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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

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10 - pag. 2



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

D
Slow scan

>
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
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A few examples of SPMs

SFM

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

Depending on the probe and on its interaction with the

surface, a variety of quantities can be investigated
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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);
B. Variants (lateral, electrostatic, magnetic forces,...)

Sub-diffraction properties of electromagnetic waves:
A. Scanning Near Field Optical Microscopy (SNOM);
B. Polarization-Modulation SNOM

“Lithographies” (better stated as “nanomanipulations”) associated with:
A. STM;

B. AFM;

C. SNOM
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A few detalls: piezoelectric scanner

#abthé: field; and positive for stain measured along the 3-direction (along

which the thickness t is measured) representing expansion parallel to the !
electric field direction: .

Although there are many ceramic compositions used today, most can

be placed into two general categories: hard and soft PZT materials. Typical
1coetficients for hard PZT materials are

Watiirdin: coefficient d is negative representing contraction pemendicuﬁi;%
E

dyy = 250°10-2 m/V, dyy = - 110-10-2 m/V ;
ind for soft PZT materials

dy; = 600-10-2m/V, d,, = -270-10-2 m/V .
For PZT-5H

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

;x y Z Electrode

N/
- + y Electrode
¥ Offset—T
[T~ x Offset
\

L/
oo o
RL'\ + x Electrode

Typ: hollow tubes made of PZT-
based ceramics with a multi-
electrode configuration aimed at
controlling the displacement along
different directions.

Main issues:

=Linearity (possibly closed loop);
»Hysteresis;

»Distorted motion (artifacts).

Common
@

+ y Electrode

- y Electrode [~

s =~

F~ _ x Electrode
(hidden)

| 34— 4 x Blectrode

Fig.4.5. llustrating the voltages applied to the electrodes of the single-tube scanner

Da C. Bai, STM and its applications
(Springer, 1995)
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1. Scanning Tunneling Microscopy (STM)

| |

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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STM tip (probe) preparation

—

(a) (b)

4N cathode: 6H,0O + 6e- - 3H,(g) + 60H- SRP=-245V
anode: W(s) + 8OH- -+ WO + 4H,0 + 6e- SOP = +1.05V
SPSTRRS ¢ 4 ——
T o W) + 20H + 2H, 0+ WOi + 3H,(g) EC =-143V.
O ey Electrochemical etching of W or
Fig.4.12. (a) Schematic diagram of the electrochemical cell showing the tungsten wire Pt/Ir typ u sed

(anode) being etched in NaOH. The cathode consists of a stainless-steel cylinder which sur-
rounds the anode. (b) Sketch of the etching mechanism showing the "flow" of the tungstate
anion down the sides of wire in solution [4. 13]

b
W (El} piezo
scanning unit
' metallic
. Lip-ra —
Very sharp tips can QGG tunnel current
be obtained (ideally, | «
terminated by a [»1'}[&"" /l\ voltage
() “single” atom) A AN

electrically conductiong surface
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Basics of Scanning Tunneling Microscopy

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

Tip measures
some property of

the surface

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

above the sample

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

== control voltages for piezotube

tunneling N
current distance control
amplifi and scanning unit

\_i

[

with electrodes

piezoelectric tube

data processing

and display
tunneling
yoltage

BIAS voltage

A\,

sample.- |

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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Tunneling current

2.1. Electron Tunneling

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

N_\'&unantum mechanic treatment predicts an
exponential decaying solution $br the electron

wave function in the barrier. For a rectangular

Sample Tip

barrier we get

JMTE Extinction length

¥(d) ="P(0)e™ where =

The probability of finding an electron behind the barrier of the width d is
W(d) = () =[Eo)f e Exponential decrease

In scanning tunnneling microscopy a small bias voltage V is applied so that due to the
electric field the tunneling of electrons results in a tunneling current I. The height of the

barrier can roughly be approximated by the average workfunction of sample and tip.
O = 1;“2((“.')sample +CDn-p)

If the voltage is much smaller than the workfunction eV << & the inverse decay length for

all tunneling electrons can be simplified to

A 2ZmD

h

e

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

—2nd
—EF—EV
By using the definition of the local density of states for = 0
E
PloB) =g 2 Local density of states
.=E-2

the current can be expressed by

[ Vp,(0,Eg)e™ *)

= Vpsa(os EF )e ~l02syEd Where [d] = ‘35; [@] —_ ev-

With 5eV as typical exa orkiunction value a change of 1A in distance causes =
change of nearly one order of magnitude in current. This facilitates the high vertical
resolution.

Also
I =< Vpsa (d’ EF)

which means that the current is proportional to the local density of states of the sample at
the Fermi energy at a distance d, i.e. the position of the tip.

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

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

16E(V-E) _.. 2m(V-E)
5 N2 & i = ]{—T——
b
with the approximation Kd>>1
The current density itself is defined as

%4 d¥

i =——2—(‘P @ )L—‘P(z)—j

For a nonsquare potential the WKB method must be used. This is more adequate as the
potential is changed by the applied voltage and influenced by the image force on the
electron. The WKB method yields a transition probability of

1
T(E) exp[— %J’ ImV(z)- Edz
0
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Modes of operation in STM

(a) piezo
scanning unit

metallic
tip T

-——

Constant current Constant height

(a)

tunnel current

voltage

ductiong surface Fe:t;lbnck
loop
Vo (Vi V) > 2 (%, ¥) InT(Vy, V) = V@ - z (x,3)
b scanning direction : - .
(b) s LI Fig. 1.2a,b. Schematic view of two modes of operation in STM [1. 10]. S is the gap between
&L . height motion the tip and the sample, I and V are the tunneling current and bias voltage, respectively, and
L = v / of the tip V, is the feedback voltage controlting the tip height aleng the z direction, (a) constant-cur-
,we?\,rv,r rent mode and (b} constant-height mode
FEEEEREEE
. s C 1 kstati Control unit Microscope
2.2 Operating Modes of the Scanning Tunneling Microscope =] 2 _ Piczoelectric
Up to now, the theoretical background of a scanning tunnelling microscope has been E pgéget-:ﬂg;ﬁ:s Preamp o T
pres.cnted, but nothing has been said about the experimental operation of a scanning tun- oy board
nelling microscope. The simplest way to obtain a scanning tunnelling microscope image ! I g YA Head 7/ 7
is to directly measure the variation of the tunnel current as a function of the scanning ! e l , = Xy s
position while keeping the distance between tip and sample surface constant. A so- e D'ASH> / aE
called current image is then obtained. Instead of directly recording the atomic variation High-speed R FR= " Sample [/ -
of the cwrrent, however, the usual procedure is to keep the tunnel current constant while Speccal purose ( o I i i K aiage |
sczpming over the surface. This is done by changing the distance between tip and surface Smmsir A-D TEE;‘;‘;‘,‘,‘:S B L
using a feedback loop (Figure 8). In order to get an image, the voltage required at the AV I -
piezoelectric crystal to adjust the distance is recorded, One obtains a so-called constant- Hard drive —EH} £ ﬂ ﬂm
current STM image, =
RAM ——@— S;f&‘;f_r Base
" Bias support
D-
80386
Feedback loop used to keep microprocessor -
C O n S t aﬂ t th e tu n n el | n g C u r re n t 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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Bardeen (quantum) approach to tunneling

2.2. Bardeen Approach

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 “Fat H“‘to tunnel

into a state Xat H"is given by Fermi's Golden Rule Quantum mech.
2n, Treatment
w= ?IMF S(E\y - E;)

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

k L% 3Y
. e s g
M 2mz=%[1 Ry

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

AT &% 2
I=—— [p.(Er - eV+e)p,, (B +5)MPde  (+¥)
o

Hence the current is given by a combination of the local densities of states of the sample and i imeging _the ogatipied states of Imaging _the unoccupied states of
weighted by the tunneling matrix element M. SiC(0001)3x3 SiC(0001)3x3

P —_—
EFb iﬁ . % W v

Local density of
<« d > «— d > _ states is actually
Sample (-5 Tip Tip Sample ) imaged in STM

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

8By ~Ey)me hat an electron can only tunnel if there is an unoccupied state with the same
energy in the other electrode (thus inelastic tunneling is not treated). In case of a negative potential
on the sample the occupied states generate the current, whereas in case of a positive bias the
unoccupied states of the sample are of importance. Therefore, as shown below, by altering the
voltage, a complete different image can be detected as other states contribute to the tunneling
current. This is used in tunneling spectroscopy. It should finally be mentioned that the probability of

tunneling (expressed by M?) is larger for electrons which are close to the fermi edge due to the
lower barrier.
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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 t In the
i ] i¢ tip is used as 1l

case of a scanning tunnelling microseope a fine metallic tip i g prebe (calied
tunnelling 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 firinef effect. After a tunnelling contact is established, the tip is
moved over the surface by a piezoeleciric 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 rum up to several um. This allows us to obtain a micro-
scopic image of the spatial variation of the tunnel current. Hence the name scanning
tunmelling microscope.

* A metallic tip is moved as probe towards a conducting surface up to a distance of
about 1 nm

* With an applied voltage a current flows due to the tannel effect (tunnel current)

+ The spatial variation of the tunnel current is measured by scanning over the sample
surface

* A microscopic image of the surface is produced

At this siage we have to ask what kmd of atemw scale structures can be made visible by
the scanning tunnelling g effect? These structures must by
marcospond o cleirial s fom or o wich the lectrons can Ll the
tunnelling process, barrier between tun-
nelling tip and sample, “h]C]’l 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 exponentla]ly 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 configuration by moving the tip very close
(about 1 nmy} to the surface. The electrens 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.

Tt 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 the scanning
tunnelling microscope. Cne of the possible theoretical approaches is based o
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 overlap of the wave functions of the surface states of the two elec-
trodes (tunnelling tip and sample surface) is assumed to allow a perturbauon calculation.
On this basis, Tersoff and Hamann developed a_simple theory of scanning tunnelling
microscopy [3], [4] Hence follows the tunnel current:

I~V'pﬁp(WF)'.osmp]e(’b»WF) 1)

The tunnelling tip is assumed to be a metallic s-orbital as shown schematically in
Figure 4. In addition, it is assumed thatJow voltages EI}‘ e., much smaller than the work
function) are applied. p( ) is the densi of the tip and pogee (75, W) is that
of the sample surface al the cenfre r, of the tip orbital and at the Fermi energy Wr. Eq.
(1} shows that at low voltage the scamming 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 scanm g tunnelling oscope images do not dlrectly show the
atoms, but rathe; ’ s can be seen in Eq. (1), the
tips density of states ene a 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 two electrodes (tun-
nelling tip and sample surface)

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

tunnelling tip

s-arbital

.

sample

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

W\racuurn

sample tip

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

Extension to
“high” bias

*+ The tunnel 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.

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

vacuum with the effective inverse decay length k.

(2

m, is the electron mass and k) is the parallel wave vector of the tunnelling electrons. B i is
the barrier height, which i3 approximately a function of the applied voliage V¥ and the
work functions ®,,,,.i. and @, of the sample and tip [5]. respectively:

sample ~
:ﬁp*'i’s*ﬂlg__le;\ )

The tunnel current thus decreases exponentially with the tip-sample disiance z:
1~ exp [~ 2kegr 7] @

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

The description of the tunnel current by-Eg however, has an important restl:ic-
tion; it strictly speaking only applies ]n particular for the investigation
of semiconductor surfaces veltages 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 simplesi extension yields:

WF,ﬁp+eV

-

F.tip

Puiol Whpampie( W +€V) TOWY) 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 product 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 example, an image meas_ured at-2v
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
volages analogously provides a measurement of the empty surface states in an energy
interval determined again by the voltage.

In order to illustrate this effect more clearly, in the following the InP(l 10) surface
will be presented. On InP(110) surfaces two electrical states exist near aceT an
occupied state below the valence band edge and an empty state above the conducnon
band edge (Figure 6). All the other states arc 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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Lateral resolution in STM

2.3. Lateral resolution

The lateral resolution of STM can not be understood in terr a e
The corresponding wave length of the mnnelmg electron would be A> 10 A.
Therefore the STM works in ar- gi v tric curvature of the tip with 2
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 Fi gure). 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:
Ee
I

E, =E, -V

)| = eV, (1, Ex)

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,

Calculauom and experiments showed that there is
often a d,” like 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). ]n this case the tip
traces a fictitious surface with a d,” like state.

sample The state of the tip atom is dependent on the
Interaction which causes a high corrugated material and the orientation. As the tip is quite
tunneling distribution difficult to handle, it is one of the most difficult

problems in a STM experiment,

105 | SEM
(S)TEM Q
=
£ B
o
8 a1
2 10"
E
S 3
8
10-1 =
| 1 ] B 1 |
10! 10! 103 107

Lateral scale [nm]

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

“Atomic” resolution achieved in STM
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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 0.5V)
8 h after dep.

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

Surface electron-
related features can be
easily observed

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

w\lat‘.uﬂm 3

Figure 6: Schematic of the
tunnelling process at

{a) negative and

(b) positive voltages applicd
to the InP(110) surface.

: -_occupied =
InP(110 . InF{1 10) ;
'_;'f.‘m’ i tip samr'~ o

n the special case of the InP(ll(}) surface,the occupicd surface state is spatially
(@) _ : located abow ¢ empty state is bound to the In atoms

(Figure 7a,b). The P and In atoms are altemately arranged in zigzag rows, At negative
o ) sample voltages, the scanning funnelling microscope probes the occupied states located
o L 2l ® at the P sublattice, whose electrons tunnel into the empty states of the tunnelling tip

: g o < (Figure 6a). Conversely, only the empty surface states at the In sublattice are probed at
positive voltages apphed to the sample (Figure 6b) [6] — [8]. If the voltage polarity is
changed every scan line, i.e. the occupied and the empty states are probed each alternat-
g scan line, the two resulting images can be superimposed and the zipzag rows of
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 ' : also of interest, and it should be possible to determine this dependence from current-
% I ) | ’ b I : _ voltage characteristics using Eq, (5} In order to do so, however, information 1s required
. o < O S empty about the transmission coefficient, which turns out to be a great obstacle even if approx-
i o L dangling kond imations [9] are used. Therefore, in most cases, an experimentally viable approach is -
AT S used, in which the density of states is approximated as follows [10], [11];

p sample(e VJ’ =2 (dIdV)( V) (6)
Figure 7: .

(8) Sehematia ibp Vi 4t It is thus possible to experimentally measure the density of states as a function of the . i

(b) side view of the (110) surfaces of energy relative to the Fermi level. r
1I-V compound semicanductors, ' ‘
(c} Superposition of two scanning

runrelling microscope images meas- . . .
ured at positive (red) and negative Contrast mechanisms related to bias polarity
{green) voltage. The density of state
maxima correspond to the surface

states at the In and P atoms, respec-

tively. Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10 - pag. 17
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STM spectroscopy

|-V curves can be
acquired at different
positions

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

Tunneling e
current .l oy
(conversion g L / Typical STM |-V
factor 10"8) & of--f-4---- Y R curvesof different
actor ) = n_ ,«ﬂf urv di
& LT regions
"Hﬂ Jw ! (covered/uncovered)
o
he s b b Ba Possibility to discriminate
WY Bias

“conductivity” of small-sized
samples with an excellent
space resolution
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Scanning Tunneling Microscope (STM) Il

n the special cas surface the occupied surface state is spatially

located above the—F 5 35 the empty state is bound to the In atoms (a)

(Figure 7a,b). The P and In atoms are alternately arranged in zigzag rows, At negative =1 &2 )

sample voltages, the scanning tunnelling microscope probes the occupied states located : i

at the P sublattice, whose electrons tunnel into the empty states of the tunnelling tip L P, ! P (c)

(Figure 6a). Conversely, only the empty surface states at the In sublattice are probed at N ]

positive voltages applied to the sample (Figure 6b) [6] — [8]. If the voltage polarity is # " : : ;

changed every scan ling, i.e. the occupied and the empty states are probed each alternat- g ry pr-

g scan line, the two resulting images can be superimposed and the zigzap rows of . N "

altemating "In" and "P" atoms become visible (Figure 7c). - »-= -
Apart from the spatial distribution of the density of states, its energy dependence is ." .

also of interest, and it should be possible to determine this dependence from current- \ / g :

voltage characteristics uging Eq, (5} In order to do so, however, informaiion 18 required | & & n [ ]

about the transmission coefficient, which turns out to be a great obstacle even if approx- filled

imations [9] are used. Therefore, in most cases, an experimentally viable approach is (b) — dangling bond

used, in which the density of states is approximated as follows [10], [L1]; . i
psamp]e(eV) = (dI/dV)/([/V) STI\’F) ’ \% ’ \' ’ _-_-__"'——___ el
®

e of the InP(110)

atd

“Spettroscopia” 3
It is thus possible to experimentally measure the density of states as a function of the : @ ‘- —a o @ empty -
energy relative to the Fermi level. ' dangling bond f‘f;:ﬁ 4 T
a ematic top view
) ) (b) side view of the (110) surfaces of
ion (In, Ga) » anion (P, As) III-¥ compound semiconduetors,

y Fig.3.1. The cur{rent VETsus voltag.e curve has a kink in it (c) Superposition of two scaning
' when the nelastic electr_on tun_nelm g _chapnel opens up. tunnelling microscope images meas-
t This kink becomes a step in the first derivative and a peak in ured at positive (red) and negative
* the second derivative {green) voltage. The density of state
; -~ maxima correspond to the surface
i 0 e states at the In and P atoms, respec-
: hewle v tively.
di/dv !
i
prmsm———
conduction band conduction band
0 . e
5 5 fiwle v Figure 12: Schematic of the —
d°I/dv electron papulation of the Fermienergy """
| defect energy level on p-and defect levels  mm—— delect levels =— — ——
: r-doped InP{110) and
: GaP(i 10} surfaces. On the left
: the vacancy is positively and on
0 ho/o v the right negatively charged.

Figure 11: Phosphorus vacancics on

(a) p- and

(b) n-doped GaP{(110) and

(c) p- and

(d) n-doped InP(110). On the lefl, two positively
charged vacancies are shown, whereas on the ng-ht

they are negatively charged. Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10 - pag. 19



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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Cantilevers for the AFM

Free cantilever

Exposed Si
(8102 ar Si3N4
removed)

(111) plane in Si

Fig.5.2a-d. Fabrication of thin-film microcantilevers. (a) A thin film of SiO; or SigNy is
formed on the surface of a (100) Si wafer and patterned to define the shape of the cantilever
and to create openings on the top and bottom of the wafer. (b) The windows are al igned 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
serve as a pedestal for mounting the cantilever in the AFM [5, 4]

(c) Sa)v cut Cr

@ 3um*iEJ;

Siawe Aot A FF
Masking material (SiO,) g

i Glass and

(d) Saw cut - IH— Cr removed

——— e

PRpms T —
{(e)
’—7100;1111 Metal

tilever

(b)

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

Advanced microfabrication tools
needed to obtain suitable probes

3um -

| ST ISpnl — l‘

Fig.5.5a-d. SEM micrographs of Si; N4 cantilevers with integrated pyramidal tips. (a) The
Sig Ny film is attached to the surface of a glass block with dimensions of 2 X3 X0.7 mm?3.
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
atapoint, with less than 30 nm radius [5.4]
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1 T
Microlevers™
GENMERAL PURFOSE CANTILEVERS

Examples of commercial cantilevers
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Many different cantilevers are
commercially available

They are different for:

-Dimensions and shape:

-Elastic constant (materials and
design);

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

Cantilever choice depends for
Instance on:

-Operation mode (contact/non
contact);

-Quantities to be probed (e.qg., if an
electric field is needed, a conductive
tip has to be used);

-Possible material manipulation (e.g.,
nanoindentation requires super-hard

tips)
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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

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

When tip/sample distance is kept in the

repulsive region, contact operating mode is
achieved

Proportional region
. Atomic Forea (AF)
AF o< (Py-Pg) | (Py*Fg)

_=- When tip/sample distance is kept (mostly) in the

attractive region, non-contact operating mode
IS achieved

Distance (nm)
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Scanning Force Microscopy |

3.2  The Operation Principle of Scanning Force Microscope

The main electronic components of the SEM are the same as f B Zeausren Diodh
topography of the scanned surface is reconstructed by analysing t];]er felgesr':;[l?)dr; oi"nt%rettl;e i
at the em‘i of a spring. Today, the interferometrical and optical lever method dc-mirlat}e.2
commercial SFM apparatus. The most common method for detecting the deflection of
cantilever is bylmgasuring the position of a reflected laser-beam on a photosengitive
detector. The principie of this optical lever method {s presented in Figure 18 a. Withont

Contact mode of
operation

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

diation Py = Fy= P/2 (P represents ight-intensity). The change of the irradi-
ated area in the quadrants A and B i€ a linear fumction of the displacement

§oc Ad =25in(0)- 5, =20 §; =38, /L (10)

Lens Laser

For small angles sin(@) ~© and © may be evaluated from the relation ©=38/2L
(Figure 18b), For P, and P one would get approximately Py = P/z.(d + Ad)/Z and
R =Pf2.(d- Adf\/z. Using the simple difference between P, and Pn would lead to

AP = P .35§/(Ld) but in this casc 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 &:
fa—fh =6 35 (11
Fu+ P Ld

The “lever amplification” Ad/é = 35;/L is about a factor of one thousand. On the basis
of this kind of technique one is able to detect changes in the postion of a cantilever of the
order of 0.01 nm. .

For large distances between the tip and the sample the bending of the cantilever by
attractive forces is negligible. After the cantilever is brought closer to the surface of the b)
sample (point “a” Figure 18c) the van der Waals forces induce a strongdeflectionpf 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 on both quadrants, which is proportional to the force, isa - A ;
linear funcrion of distance. On reversal this characteristi his means F

Cantilever

that the cantilever loses contact with the surface at a distance (point “d”™) which is much 3 %
larger than the distance on approaching the surface (point “a™), k= ML_ E—Young«s modulus of cantilever
Up to now, the actual probs, i.e. the tip of the leaf spring, has not been discussed in 43 spring constant k = {0.1-10N/m) Figure 18: The amplification of the
detail, [ts preparation is particularly demanding since the tip and the sensitive spring cantilever motion through the optical
should be one piece. Moreover, the cantilever should be as small as possible. Nowadays, Exl 3 Fxl 2 lever arm methed.
such scanning tips are commercially available (in contrast to the tunnelling tips, which b= P B= {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.
The spring consiantk = Eadg /4L ~ 0.1 - 10 N/ of the cantilever enables topograph- 7 (c) Cantilever force as a function of
ical analysis with atemic Tesoiution o r " the distance tip — sample distance.
For the realisation of a scanning force microgcope, the force measurement must be a= 2L I-geometrical moment of inertia & b

supplemented bya feedback control, in analogy to the scanning tunnelling microscope.
The controller keeps ihe amptitade 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 piezoclectric ceramic or shifts towards the cantilever until the . .

vibration amplitude has reached the setpoint value again. The principle of height regula-

tign is exactly the same as for the scanning tunnelling microscope. The scanning force A n O pt I C al | eV er m et h O d I S u S ed
micrographs thus show areas of constant effective force constant. 1f 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 a.n tl | ever d eﬂ eCtl O n

shows the topography of the surface.
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Scanning Force Microscopy Il

3.1 Theoretical Princm
As already menticned above, als forces lead to an atiractive 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.” Althongh the centres of gravity of the electrenic charge densiTy 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' dipole moments, The dipole moment of an atom can again induce
a dipole moment in the neighbouring atom and the induced dipole moment acts back on
the first atom. This creates a dipole-dipole interaction on basis of the fluctuating dipole
moments. This interaction decreases with o® in the case of small distances d (Lenard-
Joned\potential), At larger distances, the interaction potential decreases more rapidly
{d™. This arises fromm The fact that the IMISTAcTion DEtween dipole FOMeNts Oceurs
throygh the exchange of virtual photons. If the transit time of the virtual photon between
“atoms 1 and 2 is longer than the typical fluctuation time of the instantaneous dipole
“fnowaent, the virtual photon weakens the interaction. This range of the van der Waals
interaction is therefore called retarded, whereas that at short distances is unretarded.

Ui

The scanning force microscope is not based on the interaction of individual atox

only. Both the sample and the tip are large in comparison to the distance. In order
obtain their interaction, all forces between the atoms of both bodies need to-be inh
grated. The result of this is known for simple bodies and geometties—In all cases, th

{7

where € is the interaction constant of the- van der Waals potential and A the density o
the solid. C is basically determined by the electronic 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

... .o 2 8
v 6(R|+Ry) d (

where 4 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 interaction
potential of

U=——0— 9

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 van der waals

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.

Figure 15: The van det Waals potential U
between two atoms. 4, is the critical distance
above which the transit time effects weaken the
interaction [23],

Contact mode is suitable
for rather rigid surfaces

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

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
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Scanning Force Microscopy Il

Tcthod of a scanning force microscope has proved to be
particularly useful. Tn this method the nominal force constant of the van der Waals
potential, i.ethe second derivative of the potential, is exploited. This can.be me_asured
by using (@ vibrating tip(Figure 16). If a tip vibrates at distance d, which is outside the
interaction range of the van der Waals potential, then the vibration frequency and the
amplitude are only determined by the spring constant & of the spring. This corresponds ’ ’

to a harmonic potential. When the tip comes into the interaction range of the van der
Waals potential, the harmonic potential and the interaction potential are superimposed
thus changing the vibration frequency and the amplitude of the spring.

This is described by modifying the spring constant & of the spring by an additional
contribution f of the van der Waals potential. As a consequence, the vibration frequency
is shifted to lower frequencies as shown in Figure 17. w; is the resonance frequency
without interaction and Aw the frequency shift to lower values. If an excitation fre-
quency of the tip of w,, > w, is selected and kept constant, the amplitude of the vibration
decreases as the tip approaches the sample, since the interaction becomes increasingly
stronger. Thus, the vibration amplitude also becomes a measure for the distance of the
tip from the sample surface. If a spring with low damping Q! is selected, the resonance
curve is steep and the ratio of the amplitude change for a given frequency shift becomes
large.

In practice, small amplitudes (approx. | nm} in comparison to distance d are used to
ensure the linearity of the amplitude signal. With a given measurement accuracy of 1%,
however, this means that the assembly musi measure deflection changes of 0.01 nm,
which is achieved most simply by a laser interferometer or optical lever method.

d, d

Figure 16: Scheyhatic representation of the

effect of the vayl 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]).

modulated thanks to a vibrating tip

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

oscillation when the distance gets small

mechanical r
undreds of k

In non-contact (tapping) mode, the tip/sample distance is continuougly

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

onance

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

Tip/sample interaction leads to a damping (and phase shift) of the recorded

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

MNanrnatannd

Cloina a
risicda T TNATTuUtc It

1
]
I
|
‘
W, =const

ENY

Figure 17: Resonance curves of the tip
without and with interaction with a van der
Waals potential. The interaction leads to a
shift Aw ofthe resonance frequency with the
consequence that the tip excited with the fre-
quency w, has a vibration amplitude a{c)
attenuated by Aa [23],

Non-contact modes
suitable for “soft”
surfaces

No sample

preparation is
needed!!
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A very few examples of AFM images

w

TappingMode AFM Image of poly{styrene) and poly{methy|
methacrylate) blend polymer film. The film was spin-cast on
mica substrate from chloroform solution. The surface structure
is resulted from the spinodal decompasition. The islands consist
of a PMMS-rich phase while the surface matrix composes of a
PS-rich phase. 3pm scan courtesy C. Ton-That, Robert Gordon
University, UK.

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 Bristal, UK.

See http://www.veeco.com

nm

" YBCO/YSZ/Ni

40

20

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
TappingMode at frequency of 3 Hz and setpoint of 1.8 V. 2um
scan courtesy L scudiers, Washington State University, USA,
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2.B. Force microscopies derived from AFM

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 derived in absolute terms

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!)

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

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

can be derived locally occurring at the sample surface
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Lateral Force Microscopy (LFM, SFFM) |

Frictional force microscopy

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

Four segment Friction forces occur, resulting in a twisting of the
photodetector

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

_ IJ/’] U//-'L//T/ﬂ Forward scan
< 20- v
g
8 04 Hysteresis loop /
g .II:I—T/L://IMLF/[/ Backward scan
-40-
] | ] | I |
0.0 0.5 1.0 1.5 20 15

Scanner position {nm)
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Microscopia a forza laterale (LFM, SFFM) Il

. &) Wire spring consisat = 2 500 Nin
Frictional & § Wre '
Force Lood = T5 w HF™ N deflecmom (L) !
A0 20 '
™
10 e
: -~
iy -sof T

Looged m 23w 1=
A0 — 24

. W »

: h |JiIJ = 7
E d : : 0 ) | £ £
: Load = 5.6 = 10=M ! - g
Lo a1 . - 4 j B
L0 2.0 b A & A 1
' | . ; - : _:'l'"
Lo 114 ; Fig. 20,18 (a) Topography and (b} friction imnge of
/ g H(111)7%7 messured with a FIFE coaled Si-tip. (Afier
- -24 : [20.29])
— 10 - — —44
L o 1
i 44 TIT R 3 1 ; 5

w Sample posiilon | A)

EﬁE..HIJ!-.B—t Friction loops on graphite scquired with {a) Fy = -
+ 7.5 pl. i) 24 pN and {g} 75 pi. {After [20.1]) '

v LFM/SFFM offers an additional contrast

mechanism .

v'Possibility to discriminate different materials at Fig. 20.19a,b Friction images of {al Ca(lll} and
[} Tl 1005 Frame sioe- 3 nme (A Rer [20.34])

the atom level

v ' ' ' ' i Da B. Bhushan, Handbook of
Nanotribology investigations can be carried out e e
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Magnetic Force Microscopy (MFM)

rnag.iaingie ,
3.3.2 Muagnetic Scanning Force Microscopy (MFM) mah B M, ] S e
If a magnetic tip i9 used in the scanning force microscope, magnetic structares can be Nl i /,}\ X
imaged. Magnetic scanning force microscopy is of interest, in particular, for the investi- ' I; i HII TRET) 1'
gation of magnetic storage media. In the most general case, the magnetic force between L o __..I
sample and tip is

™ Fipgg= -grad {- IEmumpb *"‘Iurﬂr.ﬂcj
g
Fmag="vf Mtip'Hsamplch (13)
tip
or Enug
Fmag = f/mtipv )Bsample (14) T
. i A X/R

where Hyyp, and By, are the magnetic stray field and the magnetic induction of the -l b7 ] 7 & \-;_,_,_.. &
sample, respectively. ﬂiip and mg;, 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 ratic of the working distance 4 and the
radius 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
bright and dark contrasts can be seen. These contrast changes show that the domain wall

Figure 21: Principie of magnetic scanning
foree microseopy, On the lefy, the tip-sam-

consists of segments with different wall odentation. This example illustrates that mag- ﬁie ?onﬁgurdanon - leu}wn and U;;Ef;;giﬂ
netic SFM is well suited for imaging magnetic structures that are commonly used in SR RAIRE TR CEan :
today’s’ storage media. function of distance for this configuration.

Two domain walls exist at position
K faftoe 0T

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]).

10.0 pm

Height range 100.0 nm Deflection range 30.0 nm

% . Fig. 5.21. A pair of images of a magneto-opuical disk [3.36]
— 2 umn b= | um
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Electrostatic Force Microscopy (EFM)

3.3.3 Electrostatic Scanning Force Microscopy (EFM)

The scanning force microscope can also be used for electrostatic or Coulomb images. In
this case, however, the tip must be insulated. A modemn version of eleciric force micro-
scopes uses for the determination of surface charge or surface potential a complicated
lock-in and phase loops electronics. The essential modification with respect to the old
apparatus is the so called two-pass techniq n this method each line must
be scanned twice. On the basis of two line scans;-in-which the first represents the topog-
raphy of the surface in a contact mode and the second is taken at a fixed distance relative
to the surface (Figure 23), one can reconstruct precisely the distribution of the charge or
the potential on the surface without topographical error. In Figure 24 an example case is
given, which highlights the possibilities of this modern tool for microelectronics. An
other example showing an image of a broken carbon nano tube is represented in
Figure 25, '

Figure 23 shows the ¢ he-charge when the tip comes into the region of the
local surface charge Coulomb interactionexistss between these charges
and the charge induced in tix Theelecirostatic force as a function of distance is
given by

»2
Fg = —‘J‘l'EoUz'E-z-' (15)

first pass

'

height offset

F/7107 N

FiEMERERER
.Q

EFM - Data

e R L N Y R Y RS R T
L]

L

T T T T T |_
N+ Charged sopphire
surface i
20 =
10rF -
vdw
0 Pt .
1 L 1 1 o 1
0 200 400 600
d/nm

Figure 23: Schematic
view of the two-pass
SFM technique.

Scan profile
recording in
the first pass +
height offset
{lift height)

Figure 26: Comparison of the distance
dependence of the electrical and

van der Waals forces betweenatipand a
local electrical surface charge of

2:10""% C (after [23]).
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3. Scanning Near Field Optical Microscopy (SNOM)

[l

STM AFM SNOM

Electron tunneling Force microscopy ear-field

Locally probed quantity

SNOM holds the unique ability to analyze optical properties with sub-diffraction space resolution
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SNOM probes (aperture-SNOM) |

Different configurations for SNOM exist

Here we will mention only aperture-SNOM,
which often exploits tapered optical fibers as
probes

(b)
SNOM probe: tapered optical fiber,

with metallization and apical
aperture a<<A (aperture-SNOM)

(c)
250 um
Primary Taper Secondary
Taper

Typical aperture diameter: 50-100 nm

Core

Fig. 7.7a—d. SEM micrographs
of SNOM probes: (a) Tip of an
aperture probe consisting of a
thermally pulled tip of a quartz
monomode fiber coated with
aluminum. (By Courtesy of Sun-
ney Xie). (b) Etched fiber tip ac-
cording to Ohtsu [7.23]. The tip
is fabricated by wet etching of
a monomode quartz fiber. The
thickness of the fiber coating is
strongly reduced at the end of
the fiber and a sharply pointed
tip sticking out from the end is
formed from the core. (c) Aper-
ture probe fabricated on the ba-
sis of an etched tip, as shown
in (b). The etched tip is coated
with gold which is removed from
the apex of the tip by a litho-
graphic process such that a small
aperture is formed with the tip
sticking out [7.117]. (d) Tetrahe-
dral tip. The tetrahedral tip con-
sists of a glass fragment which
is coated with metal. By cour-
tesy of, R. Reichelt, Institute of
medical Physics and Biophysics,
University of Miinster

Note: metal layer (typ Cr, Ni) can
absorb radiation - power entering the
fiber cannot exceed the mW range!

Note: probe “throughput” (i.e., ratio
between output/input power) is quite
low for fiber probes, ~ 1/10000, but
near field intensity can be large
enough
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SNOM probes (aperture-SNOM) Il

Conventional probe fabrication

ﬂmng "m:ung a) | b)
H e _!Jymﬂ‘um[hnﬁng

I\'“'h-.__h Taperal Fiber

T
Paked hwl “x\kﬁ

Almimm vapor

Finer ——|Metallic codmg
[¢ i
e [l
. g
Finer uiy
Finer
Eme €}

Figare 1.1: a) Heat and pull, one of the procsdire to taper aptical Bhres for
SNOM applications. b Metallization of the SNOM fibwe tip at steep angle
to leave & sub-wavelength aperture at the end. &) SEM tmage of the resuliing
tip and seteh of its interior.

Many probes are available, including
hollow cantilevers (similar to those for
AFM, but with a pyramidal aperture)

Materiale tratto da Antonio Ambrosio
PhD Thesis Applied Physics, Pisa, 2005

An alternative technique

a) 10 um
—

2 pim : Craldd
i T

wAng
-

ika

Cladding | Core | Cladding

Frgure 3.13: (a) Schematic of a SNOM Rbre probe produced by selective
chamical etching [3CE]. The protruding cone i formed due to o ower ench-
ing rate of the core with respect to the cladding, After gold metallzation
[indicated by lght gray lines), the tip i pundied against a kard surfacs, pro-
ducing & Hattensd apex with a subwavelangth aperturs at the center [black
arrow), a8 evidenesd by the SEM micrograph in (k).

An alternative probe

Figuze 5.1: Back of an kolow cantilever. The squaze s the back spertare of
the pyramidal hole produced by selective chemical stehing. The insst shows &
light epa coupled directly into the cantilever's hols by means of & microssope
ahjestive.
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Optical Near Field |

Ideal case (e.g., studied in

the 20’s by Bethe): radiation i
sent onto a conductive plane
with a subwavelength aperture |

When aperture diameter is <
much smaller than Onda piana
wavelength, far-field a> A

(propagating) intensity gets
negligible compared to
near-field (non-
propagating) intensity

Near field space distribution in the ideal
case can be approximated with two
oscillating dipoles (electric and magnetic,
respectively)

k
AW
—> —<
_ a
Onda piana Onda piana
a~ A a << A
Schermo upaoT:\ ~
—  » \\\
—> I
- > a
—_—
—_—
—_—
—
Onda incidents
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Optical Near Field I

The resolving power of a corventional micrescope, Le. the distance [fx)
between two objset points which & mizroszope can just resolve, depemds an
the mumerical apertuze [NA] of the objective and the wavelength (4] of the
|ight used. The relation betwesn thess quantities is fived by the Bogleigh's
eriterion that sets:

ﬂ1=ﬂ.ﬂ]% (L1}
Equation 1.1 has been derived following the theory of image formaticn in 2
microscope, formulated by Abbe @ 1873 [1] and is Emited by the difraction
gafferad by light during propagation. The best micrssope objsetive has 2
numericsl aperture of NA =14, Such high-pedformance objective combined
with illuminaticn in the lower visible wavelength (A = 400 nm) leads o &
resalving power Mz - 170 nm.

Uhing ring-shape iZumination, the numerical fetor in equation 11 can
ieereane until 038 leaading to the best achievable resolving power of At~
100 nam.

The whole limits discumed above can be regarded in terms of quantum
mechanics. [n fact, applying the Hefmanherg's uncertain pinciple to the
components | 1) of o photon's position and to theee of the linsar momensum
[pi] of the photon:

e 11
where i is an inde indieating the projections along z, y or 2 axes. Each com-
ponent of the linsar momentum of the photon i related to the correspanding
compatents (k) of the Lght wavevsetar (£} by py = Bk, The relation 1.2
mey then be written as

1 114

V] |2

This formuls fixes the physieal lmit for the linear dimensions of a focussd

bheamn as wel as the achievable optical resdlution. The posible values of ky

age limibed by the mathematical condition being betwaen each vector and its
components:

1]

H=yEtH+E [14]

Clamical optics and microscopy employ [res propagasing waves for which
all the compoments & aze real. In this case B = [&[% and the relation 1.3
limits the bast peolution achiovable to values no muech smaller than 402

Materiale tratto da Antonio Ambrosio
PhD Thesis Applied Physics, Pisa, 2005

“The subwavelength aperture is a low-pass filter
for the spatial frequencies”

AX Ak, >2m

E exp(iz%z\/l—(ﬂbkx)2 ~ (ﬂ.ky)z)

Subwavelength
aperture

t light

l Near-field regime
"""""""""""" } (<50 nm)

Near-field light |
a=10"\

[(F)E]

Near field intensity is

a strong function of I S T
distance from tip "

(practically localized
In aregion sized ~a)
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More details on the near field

3.2 THEORETICAL MODELING OF NEAR-FIELD
NANOSCOPIC INTERACTIONS

Although Maxwell’s equations provide a general description of electromagnetic
phenomena, their analytical solutions are limited to relatively simple cases and rig-
orous treatment of nanoscale optical interactions presents numerous challenges.
The various ways of approaching the theory of near-field optics can be classified
according to the following considerations (Courjon, 2003):

¢ The physical model of the light beam

¢ The space chosen to carry out the modeling (i.e., the direct space or Fourier
space modeling)

* Global or nonglobal way of treating the problem (e.g., performing separate
calculation for the field in the sample and then computing the capacity of the
tip to collect the field)

Among several methods used for electromagnetic field calculation, one can dis-
tinguish techniques derived from the rigorous theory of gratings like the differential
method (Courjon, 2003) and the Reciprocal-Space Perturbative Method (RSPM), as
well as techniques that operate in direct space like the Finite-Difference Time-
Domain Method (FDTD} and the Direct-Space Integral Equation Method (DSIEM),

In general, analytical solutions can provide a good theoretical understanding of
simple problems, while a purely numerical approach (like that of the FTDT
method) can be applied to complex structures. A compromise between a pu ely an-
alytical and a purely numerical approach is the multiple multipole ¢
(Girard and Dereux, 1996). With the MMP model, the system being simulated is di-
vided into homogeneous domains having well-defined dielectric properties. Within
individual domains, enumerated by the index i, the electromagnetic field S, wg)
is expanded as a linear combination of basis functions

SO, 0) = 3 APfr, wg) G.D
F
where the basis functions f{r, w,) are the analytical solutions for the field within a

homogeneous domain. These basic functions satisfy the sigenwave equation for the
eigenvalue g; (analogous to the equation in Table 2.1):

Detailed description of the near field
produced by actual probes requires
sophisticated numerical methods

VXV x f{r, wo} + g7 f(r, wg) = 0 (3.2)

MMP can use many different sets of basis fields, but fields of multipole character
are considered the most useful. The parameters 4') are obtained by numerical
matching of the boundary conditions on the interfaces between the domains,

As an example of the use of this technique for investigations of nonlinear optical
processes in the near field, we show here investigations of second harmonic genera-
tion in a noncentrosymmetric nanocrystal exposed to fundamental light from a
near-field scanning tip (Jiang et al., 2000).

Omne notes that a consequence of nonlinear optical interaction in the near-field is
that the phase-matching conditions do not need to be fulfilled because the domains
are much smaller than the coherence length. Starting from Maxwell’s equations, the
electric fields of the fundarmental and the second harmonic (SH) wave can be shown
to satisfy the nonlinear coupled vector wave equations

2

V x ¥V x E(r, wy) - s(r wp)E(r, wy) = 4w —wP (r, ©g) (3.3)

2

4 . 4 2
V x V x E(r, 20) - —C";ﬂ e(r, 20)E(r, 2w,) = 41 ;"

PAr,20,) (3.4)

where &(r, wg) and &(r, Zwg) are linear dielectric functions for the fundamental and
the SH waves, respectively.
The propagation constant £, along the z direction is

by = (K2~ K} = (1 — m? sin? 0)12 (3.5)

where k, = 2/A, A is the wavelength of illumination light in free space; n, is the re-
fractive index of the tip, and 8 is the incident angle. If 1 — »? sin® 8 > 0 (ie., £, is
real), the waves will propagate with constant amplitude between the probe and the
sample, which corresponds to the “allowed light” in the sample. In the areas where
k, is imaginary, the waves will decay exponentially within distances comparable to
the wavelength, thus such waves have evanescent character and produce the “for-
bidden light” in the sample, From the electrical field distribution of the fundamental
wave calculated with the MMP method, we can obtain the electrical field distribu-
tion of the SH wave and the different contributions of “altowed light™ and “forbid-
den light.”

Da P.Prasad, Nanophotonics
(Wiley, 2004)

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10 - pag. 38



fiber o=,
amplitude
(arb. unit=)
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A ditherinﬁ?ﬁe’recmgfransducer keeps the probe tip
in oscillation along a direction-parallel to the surface
Oscillation amplitude is monitored by a tuning fork

en the distance gets smaller (typ., below 10 nm), the
oscillation-is damped (and phase is changed) due to
shear-forces involving many effects (e.g., viscous
interaction of the air layer between tip and sample)
Similar to AFM in tapping mode, but for the oscillation
direction, the relevant distance and the involved
mechanisms
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Operation modes for SNOM |

Fiber probe NEEH—— - S— :

L]'u Near-field rr’
a!.ight signa!rr

| Detector . Source

Ray Oplics ’ Ray Oplics
(Suurcc J T (
TR AR A TR = -
Detector
H iy TR Substrate,
Objective e _ l

Near-field _~" Fig. 7.8. The characteristic components of a SNOM. In collection modes the posi-
Light signal tion of the detector and of the source is interchanged with respect to their position
Excitation in the illumination modes
Light
lllumination mode Collection mode

In illumination mode (the most common) the surface is concerned by the near field and
the resulting scattered light is collected “in the far field” (either in transmission or reflection)

In collection mode the surface is illuminated by a propagating (conventional) field and the
resulting scattered light is collected in the near field by the probe

Sub-diffraction space resolution is due to the non-
propagating character of the near-field
(typ resolution comparable to the aperture size, i.e.,
tens of nanometers)
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Operation modes for SNOM I

7.2.1 Ray Optics of a SNOM

SNOM techniques differ mainly in the types of probes which are used and also
by their ray optical components, i.e., their optical scheme, which is useful for
a classification of most types of SNOM concepts. As shown schematically in
Fig. 7.4, three different regions where the rays propagate can be distinguished:
I) the body of the probe, IT) the outside and III) the substrate of the object.
In general, regions I and III will have a higher refractive index than the
outside region II. Different angular domains of rays propagating in regions I
and IIT exist, which can be distinguished by the criterion of total reflection
of a ray falling on its boundary or of it being partially refracted into the
outside II. Thus, in the case of a transparent substrate III, we distinguish
between the angular domain III; of angles £ with —e; < € < g, where ¢, is
the critical angle of total reflection (e, = 41.5° for glass of refractive index
1.5) and the angular domain ITT; with 90° > £ > g, or ~90° < £ < —&, which
is sometimes called the range of forbidden light. Rays of the domain III; are
totally reflected in the substrate, whereas rays of domain III, are partially
refracted into the outside II. Also within the body of the tip I two different
domains may be distinguished (Fig. 7.4). This figure only shows the case of a

rectangular wedge, a two-dimensional analog of the three-dimensional body
of the tip. For such a wedge, with a refractive index n = 1.5, rays entering at
an angle within the angular domain (—3.5° < £ < +3.5°, region I;) will be
totally reflected back into a reflected ray of the same angle . Rays entering
the wedge at different angles will also be reflected into the same angle and be
partially refracted into the outside II of the wedge. This situation also applies,
if the wedge is coated with a partially transparent metal film, as is typical
for SNOM probes. Similar considerations also apply for a three-dimensional
tip.

In summary, in many cases it is possible to distinguish in regions I and
III between angular domains I; and III; where total reflection of the rays
occurs into the same domain ard the domains I and III; from where light
is partially refracted to the outside II.

Da Wiesendanger Ed., Scanning
Probe Microscopies (Springer, 1998)

Fig. 7.4. Ray optics of a SNOM. One
can distinguish between three different
regions where the rays propagate; the
body of the probe I, the outside IT and
the substrate III of the object. Differ-
ent angular domains of rays propagat-
ing in regions III and I at an angle
£ can be distinguished by the crite-
rion of a ray falling on its boundary
being totally reflected into the same
domain (IIT2,12) or being partially re-
fracted into the outside 11 (1111,14)

| Substrate i

In illumination mode, once scattered
from the surface, photons acquire a
propagating character
-> Detection of the scattered radiation
can be carried out by using
conventional (far-field) optics (and
sub-diffraction space resolution is
still given by the spatial extent of the
exciting near field)

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10 - pag. 41



What can be measured by SNOM

The effects of the local interaction between the sample surface (i.e., a layer with
thickness comparable to the near field range) and the near field photons are recorded

They can be regarded as analogous (but for the sub-diffraction resolution and the surface
origin) of conventional optical transmission and/or reflection measurements (depending
whether the sample is transparent or opaque)

Non propagating behavior of the exciting near field can however play a role (for instance,
specific polarization can give access to otherwise forbidden transitions, ...)

Examples
v' Local variations of the “refractive index” can be derived by analyzing tne scauered

radiation

v In case of emitting (photoluminescent) samples, fluorescence can be excited by the
near field, and photoluminescence maps can be acquired

v By implementing a polarization control system (see later on), optical activity of the
sample (e.qg., dichroism, birifringence) can be analyzed at the sub-diffraction level

Examples —
Collection mode can be used to map emission of, e.g., electroluminescent devices

Also, evanescent radiation, e.g., stemming from a waveguide surface, can be mapped

In addition, the tip/sample distance control, being based on a feedback system,
allows acquisition of topography maps simultaneously with every SNOM scan (with
a space resolution in the tens nm range)

Morphological and optical information acquired and compared at glance!
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A very few words on apertureless SNOM

3.5 APERTURELESS NEAR-FIELD SPECTROSCOPY
AND MICROSCOPY

As mentioned in Section 3.3, an emerging approach is the apertureless near-field
spectroscopy and microscopy (Novotny et al., 1998; Sanchez et al., 1999; Bouheli-
er et al., 2003). The use of an aperture such as a tapered fiber opening poses a num-
ber of experimental limitations. Some of these are: '

* Low light throughput due to the small fiber aperture and the finite skin depth
(light penetration) into the aluminum metal coating around the tapered fiber.

¢ Absotption of light in the metal coating; this can produce significant heating
that can create a problem in imaging, particularly of biological samples.

* Pulse broadening in the fiber, when using short pulses for nonlinear aptical

studies. Also, the fiber tip may be damaged by the high peak intensity as al-
ready discussed in Section 3.3.

The apertureless approach overcomes these limitations, at the same time providing
a significantly improved resolution. It has been demonstrated by Novotny, Xie, and
co-workers (Sanchez et al., 1999; Hartschuh et al., 2003; Bouhelier et al., 2003) that
optical images and spectra of nanodomains =25 nm can be obtained using the aper-
tureless near-field approach involving a metal tip of end diameter =10 nm

The two approaches used for apertureless NSOM are:

1. Scattering type, which involves nanoscopic localization and field enhance-

ment of the electromagnetic radiation by scattering of the light from a metal-
lic nanostructure. An example is provided by Figure 3.2 where the light is
scattered by a sharp metallic tip. Scattering and field localization can also be
produced by a metallic nanoparticle within nanometers of distance from the
sample surface. The localization and enhancement of electromagnetic field
by plasmon coupling to a metallic nanoparticle is discussed in Chapter 5 un-
der “Plasmonics.” This principle of obtaining nanoscopic resolution using
scattering from a metallic nanoparticle also forms the basis of “plasmonic
printing,” discussed in Chapter 11 on “Nanolithography™.

. Field-enhancing apertureless NSOM, where a metallic tip is used to enhance

the field of an incident light in the near field. In this case, the light is incident
on the tip as a normal propagating mode (far-field). The strongly enhanced
electric field at the metal tip produces nanoscopic localization of optical exci-
tation. This approach offers simplicity and versatility of using light by just fo-
cusing on the metallic tip through a high-numerical-aperture lens. Hence 1t is
described here in detail, with examples of some recent studies utilizing this
approach.

Figure 3.22. Metallic tip enhancing the local field by interacting with the focused beam at
Ay The optical response at another wavelength A, is collected by the same objective lens

A nanoparticle, or a nanosized tip, irradiated by a
propagating field, acts as the quasi-pointlike source
of the near field

Advantages:
» Better space resolution (below 10 nm??)
»No, or negligible, throughput limitations

Disadvantages:
»Cumbersome operation
» Stray light (in the far field)
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Examples of SNOM photoluminescence

-~ Saiki et al. (1998) and Matsuda et al. (2001) conducted room temperature photo-
luminescence study on a single quantum dot from InGaAs quantum dots grown cn a
GaAs substrate. Their result is shown in Figure 3.12. Because of the spectral resolu-
tion obtained by sampling only a single quantum dot (no inhomogeneous broaden-
ing), they were able to observe, at an appropriate excitation denstty, emission not
only from the lowest level (subband) of the conduction band but also from higher
levels. (See Chapter 4 for a description of these bands.) They were able to study the
homogeneous line width, determined by the dephasing time of excitation (see
Chapter 6 for a description of dephasing time), as a function of the interlevel spac-
ing energy. Tl?ey found that the line width was larger for a smaller-size quantum dot
for which the interlevel spacing is larger. (This is predicted by a simple particle in a Figure 3.13. Fluorescence NSOM images of single molecules. From Professor D. Higgins

0 pm 0 um

Pon modelss the length ©fthe box becomes smalierhes Chapters 2 and 4.) and Professor P. Barbara, unpublished results,
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Figure 3.12. Photoluminescence spectrum of single QD at room temperature (a), and depen- B e e e St Fix. 724, Spetially N:h:o:m'::iv:;,Lumimmnw et
2 H Saonsh . i ation af the sample 859 eV, The tip was scanned along the lateral directic M BLE sional is ' p dithor o T
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SiOn around 1.46eV. Note that, in addition to the flat quantum well luminescence at
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Single, isolated nanostructures,
nanoparticles, or emitting molecules
Da Wiesendanger Ed., Scanning .
Probe Microscopies (Springer, 1998) can be an alyzed In Spectral terms
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3.B. SNOM with polarization modulation (PM-SNOM) |

A system is used to

control the polarization
of the laser light
entering the fiber
probe: polarization is
linear but continuously
rotating (at a
frequency typ. in the
kHz range)

Optical activity of s

samplem (e.g., dichroism,

birifringence) can be
anlyzed with sub-
diffraction space
resolution

Michele Alderighi, Tesi di Laurea in
Scienza dei Materiali, Pisa 2003

Laser

Ar
(488 nm)

Intensity stabilization
Polarization control

Detection and analysis

NSOM head

Linear Quarter
polarizer EOM waveplate
(AT AN/
> BV NN VAR B
/ Fiber \\b l \uj Fiber
collimator coupler
Photodiode .j Tapered
fiber
Single-mode (NSOM
optical N drlver probe)
converter T?grilr(]g M NSOM tip
Saw-tooth IMESample
Fiber ‘ L control O Piezo
Lens A
coupler scanner
7y /I//I/I Interffilter &= | (ysOM
RF synchr Ph ltoli ® head)
driver otomultplier. \ @
N S
. L AV
ref in converter

DSP lock-in input
out R out 8

ac 9

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10

to data acquisiﬁonl

out

input
Low-pass
filter

dc

- pag. 45



PM-SNOM I

A viable example of application:

Investigation of host-guest systems (high density PET matrix
containing a dispersion of molecular chromophore)

Mechanical stretching of the polymer film leads to linear dichroism

Tertiophene-like chromophare dispersed { 3% wt) in a ultra-high maolecular
welght polyethilene (LIHMWWE)

Chromophore molecule
X AAAAAAAAA

Chromophore choice:

» chemical compatibility with the host;

» rigid structure;

» absorption in the blue (peaked around 400 nmyj;

» optical activity (right- and left-handed isomers awvailable).

Fahrication process (at Dipartimento di Chimica e Chimica Industriale,
Universita i Pisa, group of Prof. Ciardelli and Prof. Ruggeri):

- cast (to obtain pristine films) followed by

- high temperature drawing (to ebtain films with stretched polymer chains)
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PM-SNOM Il

sample: L-F (20:50) stretched (drawing ratio 30), 1010 wm scan

& Topography Dichroic ratio » Map of #
il a -
[m]
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drawing direction

Topographical variations
due to local changes in Local aptical activity strongly affected by (host) stretching

polymer chain stretching

Chromophore molecules follow host melecule alignment
Macroscopic dichroism {y~0.1 in this sample) due to the combined effect of
elongated islands with locally inhomogeneous optical activity

Information on the sample properties (and suggestions to improve the
fabrication process) can be found which are masked in conventional
(macroscopic) polarimetry
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4. “Lithography” with SPMs

“As usual’, the microscopy is “accompanied” by a “lithography”

In this case, the term “lithography” can be better replaced by “manipulation”, since position
and/or local properties of the materials can be modified, i.e., manipulated, by SPMs

Indeed, as we have already seen in several examples, matter can be manipulated at the
nanometer level by using SPMs (e.g.: CNT or nanoparticle based MOSFETS)

This kind of “lithography” is obviously serial, due to the scanning nature of SPMs,
and not suited for industrial environment, but attempts are being made to get some
parallel character (e.g, by using several probes in parallel)

Wide variety of methods can be envisioned: we will mention here in the following a few of
them, based on STM, AFM, and SNOM

Their relevance is in fabrication, in surface modifications, in nanowriting for data storage
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Nanomanipulation by SPM

Main objectives:

The excellent space resolution offered by SPM can be exploited also to:
* Manipulate (spatially) nanoparticles on a surface;
» Produce very local modifications of the surface (physical and/or chemical)

5§ Manipulation of Atoms and Molecules

The scanning probe microscopes do not only have the ability to image individual atoms.
The interaction needed for imaging the surfaces can also be used to manipulate individ-
ual adatoms, molecules, or the surface structure itself on the atomic scale. Indeed a large
‘number of works concentrated on the manipulation of individual atoms and in the fol-
lowing novel nanostructures were built, Here we briefly show the work by Eigler and

coworkers [44), [45] as examples, followed by a more subtle tip-induced manipulation Th e same | nstrument can
of atoms, and the tip-induced migration of defects by tip-induced excitement of defects

[46], [47). More recently the group of Rieder could even perform full chemical reactions be used to pro duce and
with single molecules [48]. Three different manipulation modes can by distinguished: _ _

the lateral and the vertical manipulation as well as the tunnel current induced changes. assess the mani pu lation

The combination of all three modes enables to achieve tip controlled chemical reactions.

Da R. Waser Ed., Nanoelectronics

and information technology (Wiley- "

VCH, 2003)
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o constant and the cantilever is
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4.A. Nanomanipulation by STM |

In the STM device, the tip is so close to the target as to make the electron
current highly spatially conflncd - it is the key to the extremely hlgh spatlal
resolution of STM images - : -

the STM tip. To affect these modtflcatlons one utlhzes . )
sample interactions, including attractive and repulsive forces, electric

tum-size effects when their size is reduced to the nanometer or atomic
scale. By STM and other techniques, it is possible to discover new phe-
nomena, design new devices and fabricaie them. Next, STM can be utilized
to repair masks and integrated circuits. The surface topographies can be im-

fields, and the effect of highly spatially confined electron currents. The
small distance between tip and sample, which is about one nanometer,
causes electrons to tunnel to (or from) a region on the sample that is approx-

imately one nanometer in dlamctcr with an even smaller major distribution
area. Thus, the surface fabrication produced by STM must be performed on
the nanometer scale, i.ef Later, we will see that it
is also possible to manipulate a single atom or molecule adsorbed on the sur-
face with STM.

Since the invention of STM in 1981, as a nanofabrication tool it has
been used in direct surface identation, electron-beam-induced deposition,

etching, single-atom manipulation, and so on. All of these techniques have a
wide-spread application potential. First, it is possible to reduce the line-
width of large-scale integrated circuits from the micrometer scale to the
nanometer scale by lithography, beam-induced deposition and etching,
which is one of the goals of high technology. In most cases the resulting
feature with dimensions on the order of hundred nm [9.1], but features with

imensions of a few nm have also been achieved [9.2=4]. An exciting possi-
bility will be to use the tip 0 "operate” on biomolecules such as DNA and

proteins. The electronic properties of devices may be dominated by quan-

Nanomanipulation by STM:
application of suitable voltages
or voltage pulses can be used to

“modify” (typ to break) matter

aged in situ during the surface fabrication process by STM, which makes it
possible to discover defects in masks and circuits, to repair them by surface
deposition and etching, and then to examine the final results by STM. Last-
ly, using the STM as a tool, the essential research on the growth, migration

and diffusion of clusters on surfaces, and the interactions between small
particles or between substrates and particles can be performed 1n order to
manipulate clusters or atoms on purpose.

Lens-focused electron beams, ion beams and X-rays can also be emp-
loyed in nanofabrication. Although the STM seems unlikely to become com-
petitive in some areas of nanofabrication such as wafer-scale resist pattern-
ing, it has its own characteristics. First, an STM can work in either the tun-
neling mode or the field-emission mode. When working in the latter, a low
applied voltage (higher than a few volts) can produce a sirong enough elec-
tric field to make electrons emit from the tip over the barrier, because the
distance between tip and sample is very small. These emitting electrons
with a certain current and energy, will not diverge greatly because of the
small separation which results in a nanometer beam diamter on the substrate
surface. Unlike conventional high-energy electron lithography, the low-
energy STM beam reduces the problems associated with electron back-

scattering and the generation of secondary electrons. A resolution of about

10 nm, and exposure rates comparable to those of conventional electron
lithography have been achieved. Secondly, by moving the tip to contact the
sample, the STM tip can also produce local contact forces and electrostatic
forces in a small region on the sample surface to create indentations direct-

ly. Lastly, at present, STM is the only instrument that can provide a nm-
sized beam of very low energy electrons (0+ 20eV). The importance of
electrons with low energy is obvious when it is considered that many of the
processes such as migration, bond breaking, chemical reactions that would
be interesting to control, have activation energies less than 10 eV per atom
which require a low-energy beam.
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Electron-beam-induced etching and deposition is a way of writing patterns

on substrates in solution and in gaseous environments. The basic idea for

etching and deposition is very simple. The focused beam is used to supply
energy t@ﬁ;micals in a localized region>The decomposition

products can include a metailic species to be deposited on a surface, or-a

corrosive species intended to participate in an etching reaction resulting in

locally etched structures on a surface. The substrates used include Si, GaAs,
graphite and metals. The STM system for operation in solution should supp-
ly the necessary solution. To minimize unwanted Faradic leakage current,
the tip must be treated using some special methods such as coating wax up
to the extreme end of the tip (Chap.4). Deposition and etching can also be
induced with the STM <ip_as an electrochemical electrodeto drive a local-
ized Faradic current of ions. A gaseous environment can be utilized by in-
troducing organometallic gas with a pressure of several Pa into a vacuum
chamber with a base pressure of 10+ + 10-% Pa. For different deposition
metals, the introduced gas is different. They include DMCd, W(CO),,
WF, and organometallic chemical of Au. Three possible mechanisms have

been assumed to account for the dissociation of organometallic molecules
{9.35]. (i} Electrons tunneling inelastically between the tip and sample
break apart gas molecules adsorbed on the surface of the substrate. (i) Cur-
rent traveling between the tip and sample can locally heat the surface of the
substrate enough to cause pyrolytic dissociation of adsorbed gas molecules.
(iii) High fields between the tip and sample break down the gas creating a
microscopic plasma between the tip and sample which then deposits the
metal atoms on the surface. All of these will break the chemical bonds from
the energy of electrons traveling between the tip and sample, thus the STM
ought to be operated in the field-emission mode.

Nanomanipulation by STM Il

Nanomanipulation of Xe atoms on a surface

Fig.9.10a-f. A sequence of STM images taken during the built-up of a patterned array of
the letters I, B and M constructed of xenon atoms on the Ni (110) surface. The atomic struc-
ture of the nickel surface is not resolved. (a) The surface after xenon dosing. (b)-(f) Various
stages during the construction. Each letter is 5 nm from top to bottom [9.40]

Electric fields locally applied by
STM can induce local modifications,
chemical reactions,...)
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STM nanomodifications |

5.3 Effects induced by the Tunnel Current

It is also possible to excite atoms by the tip-sample interactions. Figure 42 shows a set of
consecutive STM images acquired with § s time interval. The images show that the
defects change their lattice positions [58]; [59]. The tip can excite defects by several
physical mechanism. The case shown here is based otra field-induced migration,-due to
the strong clectrostatic field penetrating into the semiconductor. Defects can, however,
also be excited by-hunnelling of minority carriers info defect stafes followed by a charge
carrier recombination with electron-phonon coupling [47]. There are surely even further
mechanisms which may possibly excite atoms on the surface. Which of those will take
place depends sensitively on the measurement conditions.

Finally, in Figure 43 the cutting of a carbon nano tube with an AFM is presented
[60]. Barlier experiments controlling the length of carbon nano tubes were carried out
using a STM [61]. At first the 600 nm? area is scanned then the AFM cantilever is low-
ered at the positions marked in the left image and for cutting a voltage pulse of -6 V is
applied. The image on the right hand side shows the carbon nano tube after cuiting.

Figure 42: Migsation'of

phosphorus vacancies on s % 202
GaP(110) surface. The chanes of:
the lattice positions of the vags
cies is induced by the Hp:
scanning tunnelling micndids
In this particular case the o
are field-mduced. F

Defects can be “excited” (or created)
by local tunneling currents
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STM nanomodifications I

5.4 Complex Chemical reactions with the STM
In 1904, Ullmann et al. heated iodobenzene with copper powder as catalystand discov-

ered the formation of biphenyl with high purity [62]. This aromatic ring coupling mech-
anism is now nearly 100 years old and known W
presented STM manipulation methods, namely ving of adsorbents and the influ-
<ence via increased tunnel current; it is possible to control this complex chemical reac-

tions at low temperatures step by step. S. H. Hla et al. presented-the synithesis of to one
biphenyl molecule out of two iodobenzene on a copper surface'at 20 K [48).

The synthesis consist of three different steps. First two iodobenzene (Cgll) have to ST M -con t o | | e d
be dissociated into phenyl (C,H,) and iodine (Figure 44a and b). Secondly the two phe- .
nyl rings have to be located one to another (Figure 44d and e) and finally in the third el eCt FoC h emicC al
step, through tunnelling electrons the two phenyl rings are associated to biphernyl .
(Figure 44e), reactions

To abstract the iodine from the iodobenzene the STM tip is positioned right above
the molecule at a fixed height and a the sample voltage is switched to 1.5 V for several
seconds. The energy transfer from a single electron causes the breaking of the C-I bond

Figure 45a — ¢, [62]. As the bond energies of the C-H and C-C bonds are two and three
times higher than the C-I bond, it is not possible to break them with a single electron
process at this voltage. After preparing to phenyl reactants and moving away the iodine,
the left phenyl Figure 45¢ is brought close to the other one by lateral manipulation using
the tip adsorbate forces Figure 45d. Though the two phenyls are close together they do
gtot join at 20 K. The two phenyls can easily be separated again by lateral manipulation.
Both phenyls are still bond to the Cu step edge via their o, bonds. Figure 46 shows a
model where the phenyl is lying with its 8 ring on the terrace while one of its C atoms is
pointing towards the step edge and o-bonding to 2 Cu atom. The final reaction step to
associate the two phenyls to biphenyl is done by positioning the tip right above the cen-
fre of the phenyl couple and increasing the current drastically. The successful chemical

association can be proved by pulling the synthesized molecule by its front end with the
STM tip [62].

2Q +2Cu= Q-0 +20Cul Figure 44: Schematic presentation of
the tip-induced Ullmann reaction.
{a), {b) Electron-induced abstraction of

Figure 45: STM image of the Ullmann synthesis
induced by the tip.
{a) Two lodobenzene molecules are absorbed at a

the iedine from the iodobenzens. Cu(111) step edge. Introducing a vollage pulse
(¢} Pulling the iodine atom to a terrace through the tip abstracts the iodine from the phenyl
gite. molecules

e (b} (the left molecule).
(d] Bnngmg togethcr 10two phenyl (c) By lateral manipulation the molecules are fur-

molecules by lateral manipulation and ther separated and

{e) electron-induced chemical associa- (d) the pheny! molecules are moved together to pre-
tion to biphen}'I. pare for their association. (scan arca 7 = 3 nm?) [48]
(f) Pulling the synthesized molecule by

its front end to prove the association.
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Resist-assisted lithography with STM

9.3 Nanolithography on Resist Films

Direct writing of nanometer-scale features on organic materials opens the
00T ing film as a resist for the etching nd the possﬂnh_ty of
etching in air [9.30]. ' |
The resists can directly be exposed with conventionally focusgd elec-
tron beams to create various structures. The e-beam resist materials fre-
quently utilized in conventional lithography are Pol_yMethylMcthAcrylate
<PMMA) and polydiacefyleme—with urethane substitutuents (P4BC}V1U).
They are typically sensitive to low-energy (<20eV) electrons.l The primary
beam of a conventional e-beam lithography system has a consxderal,bly high-
er energy, so exposure of the resist occurs through ir_}teractions with secon-
dary and backscattered electrons produced by tl}e. primary beam; a resist 18
consequently exposed over an area which is sigmflcantl)g larger'thgn the pri-
mary beam spot size. The STM, even working in the f.leld-eml.sswn mm?c,
can supply focused electron beams with low energy which can interact with
resists directly. Because the tip can be held within a few nanometers from
the sample, which leads to an effective beam spot size on the sample of the
order of the tip-sample separation, and the tip can transversely. scan over
the surface controlled precisely by a computer, STM can easily be em-
ployed in lithography for writing directly on the resist surf?.ce. The ‘degra-
dation in resolution because of interactions between the resist material and
secondary electrons in conventional lithography can be overcome in STM
lithography, which makes it possible to obtai 5
ing STM it is also possible to make a thorough investigation ol the exposure
mechanism by controlling the bias voltage precisely (i.e., the energy of
clectrons with which the resists are exposed) in a certain time interval under
constant current. In addition, STM generally ought to work in the field-
emission mode because the electrons must have enough energy to indgce a
chemical reaction in resists (i.e., to expose resists). In this mode, a linear

The local electric field produced by the
STM tip behaves similarly to the electron
beam in EBL

dependence of the tip-sample separation cn the bias is expected in the ab-
sence of geometric effects, which make the widths of the features increase ..
with the bias voitage. _ _— '
In order to be successfully exposed with an STM, the resist film coated

on conducting substrates such as Si, GaAs, Au, graphite and so on must be
on the order of a few tens of nanometers, for two reasons.

First, the low-energy electrons must be able to completely penetrate the
film in order to properly expose it and to prevent excessive charging of the
sutface. Second, if the film thickness is greater than the gap between the tip
and the conducting substrate, the tip will penetrate and damage the resist
film. Experimentally, the thickest film that can be used is V nm, where V is
the bias voltage in volts. There are different kinds of materials which can
be used as resist films in STM lithography, including polymers such as
PMMA and P4BCMU which were often employed in conventional e-beam
lithography, metal halides such as GaF, and AlF,, etc. The resist can be ap-

plied to the subsirates by evaporation or deposited from a Langmuir-Blod-
gett (LB) film balance and spin coating.

Fig.9.3. The cross sectional profile
of a STM fabricated crater on HOPG
B fitted with the numerical results der-
ived from a low energy electron diffu-
B <ion model [9.15]
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“Lateral” manipulation of single atoms

5.1 Lateral Manipulation

In the lateral manipulation mode a particle on the sample surface is moved along the sur-
face to the desired location wifhout losing contact to the surface. The motion can be
obtained either bWiguﬁ 31a to d show the build up of a quantum
corral by manipulating inudivi g atoms on a Cu(111) surface at 4 K [44]. The final
structure of 15 nm diameter consists of 48 Fe atoms. At this stage one may ask how such
a fine manipulation can be achieved. The procedure is as follows: Fe atoms are evapo-
rated onto a Cu(111) surface cooled to 4 K. The surface containing statistically distrib-
uted Fe atoms is then examined by STM. Normally, no atoms are displaced, but if the
distance between tunnelling tip and a Fe atom is reduced, then the tunnelling tip exer-
cises an attractive force on the Fe atom and the Fe atom can be dragged by the tunnelling
tip to the desired location on the surface [44], [45]. Once the desired location is reached,
the tip is retracted. Increasing the distance be ip and the sample reduces the
tip-Fe atom interactions and, henc@fgfrﬁfsﬁ@r (Figure 32).
Figure 31¢ shows that in this way a whole circle of iron atoms can be built up. The arti-
ficially build nanostructure shown in Figure 31 confines the electrons of the two-dimen=—
sional surface electron gas on Cu(111). Therefore, as soon as the circle is complete, the

electrons are scattered in the cirele and form standing electron waves due o guantum
mechanics. Figure 31e thus illustrates the wave nature of the electrons.

In a quantum well, due to the quantization of the electron states, not only standing
electron waves but also discrete energy values of the elecirons are expected. Conse-
quently, increased electron densities should occur at specific energies. As already
described, the density of states can be approximately calculated from experimentally
measured current-voltage characteristics by calculating (d/d¥)/(J/¥). For metals, how-
ever, I/V is generally constant and the sample density of states is therefore proportional
to dI/d¥, The variation of dJ/d¥ as a function of voltage reflects the density of states var-
jation as a function of energy. Figure 33 shows the density of states thus obtained for
three different surface positions. At the centre of the circle, as expected, peaked energy
levels ocour (curve a), whereas outside the circle no structure in the density of states is
measurable (curve ¢). If the density of states is measured at a distance of 0.9 nm from
the circle centre, even more energy levels occur as shown by the arrows in curve b.

This example of spectroscopic measurements and of the spatial distribution of the
electron waves in a potential well provides a particularly illustrative picture of quantum
mechanics. The construction of different quantum structures by an atom-by-atom
manipulation approach using scanning probe microscopes nowadays allows a new look
into the quantum world and a direct spatial measurement of the electron waves.

Artifical quantum structures
can be produced by placing in
close proximity different atoms

(physisorbed) on a surface

\' Fe quantum corral

diidv (10°° Q)

L

-6 04 02 00 02 ir4
Figure 31: . VOltage V)

{a) to (d) show the process of building a quantuus

corral consisting of 48 Fe atoms positioned on a

Cu{111) surface. The resulting structure and the

standing waves induced by the quantum confine-

ment of surface electrons in the structure is visible

in the three-dimensional view

(e} of the quantum corral [44],
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“Lateral”

Instead of evaporating foreign atoms onto a copper surface it is also possible to
reconstruct the substrate surface itself, which is more difficult due to the higher coordi-
nation number and binding energy of the atoms located in the surface or in steps [45].
“The experiments shown here are carried out on Cu(211) substrates at 30 - 40K. In
Figure 34 a sphere model of the copper surface is shown, whereby the atoms are shaded
darker the deeper they lie. Lateral manipulation of single Cu atoms parallel and petpen-
dicular to step edges is presented in Figure 35 [49]. A measure for the minimum force

necessary to move a copper atom is the tunnel resistance which displays the distance

between tip and sample. The tunnel resistance used for motion along a step edge was
approx. 700 k2 and ~300 k£} for moving 1 hem over a step edge. Figure 36a — ¢ demon-
sirate that it is even possibl copper atoms from even higher coordi-
nated sites. The single Cu ato : 2y 18 used as a marker. Figure 36b, ¢ show the
drag out of single Cu atoms leadmg to a correspondmg vacancies in the initial site of the
atoms.

cyclene (HB-DE)-m u( 100) surface [50] The de g of the
HB-DC is equipped with six bu]ky t-butyl-legs (Figure 37). At monolayer coverage, the
molecules are immobile, forming a two dimensional van der Waals erystal (Figure 38).
Separated HB-DC molecules on a Cu(100) surface are extremely mobile, making it
impossible te get STM images with atomic resolution.

For this reason a coverage of just less than one monolayer was chosen and STM
images resemble those of the immobilized 2-D lattice at full monolayer coverage. How-
ever, there are some random voids. In this layer the molecules can be at sites with differ-
ent symmetry with respect to the surrounding molecules (Figure 39), Molecules at sites
of lower symmetry rotate at speeds higher than the scan rate used for imaging and there-
fore appear as torus Figure 40a. The molecules at the higher symmetry sites are
observed as six-lobed images, proving that they are immobile Figure 40b. Gimzweski
used the lateral manipulation to drag a retating HB-DC molecule from a low symmetry
site into a higher symmetry site and the six lobes of the immobilized molecule was again
clearly observed.

Figure 38: STh image of an Cu(100) surface

after exposure to a full monolayer coverage of
HB-DC molecules at room temperature. Image
area is 11.4 nm by 11.4 nm [50].

manipulation and surface reconstruction

Figure 35: STM image showing
the lateral manipulation of a sin-
gle Cu atom (a) parallel and (b)
perpendicular to a step. The
motion is indicated by an arrow.
In the upper part of the image a
single copper atom serves as
marker. The processes involved
correspond to the motion shown
in Figure 34a and b [49],

practically, atoms

one site to another

Surface reconstruction:

belonging to the surface
can be displaced from

Figure 40: STM images of a Cu(100) surface after
exposure to a coverage just below one complete
monolayer of HB-DC molecules at room tempera-
ture. In (a) the molecule is imaged as a torus and is
in a location where it is not in phase with the over-
all 2D molecular overlayer. Th =cule is rotat-
ing. {b) The same moleculd
0.26 nm and imaged as a six-lodeb structure in reg-
istry with the surrounding molecules. Image area is
3.75 nm by 5.75 nm.
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“Vertical”

5.2 Vertical Manipulation
In the vertical manipulation process, the adparticles are transferred from the sample sur-

face to the tip apex and vice versa [51], [52]. The first experiments on vertical STM
manipulation were carried out by Eigler “picking up” Xe atoms [51]. The group of
Rieder showed that transferring a Xe atom to the tip apex leads to markedly improved
resolution [53]. The single Xe atom obviously “sharpens” the tip.

In Figure 41(a) [54], [55] a schematic presentation of 4
molecule from Cu(111) is shown. It is well known that CO molecules-sta :
Cu(111) surface [56] with the carbon atom bonding to the copper atoms. Due to occa-
sional contact between the tip and the surface some copper atoms are transferred to the

tip apex, During the transfer of the Co molecule to the t1p, the molecule must conse-
quently rotate. A reliable ng the C

apex leadsto a clear chemlcal contrast Flgure 41b 15 scannecl w1th a clcan metal tip and
all adsorbents appear as depressions. After the transfer of the CO molecule to the tip

. apex (indicated with an white arrow) and rescanning the area, Figure 41c shows that all
CO molecules changed their appearance to protrusions, Only the oxygen atomn in the
upper left part of Figure 41b and ¢ retains its appearance.

In [57] it has been described, how to combine the potential of single atom manipu-
lation of STM and single atom sensitivity of an atom probe mass spectrum to realize an
ultimate technique for surface science. The System used by Shimizu et al. consists of an
STM, an atom probe, load lock chambers and a mechanism to transfer tip and sample.
The tip can be transferred reversibly between the STM and the atom probe stages. To
investigate the pick-up of Si atoms during manipulation, a clean Si surface was
approached with a clean tungsten tip applying a bias of + 2 V and 0.3 nA at the sample.
After manipulation the tip was transferred from the STM to the atom probe. The atom
probe analysis showed the formation of to different layers on top of the tip apex. The top
most layer was WSi, and the next layer was W,Si,, finally the clean tungsten surface
appeared. Using this combination of an STM and an atom probe could prove that the
tips during manipulation do not only adsorb atoms but furthermore depending on the

- gonditions alloys can be formed,

manipulation

(a) ¢

0{30
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Figure 41:
(a) A sketch of the picking up procedure of CO

molecules on Cu(111) surfaces. Notice that the CO
molecule stands upright with the carbon atom
attached to the surface and has to switch its orien-
tation when being transferred to the tip.

(b}, (c) STM images showing the pick up of a CO
molecule. Notice the chemical contrast after the

pick up [54].

Molecules or atoms can be “trapped” or “released” by the STM
tip by simply varying the bias voltage
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31.7 Polymer Medium

Thee paolymir storage medinm plays o crocial role in

mallipede-like themmemechanical 5 k. The
Than-film muwlilayer sirciume Wi :-: aclive
layer quee Fig. 3125 is mol the only pofstitethoice, con

siclering The almos! unlomiled mnge of polymer malemals
avirilabde, The icdeal mediam showld be easaly defiormable

for writing. yel indentations should be slable agains tip

wiar and thenmal degradation. Finally, ose woukl alsao
like 1o be able o erise and rewtnke dala repeatedly. In o

4.B. Nanoindentation |

AFM can be used to
induce local
deformation to
(plastic) surfaces

Fig. M. aga=¢ Viscoelagic model of indentstion writing.
ta] The hot tip hems & small valame of polymer material
to moge than &, The shear modubas of the polyneer diops
drastically from GFPa o MPa, which in tum allows the dip
w indent the polyneer. In respopse, elastic siress (repoe
semied as compression springs) builds op in ibe palymer.
Im mlditian. visoous Fomes (pepresenled as pistans) assoo
abed with the relaxation time for ibe local deformstion of
medeqalar segments limit the indeniation speed. (b A€ the
end of the writing process, the lempemsture is quenched on
a macraserand tne soale (o mom denperatupe: The siressed
configummiion of the polymer is froeen-in (represemed by
the locked pistons L (€] The Anal indentation comespomds 1o
a metastnble configamntion. The crginal unstressed flat sate
af the palymer can be pecovered by beating the indeniation
valume o mare than &, which unlocks the compre sed
sprimgs (nfler [31.15])

dier 1w be able o address all important agpects properly,

sonne imiderstanding of the basade physical mechanisan of
thermmmecham il wriling and emsing is reguined.

31.7.1 Writing Mechanism

In a pecimben experimenl we vispalize wriling ol an

islemtation as Dhe wwdion of o rigid body (the liplin g vis

ootas mmedivm e polymer meelt), Let us inamally assume

In thermoplastic materials, deformation can be
recovered (as in the millipede!)
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that the polymmser, 1.e, PAMMA, beleves like a ample i
yuikalier it has been beabe] abowe the glas-transilion
Lempenyiune I & 5 S ITEN
drag lomees musl nol exosed e losling foree applied
Lo e lip during identaliom. we G estimake an uppes
bBond Tor the viscosily [ ool the polymer mell using

Ly Lol

SR T i alio:

& = Gmigr. |¥1.1}

In actual indentalzon lommation, e lip losding oo

15 om The opder l:|:|'ur|.d the radias LT
q

wvalime al thee apex of he up is opacally

Assurnang a depth ol Che indestation of, @y, & = Minm
aexl ur.nil:ln_ e mean
wialesily dunng indeatabion formalion 1% on (e oder
|:IH=5[-L' that ibermal relaxation

timnes are o8 The onder of mecmseconds [31.2002 1) amd.
bnce, the heating me can be equated o D mme il
Lakes o fonm an mmdentabiom. With hese parmeters
wie ablain £ -0 25 Pas, wheneas vpecal valwes for e
shear viscosly of PMMA ane ol least seven onders of
magnilade Lirger even al Wemperaiines well above the

glass-triansilion point | 3].55%).

This apparenl contrdiction can be reselved by con
sidenng hal polymer properiies are sinomgly depemslent
on the wme scale of ohservalion. Al Ome scales on e
order of 1 ms asd b:ll:w.@;n_l}@iﬁ in el
fect frogen i and the PRMMLA molectiles Tomm a nelatively
slatic nefwork. Defommation of the FRELA now proceeds
by miims ol uncomelated deformatioms of shorl modeca
Lar segmmeenls, milher than by a flow mechaniam myalving
the coardinated moliea ol entire malecular chains, The
price ome has o pay is (e elastic siress baikls up in (e
molecialr nefwiork as a resull of the deformation (e
podymer Q5 in a &0 |.'u|.||.'IIJ:n he oilver
tsand, comnespomding relaxation Dmes ane orders ol mag
milude smaller, giving nse o an ellective visoosly al
millipede lime scales om the onfer of 10Pas [31.39)],
a% repained by our simplhe arguament (see (31,100 Mok
that, unlike normal siscosaly, thas lgh-Treguency vis
cosly is basically independent of the detdbed molecalar
sirsciare of The PMBA §. e, chain lempih, Daeieity, poly
digpersly, ele. In el we cin even expect thal simalar
bxig he ey iy viiscous prioperties can be foumd in i large
class ol other polymer matenals, winch makes henmno
mechanical wnling a ralber mobust priscess 8 lerms ol
makeral selection.




Nanoindentation Il

Besides tribological and
nanomechanical applications,
nanoindentation can be envisioned as
a data storage method

Fig. ¥l.20a,b Topogmphic image of individual indemin
tioms. {a] The region around ihe acinal indeniations clearly
shows (he theeefold symmeiry of e tip, here a three-sided
pvramid. (B) The imdeniniions themselves exhibit sharp

Fig. ¥.A Wrtten indeminibons for different polymer materials. The heating palse lemgth was 10 ps. the load aboot 10nb. The grey
scale is the same for all images. The heater tempemtures for ihe indeniation om the lefi-hand side are 445, 400, 365, amd Z75°C
for the palymers Polysulfone, FMbA I (aniomically polymenized PRAA, M = 26k PMRA 1 (Polvmer Siandand Service.
Ceermaony. 8 = 50k). and Polystyrene. respeciively. The iempemiane inorense between evenis om the horizoninl axis is 14, 22,
M amd BT, ru.m'cl:l'n'l'!. [ram [31.15] @ 20032 IEEE)

I

edges, ax can be seen from the invered 30 image. Iuxge al . ;

Eize i% Z:I':Epl:n" (Fram [31.15] (&) 2002 IEFE) !

Pyl -
1

P 0l
g »-
1

Pl i ‘ —
d) -

Paodyonrens ]
_uﬁ.\V_\*

—il.5 Ak 1 .3 L. I.I

v Fig. ¥.26a~¢ Indenintions in a PMMA film al several distances.
§ ::-‘5 2 The depifi of the indeniations is ~ 15 nm, roughly the mme as
;5‘;.-'51-""' the thickness of the FMMA laver. The indentations on the befi
Iz hand wide were wrlten Arsl, then o secomd series of indewtmions
ﬂv’,ﬁr was made with decreasing distance from the fird series going from
VN ; v (8l 1o (e} (afier [31.15])
Fig. 31, 388~¢ Demoastrfion of the new emsing schense: (8] A bil pattern recorded with vuriable pitch in the vertical axis I'I'a.'.'I Da B Bhushan, Handbook Of
Seceeaingdhe it he vesca disection y 8 fcoe o e, i ETTS:DQTE;’L‘L'ZS Fo invidas Hnex O nanotechnology (Springer, 2003)

cam alwa erse entive fields of indenintives wilkout destooying indeniniions of the edges of the fields. This is demonstmied in (e,

where n field has been erased foom nn indeniation Geld smilar to the ane shown in (8). The distance between the lines is 70 nm 1<l i - - -
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4.C Nanowriting with SNOM |

Photosensitive polymer sample

umﬁﬁ;?fé:{%ﬁ%i:ﬁiﬂﬁﬂﬁm Near field produced by a SNOM tip
' can be (obviously) used to induce
PMAd local modifications of light sensitive
o, ;mzh— D-b—mu—Q—ﬁ—cmrﬂﬁ mn) materials:

e ﬂ_],"“l"'“‘:‘*“} _______ sub-diffraction resist-assisted
. optical lithography can be
Samples preparation  reamx envisioned as well as

pewar dslvei i hlorchanse, sfred. Aove T nenatic phasevp i nanowriting for data storage

at Toom tenperature for a fow s
* theamnal frextynend hefore Inpres siom

= v oo single doops of sohoion on
Coming 4077 fass atharate mdqnulng

* Conformuational franstion ot 3300 K.
*Filrn thackoess ~ 100 - 200 no

ak ~ 2000 - 10000 xpan. H} h} .
: “E -]
: b
Nanowriting accomplished _ A-T*
b 5 frams-Cis
frequently on azobenzene ._E § o
' .':—.':"

containing molecules in :
order to exploitthe | L KN T .o R W pocn e,
photoisomerization of this : : 1

o Trans Cis
photosensitive polymer (as )
we have already seen) : S
Trans-cis photois ntpenzaunn of Absorption spect
See http:/Aww.df.unipi.it/ the azobenzene moiety. ;

gruppi/struttura/ma/page.htm
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4.C Nanowriting with SNOM I

(a) homopolymer fexposure time =1 sidot, image size = 5 x 5 ) Topographical nanowriting
(b} 30170 copolymer (sensor speed & 20 nmis, size = 2x2 jun) (due to local photoinduced
(c) 30D cnpul}mur[spaed=ﬁﬂrm?.fs,size=3]ﬂx3]ﬂmﬁ} mass mlgratIOn)

180 nm widih TS nm ‘;l"."iﬂﬂl 45 nm width

CPHGTGINDUCED EIREFRINGENCD
Emﬁﬁmﬂﬂm :

 andronra W7 Faohhi and W I'L"ln'nhm l'h'd' l"n'l'r-'\mm ']"ll'l ﬂﬂl‘mn E
Topogrpty [+ 2rm)] Orptical images | :

Crptical alispovert of 4t asobenmae cide

chait poberter ic obtaied by localbye

|| Ubonmatme the 100 s thids G wh
fized polarizstion bhie light (483 ran)

Local birefringetice is detected b
polarization-sene e SHOM at the
e letiath of G0 1on .

All optical nanowriting based on
birifringence induced by
photoisomerization cycles of azo-

molecules (it can be detected by 1| |
PM-SNOM) : é . |:".I'ﬂ| I
,-i in:l — JJ =

2 spacedfines 0.5 mmmdlm?a-s 100-200 rrn wide dingleline

YV Likodwnes, M Labar® L Fardi W ATleprind, Tui.[inrnhnn,ﬁ.ﬁruﬂ, 5 Fabané AFL =2 o002y
Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 10 - pag. 61



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' Many SPMs have been developed, and the list is still growing

v The excellent space control offered by SPM can be exploited
also for fabrication (nanomanipulation) purposes, leading to
techniques with a poor applicative potential (slow, complicated),
but with enormous capabilities in a bottoms-up context, compatible
also with “soft” (typ organic) matter
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