[—~ A (pteV/DH]}

=2whzﬂs)’l(w_‘;;) ﬁp[_i?@m)!("_?)]
—(w%v) EXP[—?(?M‘((&%)‘:”- 20

It is now necessary to discuss the error associated
with Eq. (26), It can be shown, using Eq. (A6), that §
js.given by

ﬁ'= 1~ eV)’/%(tpa+|r—

E.—eV/22

gEubs 4. (26), the maxi-
mum error in the exponents in usmg the approximate
integral Eq. {AS) is approximately 1% and occurs
when V= go/e and E,=v. For values of eV < py/e, the
error reduces rapidly. If 8 is chosen to be unity, the
error in the value of the exponents is approximately
6% at V=gyfe. However, since the error reduces
rapidly for values of ¥'<g/e, the error is only 19,
at V=0.T5¢y/e, and B can, therefore, be chosen to be
unity to a reasonable approximation.
With g=1, Eq. (26) becomes®™
8 Note added in . Simmons has shown [see J. G. Simmons,

oo
J. Appl. Phys, 3, (1963)] that, at relatively low voltage
Eq. (27) reduces to e
J=TL(V+817),

B=[(4e*/96¢]-[A¢/3264],
which is in good quantitative agreement with the experimental

where
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(e oofef )

Equation (27) differs from Holm’s result [Eq. (16)
of reference 3]. In addition to the terms of Eq. (27),
Holm includes an additional term,

(2m) eVy drs eV}
—-—-eV(w+-—-) exp[—-—-(Em)‘(qoa-I-—)] (28)
# 2 h 2

which is in error, Holm recognizes that there are in-
consistencies in his result (Sec. VIII of reference 3), for
two reasons: (1) As V-0, his equation does not
reduce to the Sommerfeld-Bethe relationship; that is,
the equation does not predict the low-voltage Ohmic
characteristic [Eqs. (24) and (25)]. (2) According to
his equation, the resistance of the junction initially
increases with increasing voltage.

Holm suggests that these anomalies are due to the
approximate nature of D(E,). This is not the case,
however, for the anomalies are removed when the ex-
traneous term, Eq. (28), above, in his equation [Eq.
(16} of reference 37 is neglected. {See Fi

High-Voltage Range: V> /e

Figure 3(c) illustra ergy diagram for this
case; from this figure,
As=spo/eV,
and
#=en/2.

Substituting these values in Eq. (20) yields

268 (F/8) 4 2el
(ol He)
[

Swheo @

cof ool ]

where F=V/s=the field strength in the insulator,
It is now necessary to determine the correction factor
8 appearing in Eq. (29), From Eq. (A6),

(eV/s)rq pao=emalev
B=1 —|: :U (As/2=x)dx/ (/2
8as 1)y

=1-1/24=13/2,

Therefore, for this case, § is independent of V. Sub-

results of Knauss and Breslow [see H. P, Knauss and R, A.
Breslow, Proc. IRE 50, 1843 (1962)].
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Measured tunneling current in STM

stituting this value in Eq. (29) gives

2268 8 2l
J =———lexp|:— {Qm)*mi}(H—)
8xhey 2.96heF 0

8 (o) ll+2eV* ®
Xexp[_Z.%keF ") w"( —J)]} )

For very high voltages (that is, where V> {g+n)/e),
the Fermi level of electrade 2 lies below the bottom of
the conduction band of electrode 1. Under these condi-
tions, electrons cannot tunnel from electrode 2 to
electrode 1, since there are no empty levels available
to them, The situation is reversed, however, for elec-
trons tunneling from electrode 1 to electrode 2, since
all of the available levels in electrode 2 are empty,
The situation is analogous to that of field emission
from a metal electrode, and, for this condition (that is,
where V> (g+n)/e), the second term in Eq. (30) is
negligible; thus,

12617 &r
J= exp[— (Zm)ipul].
8k o 2.96heF

This equation is similar to the Sommerfeld-Bethe?
relationship for high voltages, except for the multiplica-
tive factor 2.2; there is also a slight difference in the
numerator, where 3 is replaced by 2.96. These differ-
ences arise because of the variation of As below the
Fermi level.* Because of the dominant influence of the
exponential term, and since J, in Eq. (30), is a rapidly
varying function of 5, ¢, and V, this difference is con-
sidered to be insignificant.

OF AFPLIED PHYSILE YUOLUME M, NUMBEE &

Generalized Formula for the Electric Tunnel Effect between Similar
Elsetrodes Separated by a Thin Insulating Film

Joux G, Snaows

Field emission

JUNE I%al

Thus, using formulas (2)—(5), we can compute the
tunnel current at given system parameters and plot
current-voltage characteristics. Fig. 4 shows
theoretical tunneling current-applied voltage plot in

case of carbon electrode 1 (¢ = 4.7 3B) and
platinum electrode 2 (¢, = 5.3 3B) at 5. =5 A and
contact area S= 107" m”.

A
rd

Current, n&

0 1 2 3 4 5 6 T
Voltage, W

Fig. 4. Current-voltage characteristic for carbon electrode 1
and platinum electrode 2 at 15‘__ =5 A and contact area 10-17 m2.

Parts of J(V) curve correspond to the following expressions:

AB_ (22), BC —(23), CD — (24), DE — (25).

v'J-V curve depends on materials

v J is representative of local density of states
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Quantum approach to tunneling in STM

Many papers address the problem of
tunneling within a quanto-mechanical
frame, as, e.g.:

InsTiTure oF Pysics PupLisHiNG MNanoTECHNOLOGY

Nanotechnology 17 (2006) R37-R63 doi:10.1088/0957-4484/17/8/R01

TUTORIAL

Bardeen’s tunnelling theory as applied to
scanning tunnelling microscopy: a
technical guide to the traditional
interpretation

Alex D Gottlieh! and Lisa Wesoloski?

[10] Briggs G A D and Fisher A J 1999 STM experiment and
atomistic modelling hand in hand: individual molecules on
semiconductor surfaces Surfl Sci. Rep. 75 1-81

[11] Hofer W A, Foster A S and Shluger A L 2003 Theories of
scanning probe microscopes at the atomic scale Rev. Mod,
Phys. 75 1287-331

[12] Drakova D 2001 Theoretical modeling of scanning tunnelling
microscopy, scanning tunnelling spectroscopy and atomic
force microscopy Rep. Prog. Phys. 64 205-90

PHYSICAL REVIEW B
VOLUME 31, NUMBER 2

Theory of the scanning tunneling microscope

Voruvme 6, NumBsr 2 PHYSICAL REVIEW LETTERS
TUNNELLING FROM A MANY-PARTICLE POINT OF VIEW™

J. Bardeen

For low bias across the tunnelling junction, we obtain the
following Tersoff-Hamann formula'! for the current from (22):

2me

n:q 2 . ,
L=+ p0( 32 ) 47 W)

Wt = En = il

9

eh” , -
= (s = Ba)—7 A"y (1) p; (0, p2), (32)
where
ps(r, 1) = 2 WmmF

|;"I:l'; - I'I"t‘l |l5:rﬂ:“

o= E <y

15 the ‘local density of sample states’ per unit volume near
the point r and per unit energy near the quasi-Fermi energy
pi.  Thus, the Tersoff-Hamann formula predicts that the
conductance of an STM at low temperature and low bias is
proportional to the local density of sample states at the centre
of the tip and the quasi-Fermi energy.

Quantum approaches underline the
dependence on matrix elements and
wavefunctions (better, density of states)
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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 +OF %
=— ——¥Y—|ds
M 21112%(?C dz 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}

Hence the current is given by a combination of the local densities of states of t ——— =
weighted by the tunneling matrix element M, Imaging the occupied states of Imaging the unoccupied states of

-f- \ | e Bl SiC(0001)3x3 SiC(0001)3x3
@ _ I
: I> vl V| :
; v

v_.

eV eV
< d —» <« d = Tunneling gets a local

Sample Tip Tip Sample® dependence (in the in-plane
Schematic of electron tunneling with respect to the density of states of the sample. d | re Ct| on S) b ecause Of
84 ~ Ey) means that an electron can only tunnel if there is an unoccupied state with the same Local Dens |'[y Of States

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 (L DOS)
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
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0

0

We can even visualize each contribution in space by
using the explicit shape of the basis function (times the
corresponding Mulliken charge)

We can visualize the spatial distribution of the total electron density
Plane waves:

o Fourier fransform — electron density
in the real space

© Similar to real space calculations, we
can project electron density to
particular atom-type state (s, p, d, etc. )

Visualization of the total electron
density is not very informative

a} Structure, charde density and spin density
(b) of the graphite vacancy.

Electron density is larger between atoms 1-2 than
between atoms 2-3 or 1-3. The trigonal symmetry is broke
due to Jahn-Teller distortion

Spin density (for magnetic
systems) is more useful

0

0

Density of states: the definition:  9(E) = Y d(E— E,)

1 LdE

“E L !

0 DOS is just the number of energy levels between £ and =
E + dE divided by the infinitesimal energy interval dE

O Can be calculated easily if we know the spectrum
O General concept: applicable to both finite and infinite systems

O Discrete function in finite and continuous function of E in infinite systems

In periodic (infinite systems) when the concept of k-space works DOS can
be defined as:

9(E)=>_8(E - E(k))

k
© The sum runs over ail possioie

values of k, but in actual
calculations we restrict k to the
first Brillouin zone.)

x 0 01 0.
Current (arb. Blts}

r
November 28, 2006 Practical aspects

Local Density Of States |

Local density of states: the definition: = Z |t (F)8(E - E,)

0 LDOS is the charge density at point r resulting exclusively from

states in the energy interval from E to E + dE.
O If we sum LDOS over all atom in the system, we will get the total DOS

because of the normalization condition on the wave function
0 In periodic systems without defects DOS and LDOS are equivalent

In a real space approach with orthogonal basis functions LDOS on atom j is:
=Y |c}I*4(E - E,)
For a non-orthogonal basis set:

g(j.E)= ZZ MZc,ﬁS”é‘(E E,)

Partial (s, p, etc.) LDOS pro;ected to the particular state atom-type state:
g(j,a,E)= chZqﬁS;f 0(E-E)

We can also calculate partlal LDOS in plane-wave calculations by
projecting the electron density to the corresponding atom-type state
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Local Density Of States Il

o STM images of semiconductors:
S1(100)(2x1) GaAs(110)(1x1)

0 The images are different at positive and negative voltages!

0 What we measure is not simply the positions of atoms, but

something else!

© The electronic structure of
solids is different near the Nx) Nx)
surface from that in the bulk |
O New states due to | ce  eee
o Dangling bonds o—o—O-l-o—o—O 000
o Loss of periodicity in z direction N Surface created iDangling
© How to calculate the electronic structure ? S04 & 1 =
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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

Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 29



Atomic resolution in STM I

Defect I Lattice

5TM image showing zingle-atorn defect in iodine adzorbate lattice on platinum, 2.5nm scan courtesy of Purdue
University,

Nonanethiol
' molecules on
- Au/Cr/Si
Stearic acid seltassembled malecules.

Mode: Constant Current mode . .
SPMModel  Solver P47-PRO Atomic resolution
Scan size: 3.3¥8.3 nm . .
Source MDT-file: download (255,70 Kh) achievable on different

materials (even non
Stearic acid sel-assembled molecules an the HOPG surface. Measurements were carried outin liquid-solid interface.

The leftimage was obtained with Salver P47 Pro SPM, the right image - using the ST scanning measuring head 1 )
(SFS012). COﬂdUCtIVG
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Atomic resolution in STM Il

Fig. 2. Single particle wavelunctions of isolated pentacene A ﬂg— pentacene m0|eCUIe

molecule. The dark color represents a positive sign, the light
color a negative sign. {a) and {b) show the HOMO, (c) and {d)
the LUMO, (a) isosurface at #0.05/A%%; (b) LCAQ coalficients:

small circles 0.01-0.09, large circles 0.12-0.3, the .-;htgrl lines
show regions of high gradisnts; (€ isosurface at #00YAY?, (d)

;Ei;r\,{:: Ii-);: Wavelunctions plotted with the program I m ag i n g th e | O Cal
ELSEVIER Computational Materials Science 29 (2004) 362-370 o d e n S I ty Of S t at eS

www elsevier com/locatekommatsci

enables imaging
Structural and electronic properties of pentacene molecule “molecular orbitals”

and molecular pentacene solid

R.G. Endres **, C.Y. Fong °, LH. Yang °, G. Witte *, Ch. Woll ¢ o _
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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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Observed quantities in STM

Thus, using formulas (2)—(5). we can compute the
tunnel current at given system parameters and plot
current-voltage characteristics. Fig. 4 shows
theoretical tunneling current-applied voltage plot in
case of carbon electrode 1 (¢ = 4.7 3B) and
platinum electrode 2 (¢, = 5.3 3B) at 5, =5 A and
contact area S= 107" m".

A
7l

Current, n&

0 1 2 3 a4 5 & 7
Voltage, v
Fig. 4. Current-voltage characteristic for carbon electrode 1

and platinum electrode 2 at (5__ =5 A and contact area 10-17 m2.

Parts of J(V) curve correspond to the following expressions:

AB _(22), BC — (23), CD — (24), DE — (25).

v J-V curve depends on materials

v'J is representative of local density of states

Current-Voltage Characteristic

Measurement of relation between tunneling current
and probe-sample voltage is carried out in J(F)
spectroscopy mode. The J(V) spectroscopy is
based on the dependence of tunneling current on
number of electron states N, forming a tunneling
contact of conductors, in the energy range from the
Fermi level i to w—eV (Fig. 1). which at T =0
gives (see (7) in chapter "John G. Simmons Formula”)

JeN= [&(E.)dE, (1)

pi—el”

Thus the tunneling cwrent dependence J(V) at
constant tip-sample separation S, represents an
allocation of torn bonds as well as other electron
states corresponding different energies, i.e. energy
band structure of either tip or surface. Function
&(E,), which was introduced in (6) of chapter "John
G. Simmons Formula". depends on electron state
density of phase space plane which is normal to

tunneling direction at given E. .

Using expression (1) and J(V) curve at constant
tip-sample separation &, it is possible to compute
the density of electronic states:

dJ
d(eV)

w&(p—eV) 2)

Thus, inspection of J(V) and its derivative
dJ/d(el) curves allows to investigate energy
levels distribution with atomic resolution. It is
possible to determine a conductivity type, in
particular for semiconductors — to detect the valence
band, conductivity band and impurity band. [1]-[3].
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Tunneling current spectroscopy

According to (2) and (3) from chapter "John G.
Simmons Formula in a Case of Small, Intermediate and
High Voltage (Field Emission Mode)" tunneling
conductivity G=dJ/dV does not depend on

applied voltage V'1in case el << ¢ .

-~

G (3)

_ a exp(— AS.\¢ )

at eV < ¢, relation between G and F is parabolic

G ~ 7/ expl 43 J1+3072) 4)

On Fig. 2. 3 experimental dependences J(V). G(V).
which were measured for Pt and HOPG samples
and Pt-Ro probe using STM Solver P47, 1s shown.
Experimental data are in good agreement with the
theoretical predictions (1)—(4).

Local density of states can
be readily probed

STM useful to reconstruct
surface properties at the
atomic level

i

JoN= [4(E,)dE,

,e.r:el-'

. T T T T L
.04 -0, a0 o4 2 -1 a 1 2
Woltane, Waltage, W

Fig. la. Experimental (points) and theoretical . Fig- 1. Experimental (point:) and theoretical (solid line)
dependences Ji¥) for Pt dependences ST} for HOPC

12
2_
2 z
= =
- -
= = 1
)
| g —
= =
=
o T T T T T T u] T T T T ¥ T T T
O o oa B - 0 1 2

Woltage, W
Fig. 1b. Experimental dependence &F) 1

“olkage, v
Fig. Ib. Experimental dependence &T) for HOPG

L etu-ev)
d(ev)
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Current distance spectroscopy

Current-Distance Characteristic

Measurement of relation between tunneling
current and tip-sample distance is carried out in
1(5.) spectroscopy mode. According to (11) from
chapter "John G. Simmons Formula", in absence of a
condensate, a typical current-height relation is an
exponential cwrent decay (Fig. 1) with a
characteristic length of a few angstrom [1]. [2].

0,34

a2

0.1

a.n T T T T T

5 ] k) El B
5.4
Fig. 1. Theretical 1 (5‘,) curve for Pt sample and Pt-Ro probe

Inspecting an experimental I(S5.) curve, it is
possible to estimate the potential barrier height gi_5 .
If tip-sample bias ¥ is small enough, then

Exponential decrease

useful to point out surface

electronic properties

according to chapter "John G. Sinunons Formula in
a_Case of Small Intermediate and High Voltage

(Field Emission Mode)", tunneling current can be
written as

. I";ir.' i —
1= B8 ol 45,7) W
3 ) eVE
f r
where y= M_,m,_. A=lﬂ.|||2—ri!, 5 — conmtact
487 " VRo

area, m — free electron mass, e — elementary charge.
fi —Planck's constant.

From (1) :3 can be expressed through some
analytical function of J1In(f)/d5 . Finding the
natural logarithm of (1) and differentiate the result
by &, one can obtain

difly 1 _ 5
a5 =5 A )

If &, ==1/ AJ@‘,I: . then g? can be expressed from (2)
by fellowing way

f f

7=

e

alnih | o 3)
ds, |

X3
dlu_(f)‘ -
s s dc'): 4

where dIn(7)/d5, is experessed in m™.
Emphasize, that in most cases the condifion
8, == 1|.llf A..u";d: realizes practically always. For

instance, if § =4el”, then expression (3) will be
correct at &, >> 0,54
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Experimental J{3,) curve for Pt-flim which was
measured using Pt-Ro probe in STM (Solver P47T)
on ait, is shown on Fig. 2.

0, S
01234 o

0, =73 o

I, n&

o, il

D, D0E4 -

D, D5

1 &+ 1 a

4k

Fig. 1. Experimental J{§ ) curve (semilogarithmic scale).
Solid line — approximation T - 0,47 exp(-108, /11).



Density of states and workfunction imaging

Measuraments of the Electronic States Dansity

In chapter Curmrent-Veltage Characteristic we
considered the spectroscopy of electronic states.
Meanwhile, at given el” it is possible to measure

the electromic states distribution across the samgple
surface.

The  electronic  states  density  distribution
measurement is performed in parallel with surface
topography imaging in the J = const mode. Instead
of constant tip bias ). the altemnating voltage
V=1, +bsinex 15 applied between sample and tip,
where bsinegd — the alternating signal having
amplitude & <<} (Fig. 1). Then, the net tuaneling
cufrent is propotticonal to the following

JcN, + N, (1)

Thus, the total cwvent flowing through the
tunneling gap is equal to J=J,+.J_ . where J_ -
alternating component. Because J, is held constant
during the scan and eb=const, the alternating
tunneling current amplitude is proportional fo the
density  £(u—el)}. Hence,
measuring the alternating current amplitude during
scan allows for the mapping of the electronic states
density in standard units. Since b <<, then J_/5
is actually d7/dV .

electronic  states

The frequency ¢ . as mentioned above, should be
much more than the reciprocal feedback integrator
time constant and be limited by maximum
permissible scan frequency.

Work-Function Distribution Study

In chapter Current-Distance Characteristic we
considered that it is possible to estimate average
electron work-function of electrodes using current-
distance expenimental curves. However, these
measurements give work-function wvalues eoaly in
small region where one electrode is located over
another. In STM there iz another method which is

The work fonction distribution measurement
iz performed in parallel with suiface topography
imaging in the J=const mode In thiz case,
the Z-axis piezo tube motion i3 determined not only
by the feedback signal but alse by application of an
alternating  signal  producing motion  law
AL =gcos{an). Accordingly, the tip-sample
separation is &, = &, +@cos(a¥). where parameter

being a<<d,, 4, — tip-sample separation held

If voltage applied between tip and sample is small
I7=0, then according to designations introduced,

expression  (2) from chapter 122 can be
transformed to the following
. ":ir." i = \
J= Lexpl_— ‘-.l\,'r-;r_'{ﬁzn + acns{wfj]_]:

&, +acos(ar)

=Jyll- A-,l";i-?a cos(arf)

(1)
where J, =J(d,,).

Thus, total cumrent flowing through the funneling
gap in this case is equal to J=J, +J_, where J_ —
alternating tunneling cumrent. Because J, is held
constant during the scan, the alternating tfunneling
current amplitude i3 proportional to the square oot
of the tip and the sample work function half-sum.
Assuming that tip work function is constant during

The frequency . as menticned above, should be
much meore than the reciprocal feedback integrator
time constant and be limited by maximum
permissible scan frequency.

Modulation techniques

allow for imaging

spectroscopic properties

Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 37



STM of semiconductors: bias polarity effects
(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

™ Py - (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
P e e changed every scan line, i.e. the occupied and the empty states are probed each alternat-
o s s ing scan line, the two resulting images can be superimposed and the zigzag rows of
filled altemating "In" and "P" atoms become visible (Figure 7c).
(b) .~ dangling bond § Apart from the spatial distribution of the density of states, its energy dependence is
a N g b also of interest, and it should be possible to determine this dependence from current-
9 ’ ) | ’ - ’ voltage characteristics using Eq, (5} In order to do so, however, information is required °
p N 0 G émpw gbou_t the transmission coefficient, Whjch turns gut to be a great obstacle even if approx-
o ek N dangling bond imations [9] are used. Therefore, in most cases, an experimentally viable approach is
£ Gl 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)
Flgore 72 . it is thus possible to experimentally measure the density of states as a function of the . |
(8] Sehematic fop.view and energy relative to the Fermi level. Y ;
(b) side view of the {110} surfaces of 1
HI-V compound semicondugtors, ‘
(c} Superposition of two scanning
tunnelling microscope images meas- .
?edagpo;iﬁve%d}:ndpeaalgiw In semiconductors:
green) voltage, The density of state . . 0
maxima correspond to the surface contrast mechanisms related to bias polarity

states at the In and P atoms, respec-
tively. Fisica delle Nanotecnologie 2007/8 - ver. 6b - parte 5.1 - pag. 38



In semiconductors:
(local) aps and energy levels detectable

tunnal current [pA)
e cuman [pa]

§ [ aid -
i duplation ragimns
200 o2 050 O75 108 1.25 1E50 1,.7h

Bafnpls valage [V]

FIG. 2 NV characteristics of a buried carbon acceptor (upper
curve) and the undisturbed surface (lower curve) obtained by
spatially resolved I{V) spectroscopy (8TS) The raw data are
plotted as points, averaged data as lines. The J(V) curve taken on
the undistorbed surface is scaled by a factor of 30 with respect to
the one taken on the C acceptor. MNote that the spectroscopic
features indexed with (1) and (2) are followed by negative
differential conductivity (NIMC). Moise level for both curves is

-4 -3 21 09 Z
smaller than 125 fA. The insat sketches the epergetic conditions : diiara 1kcag moicn (]

of the depletion laver regime in the voltage interval from OV to
LL57 WV in a rigid-band model: {m) metallic tip, (v) vacuum
barrier. (d) depletion layer. (sc) bulk semiconductor, (TIBE)

FlG. 3 {calor onlice:.  Spatially resclwed §(V ) speciroscopy of
itwo buried zinc accepion: oear the (000) srface: (o) simol-
tameonsly recorded iopographic image al sst point woliape

depletion barrier height. (VBM) valence band maximum, +10.85 % and cument 1 nA. {above) Differential conductivity
(CBM) conduction band minimum, (AB) acceptor band, and specira and encibation specradi® 4V are acquired bove ooe of
ify ) tunneling channel. ihe irioogular cooirasis (solid fine) and abovwe the undisiurbed

surface (dashed lice! in the upper right comer of the imaged
wed A4V maps: (Bl-ed Begions of enhanced conductivity
shown in white, () NOC shewn in black, Thl dharge density

PRL 96, 066403 (2006) LA (8N E TR AL B SIS 17 FEBRUARY 2006 oscillations around the accepior aboms. 4f /4 section (g) show-
ing ensrgy dependent change in conormt expension. The ooss
Probing Semiconductor Gap States with Resonant Tunneling section is indicated by a white reciangle in () Frojecied dopant

. . abom positions are marked by while circles.
S. Loth," M. Wenderoth,"* L. Winking,' R.G. Ulbrich," §. Malzer,” and G.H. Dohler®
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An STM variant: sensitivity to spin

Mopplng Spln Structures parallel configuration antiparallel configuration
On thG Otomic SCQIG [DOI: 10.1051/EPN:2007004]

Roland Wiesendanger,
Institute of Applied Physics, University of Hamburg, D-20355 Hamburg - Germany
Email: wiesendanger@physnet.uni-hamburg.de - Web: www.nanoscience de
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e
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go.z ﬂ\_ A A 'ISP (UO )OCIO : [1 I ‘Dtip i Psamplc : COS(mﬁP, msa.mp]e )]
oo L PR
P T Y .
5 \, A Fig. 1: Principle of Spin-Polarized Scanning Tunnelling Microscopy (SP-

v Spin STM): the spin-polarized tunnelling current flowing between a magnetic tip

0.6
1.0 08 -06 0.4 0.2 0.0 0.2 04

E-Ec[eV] and a magnetic sample depends on the relative alignment of the local mag-

netization of tip and sample as well as on the spin polarization of electronic
states of tip and sample contributing to the tunnelling current.

europhysicsnews
16 » volume 38 * number 2

¥ Fig. 3: Nanoscale Co islands of two atomic layers height grown on a Cu(111) substrate: (a) Perspective-view STS image exhibiting simultaneously the sample
topography and the electronic standing wave patterns on the Cu (111) surface as well as the quantum mechanical electronic confinement states within the Co
islands. (b) Top-view SP-STS images of the Co-islands on Cu(111) obtained at different samples biases corresponding to energies below or above the onset of the
Cu(111) surface state. The sample bias voltages have been chosen in such a way that the energy-dependent spin asymmetry of the tunnel junction and therefore
the magnetic contrast in the SP-STS images becomes large. Notice that the spin asymmetry not only varies in magnitude but even changes sign as a function of
energy. At zero-crossings of the spin asymmetry curve no magnetic contrast is obtained [27,28].

Magnetic-induced variations of
electronic properties investigated by
using a “magnetic” STM probe
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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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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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Tip/sample forces

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

« Dwring contact and the surface deformation by the cantilever, the elastic repulsion force dominates;
this approximation is called the Hertz madel and is considered in the chapter "Elastic interactions. \D NT-MDT
The Hetlz problem".

= Attip-sample separations of the order of several tens of andgstrom the majar interaction is the
intermolecular interaction called the Van der Waals force (see chapter "The Van derWaals force™,

= Af the same distance hetween the tip and the sample and in the presence of ligquid 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 liquid film thickness.

= Al larger separations the electrostatic interaction starts to dominate. It is described in chapter
"Electrostatic force micrascopy”.

= At separations ofthe arder of a thousand of angstroms magnetic forces considered in the chapter
"Magnetic farce microscapy” prevail.

& F
FHertz ~ (-h)**
_ _ "semicontact"
Various kind of forces do ]l __mode
cooperate in providing the : L Fy~ -1
typical force vs distance : : /
behavior experienced in AFM : '
1 |0 [
l
|
I |
contact ! non-contact
mode I mode
. <
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A few words on elastic forces

When the cantilever and $ha sample ar€ in contact, elastc forces start to act giving rise to both the sample The Hertz proklem solution relates the loading force & and the penetration depth & ¢
and tip deformations which can affect the achwied e o propetly interpret the results and choose the 3 1
measuring mode one should have a clearidea of elastic interactions in contact and "semicontact' modes. Ka3 .
= ? = Kh2R2 i3

Such consideration is necessaryin orderto;
Accordingly, the pressure is the following function of the farce:

= avoid tip or sample damage during scanning - even at low loading force the pressure in a
contactzone can exceed the strength limit because contact area is very small. e Fool e )

= recanstruct properly the sample surface topography basing on the acquired image profile in 'n:a2 ; R2
cazewhen surface features are ofthe same size as the tip curvature radius.

= analze forces in the "semicontact’ mode at & moment of the fip contact with the surface which The given solution for the case of two spherical bodies contact includes one important special case of the
directly affect the cantilever oscillation and are one ofthe damping reasons. flat sample contact with the tip having curvature radius B (r = R, ' = e ).

Elastic deformations In the contact zone (the Henz probliem). Let us depict the Hertz prohlem solution, i.e. the dependence of the penetration depth (horizantal axis) upon

Let us consider firest only the elastic force. The Hertz problem is deformations deterrnination at local the loading force (vertical axis) for positive % . In Fig. 3, the rising branch corresponds to the Hertz problem

contact of bodies under load & action. solution.

We have to adopt some simplifying assumptions [1]. F

1. Buppose that both the cantilever and sample materials are isotropic, i.e. their elastic properties th;.,.,
are descrihed only by twa pairs of parameters — Young's moduli &, & and Poisson ratios K,

u.’. (For the anisotropic materials the number of such independent elastic characteristics can

reach 21).
2. Assume 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, 75 (for the tip) and rf \ rg. (for the studied sarmple area).
3. Defarmations are small compared to surfaces curvature radii. h

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 wertical dimensions was experimentally Fig. 3. Force & depending on penetration depth j;
established. Because these materials are very soft, the probe "indents" protrusions on their sufaces (See
Appendix 3 and chapter 2.5.1).

{graph of the Hertz problem solumion).
If ane assumes the simultaneous effect of convolution and defarmation, it hecomes clear how much the

The second taason for the diffierence between scan profile and real sutface geametry is the tip-sample image profile can differ from the real topography. In Appendi: 4 itis demonstrated that the acquired image needs
corwolution. Its consideration is important when studying small {of the arder of the tip curvatare radius) surface tobe analyzed and even computer processed in arder to obtain the sample real topography.

features, Afinite tip dimension results inthe lack of the ahility to probe narrow cavities onthe sample surface thus
decreasing their depth and width. Similarly, convex features image appears wider. The convalution phenomenon
is bestunderstood frorm Fig, 1. As tip makes contactwith the sample, some other forces arise besides the elastic one. For example, the

“an derWaals interaction {revealed not only when twa hodies touch but within some distance between them)

3 leads to the contact pressure decrease because Van der Waals forces in contrast to elastic ones are attractive
prObe "aje(;tory but not repulsive.

Non-elastic conservative contact forces.

F

1/

Fig. 2. Plots of force & ws. penetration depth j . Shown are the Hertz problem solution
as well as solution with a hysteresis loop accounting for the noncoenservative forces.

Fig. 1. Tip comvelution during scanning. The scan profile can differ much from real surface geometry.
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A few words on van der Waals |

The Van der Waals force or the intermolecular atiractive force has three components of slightly different
physical nature but having the same potential dependence on the intermolecular distance — 1/}«6 . This lucky

circumstance allows to compare directly constants of interaction that correspond to three Yan der YWaals force
cormponents because proportions betwaen thern will be held constant at different . magnitudes. Constants at

]/ré multiplier will differ for various materials.
W= Wt + Wi + Wi ~ 175 (1
otient ind disp

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

s
the energy of dipole d placed infield B is [1] and the electric field produced by the dipale g is[1]:
W = ~dE o p-LEdntd) gt g
» I

where n — 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 moment. In accordance with (2}, (3) the interaction energy of dipoles dy and d4 separated
by distance #

. d;d, —3(d1n)[d2n) 1
e 2

3 = )

depends sufiiciently upon the molecules relative position. Here m is the unit vector directed along the line
hetween molecules.

In arder to reach the potential minimum, dipoles tend to align along the commaon axis (Fig. 1). The thermal
motion, however, breaks this arder. To determine the "resulting” orientation potential W"mem one should average
statistically interactions over all possihle orientations of molecules pair. Motice that in accordance with the Gibbs
distribution exp(—W,r’ﬁcT), which gives the probability of the system being in the state with energy J§ at

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

Averaging with the use of the Gibbs distibution is performed in accordance with the fallowing formula:

where, for the sake of normalization, the denominator is the statistical sum and v is the integration parameter
providing enumeration of all the systemn possible states {a pair of dipoles mutual orientations).

If W << &7 the exponent can be approximated by the series expansion:

Wp "o
——= =] —
eXp[ kT ] kT ®
sothe energy of orientation interaction is approximated as;
[P+ I—WDE dv
i~ &7 i
e [av+ [Wpdv

On performing integration it can be shown that IWDdu =0, thus, .

7 vient WDQ. Introducing constant

Al in accardance with (43, we finally have:
_const 1 By

Worient ‘Fr—ﬁ = E i5)]
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A few words on van der Waals I

The dispersion interaction (or the London force) is a prevailing one hecause it involes nonpolar
~~'ecules aswell This third term in 1) is always presented that is why itis the major one.

The induction imeraction (or the Debye force) arises between palar and nonpolar molecules, Electric field
E generated by dipole d1 polarizes the other molecule {Fig. 2). The induced moment calculated in the first arder d_1> d—;

ofthe gquantum perurbation theory is equal to djnd = xE where X stands for the molecule polarizability.

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

2, .2 2

=3(ndy)” +d d 1
2 1 1 X

W =dygE=xE2 =% ( 6) =— éﬂ - )]

F ar r

Thus, this kind of interactian also "universally’ depends an 37 = . +W 4 +Wdisp —~ 1/:*6 though
having the other reasaon and the other canstant.
It should be noted that in liguids and solids the polarized molecule experiences the symmetric influence of

many neighbor malecules, the induction interaction being stronaly compensated by their action. The resultis that
the real induction interaction is estimated as:

Wmd~i”,n=8+13 (10)
r

Obwiously, the force is determined by

A
F = -gradl¥p , Wyg =~ —2 (13)
r

Estimations of the “an der Waals aftraction for AFM  studies in the contact mode  give:

Fogy ~ 108 2107 1

Van der Waals interaction is based on different
dipole/dipole interaction mechanisms, all leading
to ar 6 behavior
This results into ar ™ force on the cantilever
depending on specific tip shape and distance

1. 3. Due to the quantum uncertainty, nonpolar molecules have "momentary” dipole moments, interaction
bhetween which is of the second order of smallness of the perturbation theory.

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

moments in any state 2 are equal to zero: (wn|d12|wn)=0. Howewer, nondiagonal matrix elemeants

(ip"n |d1 2|i,.crm} are nonzero. Moreover, the second guantum mechanical correction to the interaction energy
calculated as is known [2] according to the formula below, is nonzero too:
In a systert of nonpolar secdecules the electrons wave function ¥ is such that average values of dipole

maoments in any state 2 are egual to zerao: {wn|d12|wn}=0. Howvever, nondiagonal matrix elements

{i,.crn |d12|wm} are nonzero. Moreover, the second guantum mechanical correction to the interaction energy

calculated as is known [2] according to the formula below, is nonzero too:
2
W |l
W,;Q(Q):Zk n| | m)| (11
nm 8‘."1 _Em

where peturbation JF is given by (4, &, &, — energies of the systern of two molecules in arbitrary states 2
and #z .

In a certain sense, "momentary’ magnitudes of dipole moments {at zero average value) are nonzero and
they interact (Fig. 3). In the second order of smallness the averaged magnitude of such "momentan potential is
not already vanished and narmely this is the potential of dispersion interaction.

Correction {113 as is seen, is proportional to the square of perturbation WD- Fromthis it is clear that

3 __ A3
Wdisp it WD ' Wdisp = r_é (12J
304
constant A3 S T wALXZ iscalled the Hamaker constant there 1'1 . 1'2 —ionization potentials, ¥y,
2(f + 1)

X2 —molecules polarizability).

The classical interpretation of this interaction is as follows. The dipole moment of one molecule arisen
from fluctuations, generates field which, in turn, polarizes the second malecule. The already nonzero field of the
second molecule polarizes the first one. The potential of this peculiar system with a "positive feedback” is
calculated sirmilarly to the induction interaction.
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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 liguid 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 (ifit is hydrophilich is energetically advantageous
as compared to the water-air contact. Motice that in such cases the contact anale is always less than Q" .

Fig. 1. "Neck™ formation.

Itis intuitively clearthat the neck curved surface will tend to flatten that is available anly at the expense of
the cantilever pulling down. This means that the cantilever attracis to the sample.

Calculation ofthis attraction farce is a simple task, Letthe tip curvature radius be much larger than other
characteristic dimensions of the case. In Fig. 2 the following designations are introduced: [ - tip-sample
separation, 4 —"immersion depth®, kB —film thickness, p; — lesser curvature radius of the liquid surface, pg
—tip-liguid contact area radius.

Wiie will not cancentrate attention on 4 walue determination. Far the estimation purpose we will use the
maximum value of the capillary attraction force thattakes place at [0 =) . In this case the unknown parameter

A wanishes:
F

cap T

Foay = dmRorosd i5)

Taking into account that cantilever radius & is 10nm, water surface tension at 20" is egual to

0.073M/m  and the contact anale is small ie. cosf is close to 1, we get the following estimation:
E:ap ~10%-107° 1. Thus, the capillary force by the order of magnitude is the same as the Van der'Waals
interaction and the electrostatic force.

Diaring the cantilever approach-retraction cycle, the hysteresis arises. Atthe upward move 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.

F
=== gpproach curve
— retraction curve
W, - work of adhesion
0 h
Wa

Adhesion effects can further
affect the interaction (unless UHV
operation is performed!)
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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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Operation modes (AFM contact)

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, especially with soft matter

wertical tip position

Cantilewer deflectior

—

Copyright & MNT-MDT, 2002

(O] [&=1Cm]

vy, nkrndt, com

tantilever.

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

Repulsion farce Foacting 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 from 0.01 to several
fdfm.

In our units the wertical cantilever deflection walue is
measured by means of the optical registration systerm and
corwerted into electrical signal DFL. In contact made the DFL
sighal is used as a parameter characterizing the interaction
farce 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
microscope maintains fixed end of cantilever on the constant
height value. So deflection of the cantilever under scanning
reflects topography of sample under investigation.

Constant Height mode has some  advantages  and

disadvantages.

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

Zonstant Height mode has also some disadvantages. Samples must be sufficiently smoath. When exploring soft
samples (like polymers, hiological samples, Langmuir-Blodgett films etc.) they can be destrayved by the scratching
aecause the probe 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 distored. Possible existence of substantial capillary forces
mposed by a ligquid adsarption laver can decrease the resalution.

Locally probing the (repulsive) force allows for

Sample

Yertical tip position

—_—T

e

Cantilewer deflection

Caopyright @ MT-MDT, 2002
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In Contact mode of operation the cantilever
deflection under scanning reflects repulsive farce
acting upan the tip.

1 Repulsion force F acting upon the tip is related to

the cantilever deflection value x under Hooke's laws:
F = -kx, where k is cantilewver spring constant. The
spring constant value for different cantilevers usually
vary frarm 0.01 to several Mim.

In our units the wertical cantilever deflection value is
measured by means of the optical registration
system 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 & linear
relationship between the DFL value and the farce. In
Constant Farce mode of operation the deflection of
the cantilever is maintained hy the feedback circuitry
an the preset walue. So wertical displacement of the
scanner under scanning reflects topography of
sample under investigation.

Constant Force mode has some advantages and
disadvantages.

Main advantage of Constant Farce mode is possibility to measure with high resolution simultaneoushy with
topography same other characteristics - Friction Forces, Spreading Resistance ate.

Caonstant Farce mode has also some disadvantages. Speed of scanning is restricted by the respanse time
of feedback system. When explaring soft samples (ike polymers, biological samples, Lanamuir-Blodgett
films et they can he destroved by the scratching hecause the prohe 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.

topography and morphology reconstruction
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Non-contact modes of operation

afw) 4

Tapping mod
e ! o
é : II I:- i__}.a[wl
LU m*= fok; f= Q" W~

opetation method of a scanning force microscope has proved to be
—Tn this method the nominal force constant of the van der Waals
he-second derivative of the potential, is exploited. This can be m.asured
by using(@ vibrating tipX(Figure 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 & of the spring. This corresponds ' '

o =1 3 o

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.

P/ / /{_\,/
H T )

This is described by modifying the spring constant k of the spring by an additional I d. E

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 ‘ I

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 I

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 %,
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.

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

]
I
|
|
"
w,=const W

Figure 17: Resonance curves of the tip
without and with interaction with a van der
Waals potential, The interaction leads to g
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 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

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

Non-contact modes
suitable for “soft”
surfaces

No sample
preparation is
needed!!

o
T
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Effects on the cantilever resonance

Caongider a cantilewer ascillations when in addition to driving farce ({13 in chapter 2.2.3.3), an external

force Ay (2) acts on it The eguation of maotion in this case is written as

- - RESONANCE CURVES
F+ 28 +wiz = Ay cos Gt + Fy(2) fm (1)
In a general case the steady-state solution of equation (1) is the sum of harmonics with frequencies ap ] Choose curve type
divisible by 3 driving farce frequency £2 j — A ® AFC
2 ] ——— 54 O PFC
z(&) =Z‘4n cos [nQrﬂon:l @ £ ¥ 1A
n 2 . ——J0A
. ’ ’ . [ o ] R Ch drivi
In chapter 2.2.3.4 we considered the paficular case of eguation (1) solution - small oscillations when the . ¥ s fmgjsa?npﬁ'i}’u'&i
following condition is met 3 ~
: o
= Q
A ﬁy";& L O BA
@ O 104
d° Py (3 8 0 204
dz? E O 404,
2
_ d*F, o
where wp - cantilever natural resonant frequency, 5 — mean of the second derivative of the
dz driving force frequency
tip-zample interaction farce (averaged with respect to ascillations amplitude,
In practice, condition (3 is seldom met. Howewver, utilizing numerical methods, one can show that even Fig. 2. Resonance curves in case of nonlinear oscillations.

under weak condition (4}, the character of steady-state ascillations will anly slightly differ fram harmonic (a

major contribution is made anly by the first harmaonic)

2
g T
condition @*F,
dzz
solution z(f) ~ Acos (Qz + qo)

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

Z Steady-state solution Z(1) ~ Acos(2+g)

z

— r~=~\=_‘__£
777777

Fig. 1. F ibility of several

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 (MG AFM), invented in 1987
F [1], offers  unigue  advantages  owver  other

| contemparary scanning probe technigues such as
contact AFM and STWM. 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
conducting samples.

| The MG AFM works wia the principle "amplitude
modulation” detection. The corresponding detection
scheme exploits the change in the amplitude, A, of
the oscillation of a cantilever due to the interaction of
a tip with & sample. To the first arder, the working of
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 s natural
frequency, Ty, towards a new value given by

®
o] &1 ]

Copyright @ MT-MDT, 2002 v nikmdt, com | where Tug is the new, effective resonance frequency

of the cantilever of nominal stifness ko in the
presence of a force gradient F'E) due to the sample. The guantity z represents an effective tip-sample
separation while df = fog - T, i3 typically negative, for the case of attractive farces.

Tutt fa (1-FiZiik) 12

If cantilewer is initially forced to vikirate at a f..¢ =f,, then the shiftin the resonance spectrurm of the cantilever
toweards lower frequencies will cause a decrease inthe oscillation amplitude at ;. as the tip approaches
the sample [1].

True non-contact mode

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 MO AFM feedback then mowves the cantilever closer to the sample until its instantaneous
oscillation amplitude, 4, drops to A..4 at the user-defined driving frequency et At this pointthe sample can
he scanned in the x— plane with the feedback keeping A = A:.+ = constant in order to ohtain a W AFM
image. The NC AFM feedback brings the cantilever closer {on average) to the sample if A..¢ 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 bhe considered, in the limit of small 4, to
he a map of constant interaction-force 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 therefore
cannot disturh or destroy the sample. This is padicularly impartant in biclogical applications.

iz References

1. 1 Appl Phys. B1, 4723 (1987

v" Vertical oscillation (tapping) is
applied to the tip, at a frequency
close to its resonance

v' Resonance frequency variations
are measured

v' Feedback keeps the resonance
frequency constant by changing
the probe/sample distance,
hence topography is
reconstructed

Non-contact modes allow for
analysis of soft surfaces
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Examples of other operation modes

Semicontact mode,

scanning

Agp
z
.
E
(O] [&>1[Cm]

v, nEmdt, com

Caopyright @ MT-MDT, 2002

Ugsage of Scanning  Force  Microscopy  with
ascillating cantilever was firstly anticipated by Binnig
[1]. Earlier experimental realizations of scanning
with oscillated cantilever was realized in works [2,
3] It was demonstrated influence of the force
gradients on the cantilever frequency shit and
possibility of non-contact scanning sample surface.

| It must he noted also that Durig studied fregquency

shift of oscillating cantilever under influence of 5T
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 hut also in
repulsive forces was demonstrated in [4]. Relatively
small shift of oscillating fregquency with sensing
repulsive forces means that contact of cantilever tip
with sample surface under oscillation is not
constant. Only during srmall part of oscillating period
the tip "feels" contact repulsive force. Especially it
concerns  to oscillations  with relatively  high

amplitudes. Scanning sample surface with cantilever oscillated in this manner is not non-contact, but
intermittent contact. Corresponding mode of Scanning Force Microscope operation {Intermittent Contact

made) iz in cammon practice.

The Intermittent Contact mode can be characterized by some advantages in comparison with de Contact
rmade, First afall, in this mode the force of pressure ofthe cantilewer anto 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 dormains, elasticity and viscosity of the

surface.

found and exploited

Force modulation: an additional contrast
mechanim related to material properties is

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

Force Modulation mode.

Bipe

tip position

¢

Cantilewver deflection

N

atiffness

D

Copyright @ MT-MOT, 2002

O] ][]

v, nEmdt, com

composite materials investigations.

Under realization of Force  Modulation mode
(Fi-mode) along with scanning of sample surface
as in Consgtant Force maode  (CFC-mode) the
scanner (or the sample) executes a wverical periodic

'1 mation [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 sinusoidal. 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 be 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
vertical  displacement D and cantilever force
constant k. are known, one can determine the local
elasticity of the sample under investigation k.

ke= ke (DD - 17

In turn with known walue of the local elasticity one
can to determine the modulus of elasticity of the
sample. It can be done with usage of the calibrating
measurements arwith usage of the Hertzian model
[3]. Force Modulation mode is widely used in
palymers, semiconductars, biological, especially in
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A very few examples of AFM images |
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Helicobacter pylari
Mode: Semicontact mode
SPM Model: Salver P4TH-PRO 0
Scan size: T.2%7.2 pm

Source MDT-file: download (1.01 kb

Conversion of two cells of bacterium Helcobactar pyforiinto 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.

Atomic resolution image of the titanium oxide layer on top of a
titanum substrate. Contact mode AFM in air, commercial silicon
nitride cantalever. 5 nm scan courtesy P. Cacciafesta,

University of Bristol, UK.
BAkormic resolukion on mica p

l-“l
'::'..‘l“'?:.'

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 . " 3 .
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, Multi-macke: AFM Dperatll:ln - with simuttaneous measuremert of the
46114617 topography in ST mode (Lpper image) with atomic resolution on

See nup./www.veeco.com SiC11107 =7 wsing a conductive cantilever, and of the atomic scale variation

of the force, i.e. cantilever deflection (lower image). pag. 59



A very few examples of AFM images Il

Multi-phase systems

DMNA Molecules

e high rezolution of the SPM iz able to dizcern very subtle features such az these two linear dzDMA molecules
TappingMode 4FM image of poly(styrene) and poly(methyl ztlapping each other. 155nm scan, Image courtesy of W, Blaine Stine at ernail address
methacrylate) blend polymer film. The film was spin-cast on peElEE R e 0L e s
mica substrate from chloroform solution. The surface structure

is resulted from the spinodal decomposition. The islands consist A Butterfly Wing Imaged in TappingMode AFM
of a PMMS-rich phase while the surface matrix composes of 3

PS-rich phase. 3pm scan courtesy C. Tan-That, Robert Gordon
University, UK, \“

A butterfly (anthocaris cardarmines) wing irmaged in TappingMade AFM. The well-ordered 3-D lattice is an array of
holez an the cuticle of the scales, The arder of such a systern leads to strong diffraction of favored wavelengthsz 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 i i H 1
TappingMade at frequency of 3 Hz and setpoint of 1.8 %, Zpm Huge Va”ety Of AFM app||Cat|0nS. '
scan courtesy L scudiero, Washington State University, USA,
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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)

T B~ Y ‘G‘R

» »
V AV v —-_/v Al \ ¥
Iy Friction force is always

oriented against motion!

From topography data (the space derivative...)

Surface slope /'\ Surface slope /\
T \/ \/ R
> -
Friction force Friction force
T 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
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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

ver. 6b - parte 5.1 - pag. 70



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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