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Outlook

» The development of nanotechnology requires advanced tools for the nanostructure
analysis

» Scanning Probe Microscopy (SPM) provide tools able to measure (quantitatively)
physical properties at the very local (atomic) scale: general features of SPM

» Scanning Tunneling Microscope (STM): what is it measuring, and how?
» A few words on Scsnning Force Microscopy (AFM/SFFM,...)

* How the excellent space control achieved in SPM can be used for nanomanipulation
(i.e., nanofabrication or nanostructuring purposes): a few examples
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Need for highly detailed investigation 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
electical polarization,...) cannot be directly measured

Ability to measure local (“point”) physical quantities is required to
Investigate nanotechnolgoy products
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Basics of Scanning Probe Microscopy (SPM)

Scanning: piezoelectric translator T
Probe: tip probing local properties Probe ti \ ff

(+ system to control tip/sample distance
+ electronics for instrument operation)

Microscopy: sub-micrometer resolution

lr
¥ ;
Developed starting since '80s thanks to: v = = Saas
v'Piezo translators with sub-nm resolution; z ‘|“>T‘x—/ ‘
-
v'sub-nm probes / Fastscan |
Slow scan

Piezoelectric scanner

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

Technique Probed quantity Resolution

ST™M Electron tunneling Aatomic

AFM Mechanical force 1 nm
SEM SFFM Friction force_ |

MFM Local magnetization

| EFM Local polarization tonm
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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A few details: piezoelectric scanner

RTINS NI UOTT T STIT Umaaas s mar MLASRLILU R Wl LWL 0GLEHE

o - L-meﬁ:cmn; d Is negative representing contraction perpendicular’®
" #abahé:field; and positive for stain measured along the 3-direction (along
which the thickness t is measured) representing expansion paralle! to the

electric field direction:

Although there are many ceramic compositions vsed today, most can

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

dyg = 250-10- ¥ m/V, dyy, = - 110 10-" m/V ;
and for soft PZT materials

di3 = 600-10-2 m/V, dy = -270-10-2 m/V
For PZT-5H

dyy = 393-10-2 iV, dy = - 273102 m/V,

;x ¥ z Electrode

P- ry
+ y Electroda
5 ¥

Y Offset—

™ x Offset

\U Y/
¢'\- + 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:

=|_inearity (possibly closed loop);
=Hysteresis;

=Distorted motion (artifacts).

; ¥
x Common
@

I + y Electrod
B y Electrode
y Electrode ~l L

=~ — x Electrode
¢hidden)

\| “A— + x Blectrode

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

Da C. Bai, STM and its applications
(Springer, 1995)

Topics in Nanotechnology 2004/5 - ver. 1 - part 6 - pag. 6




Basics of Scanning Tunneling Microscopy

Tip is scanned relative to the sample
{or sometimes the sample is scanned)

control voltages for piezotube

[

tunneling
current
amplifi

Tip measures
some property of
the surface

piezoelectric tube
with electrodes

distance control
and scanning unit

data processing
and display
tunneling R
= voltage T,
J\ SR

L

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

<«

The feedback provides a true (absolute)

BIAS voltage
measurement of the height (topography)

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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STM tip (probe) preparation

(a) (b)
T'W cathode: 6H,0 + 6e~ - 3H,(g) + 60H~ SRP=-245Y
anode:  W(s) + 8OH- - WO? + 4H,0 + 6e SOP = + 105V
"IN
OH"™ OH-
W(s) + 206 + 2H,0 - WO} +3H,(g) E=-143V,
J= . .
W4 Hhow Electrochemical etching of W or Pt/Ir typ
Fig.4.12. (a) Schematic diagram of the electrochemical cell showing the tungsten wire used

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

(b) :
(a) piezo
scanning unit
! metallic
. g4 p———r
Very sharp tips can be s ' turinel current
o_btalned (|deal_ly, ”“E‘; | +
terminated by a “single ]4 s /l\ vnliagla
() atom) g -

Topics in Nanotechnology 2004/5 -ver. 1 - part 6 - pag. 8



Tunneling current |

2.1. Electron Tunneling

In classical physics an electron cannot penatrate
Irito or across a potential barrier if its energy E I8
smallar than the potential Twithin the barrier. A
i treatment predicts an
" the electron
— ; | wave funclion
‘ﬁl I barmer we gel
yim{ P—-E}
h

- Aquantum me

in the barrier. For a rectangular

Extinction length

Pid) = P(0)e™

where ®==-

The probability of finding an electron behind the barrer of the width d is

Wid) =2 = [#(o)f e _ Exponential decrease

In scanning tunnneling micraseopy a small biss village W is applied so that due to the
electric field the lunnaling of electrons results ina tunneding current |, The height of the

barrier can raughly be approximeted by the average workiunction of sample and tip,
D=1/2D, 0 + Py,)

If the voltage is much smaller than the workfunction eV <= §_the inverse dacay length far
all tunneling electrans can be simplfied to
-] -\fEmﬂ?
23
[

The cument is proportional to the probability of electrans ta tuAnal through the barrier:

Ep
e 3 o) e

Ep=Ep—e¥ _

By using the definition of the local density of states for e 0
¥ ;
plz.E}= - z |“I"n{z'_i|;|

et Local density of states

the currant can be expressed by

TeeVp,, (0,Ez)e ™™ ()

=V, (0,Eg Je U where [d] = A; (@] = eV

With SeV as typical & unchion value a change of 1A In distance causes
change of nearly one order of magnitude in current. This facilitates the high vertical
rasclution.
Also

[«<Vp, (dE;) :

which means that the current is propertional to the local density of states of the sample at
the Fermi energy at a distance d, |.e. the position of the fip.

A more exact calculation of the curent density of the snuare barrier problem requires the
Schradinger's equation to be solved in the three regions: before, in and behind the barier
The coefficients have to be adapted so that the overall solution is continually differentiable
Defining the transition probability as

T=4

_16E(V-E) . . m(v=E)
D = e

with the approximation Kd>>1,
The current density itself is defined as

Y
Ji = zm[qj {Z]dZ_T{z]dzJ

For a nonsquare potential the WKB method must be used. This is more adequate as tha
potential is changed by the applied voltage and influenced by the image force on the
electrun.ﬂe WHKB mathod yields s & Iransition probability of
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(a) piezo
scanning unit

(b)

Modes of operation in STM

metallic

\otip ——

: t.._f tunnel current
\@'J"

=4
AL

\

+
voltage

scanning direction

L CES height motion
(NN --.wu_'/ of the tip
AR/ A AYAYAY

Constant current Constant height

Inf (Ve V) =V -2 (2. %)

Vol Vo Vi) 225, )

Fig, 1.2a,b, Schematic view of two modes of operation in STM [L 10]. § is the gap between
the tip and the sample. Iand Vo are the mnneling current and bias voliage, respectively, and
¥y i5 the feedback voltage controlling the tip height along the £ direction. (a) consiani-car-
rent mode and (b} constant-helght mode

Compualer wouksiation Comtenl wndt WMicroacope

=> “absolute” topography map

im Menu || | High-voltage ! O ar

. woniser] | || moaitor = powsr suppikes i Pre amp
2.2 Operating Modes of the Scanning Tunneling Microscope ““"’"“""T‘.‘;"":;L‘;.’{&*’“"'“"“'";
Lip to now, the theoretical background of a scanning tannelling microscope has been . [ i R U H"‘]E
presented, but nothing has been said sbout the experimental operation of 8 scanning - [ oy || |4 m L.y #:
nelling microscope. The simplest way te obtain a scanning tunnelling microscope image . i
i5 1o directly measure the variation of the tunnel current as a function of the scanning sﬂﬂf;ﬂ;‘;ﬁ, l{ L D i Huife ample
position while keeping the distence between tip and sample surface constant. A sg- digital signad Bl i atage
called current image is then obtgined, Instead of directly recording the atoric variation | processar #
of the eurrent, however, the usual procedare is to keep the funnel surrent constant while [m
scanning over the surface. Thiz is done by chanping the distince berween tip and surface Haril drive !
using a feedback Joop (Figure B). In order to get an image, the voltage required at the _._@ Stapner
piezoclectric erystal to adjust the distance is recorded, One obiains a so-called constant- RAM i : motar e
current STM image. S Moo L Bias REpREIE

! #0386  Siad [
TCTOO CESEOr —— .

Feedback loop used to keep constant

the tunneling current

Fig. 4.27. Block diagram of the STM control, dats acquisicion and display system Indicai-
ing all of the equipment connactions
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22 Bardeen Approach ~ Bardeen (quantum) approach to tunneling

Another way of deseribing electron tnneling comes from Bardeen's approach which makes use of
the time dependent perturhation theory. The probability of an electron in the state ‘Fat ETm tunnel

Quantum mech.
Treatment

inLo a state Kat E“js given by Fermi's Golden Rule

2n
w= T{IMFE{EW -E,)

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

;] LG 8%
(I & I_LPEJ Z'st

Zm.r
Applying a bias voltuge V and approximating the Fermi diswibution asa step function (kT =<
Erestation). the current is

L3

4m &*F
=== [pu(Br — eV +e)py (B, +e )M de (=)
a

Hence the current is given by a combination of the local densities of states of the sample and the |
weightled by the wnneling matrix element M.

...f.
a;

&

ICI000T)3x3

e [ 1E

&,

: g

2N

eV
< d-—pl | < d = —
Sample (> Tip Sample (#
Schematic of electron tunnaling with respect 1o the density of states of the sample
3Es —E.) imeans that an electron can o unnel il there is an u upied state wil & BRmEe

energy in the other electrode {thus inelastic tunneling is not treated). In case of a negative potential
on the sample the occupied staies generate (he curment, whereas in case of a positive bias the
unoccupied states of the sample are of mportance, Therefore, us shown below, by altening the
voltage. a complele different image can be detected as other statiss contribute 1o the tunneling
current, This is wsed in wnneling 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 1o the
lovaver barrier,

naging the ocoupied stales of

Imaging the unoccupied states of
SICI000T)3x3

Local density of states
Is actually imaged in
STM
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Tunneling current and STM

L1 Theoretical Fundamentals of the Scanning Tunneling

Microscope

How does & measuring instmiment function et allows e ||- the
cade oF 0 scamning tunnelfing micrmscape a fine metalli iip s used as ot qalied
nmselimg tp) (se Figure 33, This tip s approasched toward the sarface until 3 currerm
tlpws when & volinge is & between the tip and the sanpls serface. This happens =
distances tn the order | e carrent 35 calbed tunned curmeat swee if §s baged an
the quantisi-irechunical G effect. Afior a nannelling contact is esinblished, the tip i
wnoved over the surfacs by a plezoclectric seasndmy Unit, whoss mechanical exension
wimt be controfled by applying appropriste voltages. The scanning unit is tvplcaliy capa-
ble of seanmeng an arca of & dew nm g be several pm, Ths 2lisws s wo oblais o mices
seepic irsge of the spaiial sanation of the nmsel current. Fenice the name scamaing
Furmnelting micrascape

* A metallic tip s neoved g probe wwards o conducting surface up to 8 distence of

abn | nm

¢ Wik o applied vallage g cament lows dise to the fommed e fect (umnel et

*« The spatial vaciation of the mnnel cument is measured by scamadng over the sample
sirfoce

* A wriereseepic image of the surface is prodaced

Al thes stage we have o osk what llnd ul‘aimm: u...nl: sh:lcrures can he made visible by
the searning funnelling ; h

[Eh TP
trmelimg procEax, T m
nilling tip md somple, \*'h"t'h "*Pf“bhh a :p-ul-milal bamier: The uunucl effect aliows a
prticle (herz an clectron) 1w tumee| trauph this poteniial berrier even thaugh the clec
mon's energy S lower thom the bamier height. The probability of sch @ process
deureases exponentiadly with the geometrical distance between the fip and the sample
ard with inersazing barrier boight. An expertmientod spodratus making vse of the fensel
effect must thersfone minimise e pelensal barvier e wmnzlied througin, This is reaki-
sedd e scanming wnnelling meerascope configuration by moving tie tp very close
{about 1 i) totbe surface. The eleowmons can then puss Iaetween the susface mnd the tip
The direcion of the tumsel curvene is fixed by applviog & volinge between sample and

dip.

fis onder o explain nd [aterpeet the images of e surfoce sites cbeained in this
wity, fforts et cleselop & thirary were made very soon after the inventicn of the
sunnelling risruscope. One of the possible theorstical Bpproaches is based
fied of applying & transfer Hamliomizn operstar to the unnellng procass (2],
the edvantage of sdequately describing the many-pasicle rmamure Of the tnnel junction,
In thee madel, & weak overlap of the wave fanctions of the surface states of dhe two elee-
trodes (tunnelling (fp snd sample surfees) & assumed 1o allow g pemurbation calolation.
Urt this basis, Tersoff snd Himasn developed 3 simple theory of scanning tmoneling
micrascopy [3], [4] Hence fefiows the tunne] ourmen

T ¥ i (e b e D iy}

The mnnelling tip is sssumed to be a metallic sorbitsl @z shown schematically i

Figare 3. [n addlzs, it Is assumed ltn@i volages Tp.c., uch sualles Ui the wirk
function) are apphied. o (W7} is the dens ol the tip and (7, W 5 thest
of th sl surfce s He SEUTE 7y ST T YTl S e g v s
{1} shows that @ fow voltage the scamming timmeliing micrarcope thus images the sl

srandc denaity of st at the m_mﬂ ﬂw ngar i Fern enirgy. However, s et

ilmn'm:lnu‘hnc e mawdnnmdhwﬂyshw!h:

st e s st b b A o e 0 1,

npadnmwfmm : = o e Same way as the density of staies

of the ﬂmplb.]twﬂmmfumdmmb]twtmwm ensil elecironic state of the ti, bet

Lrsfoerumately, in practice, svery (ip & different aind the detuils remain unknows,

= Wik overlap of the wave functions of the surface states of the two electrodes (.
e2lling tip and samipbe surfsce)

= Tunmelling fip approxinisted a5 am s-orbizal

o Laow voliages { I < wark function)

'S

A4

+ The tomusel curzrt is proporoonl 1o tha local density of atates of the sample

+ The scanning tarmelling microscope imeges the ol ectromic local density of smates of
the sample cear tes Feami energk

la = ferst appeonimatlon the deasity of surfnce siores decresses exponentally mis the

vacuuem with the effectve imerse decay lenarh &g

tunnelling tip

2

s-orbital i 15 the election mag and Ky be e parellel wave vochor of the tunnelling electrons, Bis
tne barrier t, which is wirndedy @ fumction of the applisd woliage ¥ and the
'y wwark fumctions @, and &, of the sample sed Up [3], respectively.
Z
& -
1 H‘=¢“ L5 1_-.mpl.e_@ (3)
sample I _
The tunnel curpent thas decreases axponeatially with the tip-ample diswnce =

(%)

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

The eaponestial euren-volape deperdents » quite assential for the high mensurement
soouney of & seanning uenelling microscope, since even small changes in distance may
cansz a large change in the tunnel cwrrent, Thos the tip just eeds oo mizvotip, arhich is
gnly about 0.1 nrm closer s the surface thin the next aee, and sl afl cursent fows over
saly the clesest microtip. Thus even spparently wide tips can yizld nianine recliting via
e mRCrolp.

The descriptson of the fuseel

Hr Eq however, has an inposmot resiric-

model. fion: it strigtly speaking omby eppBes 1t patee ular fie the investigation
of semicondoctor surfices voltages of the order of £ o 3V are regudred dise to fhe exist-
o of & hand gap. This the theory newst be ealended. The simpless exiension yiskis
Wi W ip T

3 (5%

j il Wity sl W =+ £ ¥) TYWV) W
ap

TIH) iz 8 tansmission coeffissent which depesds on the enegy of the electons and
the apptied volape. The wnmel current is composed of the prachest of the density of
stes of the tip and garmple a2 sl the differsnt eleciTon energies thet are slicawved 1o par-
ricipate in the mnncling process {Figore ). For exanple, an image measured at - 2V
apphied to the simpbe, cangéquently sbows all aceapied sample slates with an enengy
betwsen the Forrni esergy and I eV below the Fermi energy. Tummelling af a positive
villages anglogously provides & mepsursment of the empey susfisce siabes in an energy
interval deatermmed agai by dhe voltage.
Im onder o ilustrae this effec move clearly, in the folivwing 1
will be presewted, O InPLLIDY) swrfaees tuwe electrical states sxis near serH
pecapied st below the valence hand slge sod @ emply !lmclh}'mtu:muluﬂm

band ecdge {Bigure £). All the odher states are Incabéd geometncally deeper in e erystal
or energetically deeper in the bands, They thiss contrilute liftle ta the tunnel current.

Wital
a'l.-"]

Figure S At high volinges met
ondy the stibes neur the Fermi
eoergy ) contribate 1o the cur
remt bait all uless whose eterpy
rimges bepween By and el

information technology (Wiley-VCH,

Extension to “high”
2003)

bias
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Lateral resolution in STM

2.3. Lateral resolution

The laternl resolution of STM can not be understood in terms of a F

The carresponding wave Jcngih of the LIJJ'I:I'J¢||.|.'|.g glectron ‘Prf}lll_d be A= 10 A, [
Thercfore the STM works in the nesr- tric curvatune of the tip with i
radius of curvature of e.p. 1000 A and k=1 A u-ou]u:l give rise to g resolution of about 50

The actual atomic resolution can nnl;, be understood in 4 guantum
mechantcal view: The most prominent model in this Tespect 15 the s-
wave-tip model. The lip is regarded as a protuding piece of
Sommerfeld metal with a Radius of curvature B (ee Figure). It ig
assumed that only the s-wave solutions of this quanium mechanical
probiem {spherical potential well) are mmportant. Thus, at low bigs
the tunveling current is proportional to the local density of statas at
the center of cuvature of the tip oy

E;
te > [0 = eVp. (. Ep)

E, E—r‘-‘

In this model only the properties of the sample contribute to the
STM image which is quite easy to handle. But it cannot ex plain the
dnmie esolution.

tip Calculations and experiments showed thal there is
niten 4 d,” like stule near the fermi etlge present at
the apex atom which also predeminantely
contributes to the tuaneling current. Tt 3s understood
scan thiat this state (and alzo the p, like state) is
# advantageous for a sharp.. tp. Since the waneling
cirtent is & convalution of the tip state and the
saimple stale, there is 4 symmetry hetween both: By
interchanging the electronic stute of the tp 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 IMAZE 1%
oflen larger thin that of the LIS of the semple
{imeasured by helium m.uu:nngl In this cuse the tip
traces a fictitions surface with & d,” like stute.
The state of the tip atom is dependent on the
material and the orientation, As the tip is quite
difficult to handle, it is one of the most difficult
problems in & STM experiment.

sample

Intaraction which causes & high corrugated
tunneling distiribution

1[}5-. SEM
(S)TEM
i .\\\\\
_10°F
g
& B
©
8 1
2 10'f
g
g .=
=
10-1 -
1 1 | | [ 1 |
107! 10! 10° 10°

Lateral scale [nm]

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

“Atomic” resolution achieved in STM
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Atomic resolution in STM

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

A few examples

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

STM image — plan view
HOPG substrate, p < 10®mbar
5nm x 5 nm scan (bias 0.5V)

Electron-related features
can be easily observed

2D-FFT

Topics in Nanotechnology 2004/5 -ver. 1 - part 6 - pag. 14



Bias polarity-related contrast mechanisms

(@) (b) u
Wuuuum"""“' . wkum """
In state R ]
We
A P state Figure 6: Schematic of the
i eVT | > wnnelling process at

{a) negative and
(b) positive voltages applied
to the InP(110) surface.

b : pied n =3
InP(110)  states . InP(110) i
szlinple) tip sample tip

@) he oocupicd surface state is spatially
the AT, oTed e empty stete s bound to the In atoms
{Figure Tab). The P and In astoms aze alternately arrangad in zigzag rows. At negative
samyple voltages, the scanning Lirnelling microscope probes the occapied states located
ut the P sublattice, whese electrons tutnel into the empty states of the tunnelling tip
(Figure 6a). Conversely, only the empty surface states 2t the In sublamice are probed at
positive voltages applied to the sample (Figure 6b) [6] - [#]. If the voltage polarity is
changed every scan ling, ie. the occupied and the empty staves are probed esch alternat-
mg scan line, the two resulting imapes can be superimpased and the zigzag rows of
altemating "In" end *P" atoms become visible (Figure e
Apart from the spatial distribution of the density of states, its energy dependence is
LY < also of interest, and it should be possible to determine this dependence from current:
RS2 Yy N voltage charscteristics using Eg, (5) In order to do 50, however, informafion i Tequired
o e T A Fr— about the ransmission coefficient. which tums out to be a great obstagle even if approx-
i - e dangling band imations [9] ate uged. tfhref‘me, I mst Cases, Al experimentally viable approach &
used, in which the denity of states is approximated s follows [10], [LL];

Puamplele¥) = (ADAFY(IY) ®
Figure 7:

{0 Sehemutietonviswani Lt is ﬂ'.u[i] Etc:iriiemtz ;ﬁfmﬂnﬁ:w}r mensune the density of sates as a funation of the .
(b) side view of the (110) surfaces of METEY : i
[I-¥ compound semiconduetors.
(c} Superposition of two scanning
tunnelling microscope images meas- . . .
ured at positive (red) and negative Contrast mechanisms related to bias polarity
{green) voltage. The density of state

maxima correspond to the surface
gtates at the In and P atoms, respec-
tively,

cial cese of the [nP{1100 surface

- e = (ch

filled
{b) - dangling band

s cation {In. Ga) «  anion (P, As)
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STM spectroscopy

I-V curves can be
acquired at different
positions

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

Tunneling
current
(conversion £ Typical STM I-V
factor 1078) S curvesof different
E regions
s (covered/uncovered)

Possibility to discriminate
“conductivity” of small-sized
samples with an excellent space
resolution
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A few words on other SPMs

8

STM AFM SNOM

Electron tunneling Force microscopy Optical near-field

Topics in Nanotechnology 2004/5 -ver. 1 - part 6 - pag. 17




Cantilevers for the SFM (AFM)

Free cantilever

(e} /”'f .
(a) = Advanced microfabrication tools needed to
obtain suitable probes
Exposed 5
s e St
J;ﬂw id) R,

(111 yplane

(1113 plane in 5i

Fig. 5. 2a-d. Fabrication of thin-film microcantilevers. () A thin film of B0, or Sig My 15
formed on the surface of 1 (1000 Si wafer and patteted 1o define the shape of the eantilever
wndd £ create openings on the top and bottom of the wafer. (h) The windows are 3l ignad along
LI planes. {c) Anisotropic eiching of the exposed §i with KOH unpdercuts the caniilever
and self-terminates at the (1115 planes a5 shown, {dy A smadl S1chip s cot from the wafer o
serve asa pedestal formounting the cantilever in the AFM [5. 4

{n}) Spm—-FJ:—_ (e} Eﬂ:\' cul Cr : i b 1
u.—/"y f’fi]nsﬁ‘; .”f H/ (] 5’"‘ }r T Lmisni = r 100 pm -
Masking material (Si0,) \;’.}‘) % ;

R ) Cilass and
(dy Suw gut = s (_}Tc:mnvcd
pAT T e ]
1 #~
N o L — 3

ie)
= Metal
= 15 juimh - § jirTh =

\—‘_‘_/—) ;E'JP Fig. 5. 5a-d. 5EM micropraphs of Siy Ny cantilevers with integrated pyrmmidal tips. (a) The

35 N film s annched to the surface of o gluss block with dimens pops of 133 X077 mm?

Frea canlilever Foarr cantilevers protmide Irom the edge of the Block. (bB) Four pyramidal (ips can be seen ot
Fig. 5.4a-e. Fabrication of Si; My microcantilevers withGntegrated pyramical tips) (a) o :‘M ::.r_--:l u_“hh. 1.--.!1.11:-_11 “I.‘..'_lm.“ H:II rhf ;t:.::la..l:mdu] HIFE-, oL h““mf Umufn m'.luf[mm I:.h
(@) illustrate the steps in the fabrication p 55, seetext [5.4 ack gide. (d) Each tip has very snvosoth sidewalls, and the tip appears 1o tarminate yvirtually

of o point, with lazs than 30 nm eadius [5.4]
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Scanning Force Microscope (SFM) |

:LZ The Operation Principle of Scanning Force Microscope

& mam electronic componers of the SFM are the same

topogrephiy of the searmed sarface is reconstmected by analysing IF;:' Ji‘niﬂ' :?:P:rjl:uu;
at the end ?f d spring. Today, the interferometrical and optical bver method doemlnste
vummereidl SFM apparatus. The most common meskod [ dstecting the dofection of
cantilever is by messuring the position of & reflected lascr-beam on 3 phossencitive
deiecior. The principle of this ogtical lever method 15 presented in Figure [ 2. Withow

caniilever displacement both quadmnis of 1he phitodiede {A and B} have the ame imra-

dmtion F__., =Hy = /2 (P sepeedenee i reengity), The ckanga of the frradi-
ated ares in the quadrants & and B € a linear function of the displacemen

S = 2ain[ 8- 8 = 28§ = 35,80 (1

Foe smull angles sin{S)=5 and & mey be evaluated from the relation 8=3§/2L
(Figare 188), For £y amd Py one woobd get approgimsely £y = £02-(d + Ad}2 end
Fo = P24 = &g | /2. Using the simpte diffirence betwesn F, and Fa w lezd to

AP = ,P..].S.El,-'[_Ld} bt bn this case ome cannot distimmuich hetoeen the displacement &

of the cantilever and the sarintion m the laser power B Hence the noemalised diffesence

b5 wsed, which 38 only dependent of &
fa—fy_ 3% {1
P+ My L

The “lever amplifieation Ad/f =35 /1 is ahour u factor of one thousand. On the basis
af this kind of téchnlgue ane is ghle to detect changes In the postion of a cantilever of the
onder of 0,01 nm.

For large distances betwsen the tip and the sample the bemding of the cantilever by

nrractive Sroes is negligihle i is brovghl closer to the anrfisee of the
aumiabe (potit “" Figure | &e) the van der Wanls forces induce 8 strang deflsctinnof the
cantilever and, simullancously, the casfilever 1s moving towards the surface, This
mecreases the fotees on the cantilever, which ig a Xind of positive feedback and brings the

cantilever to a dirgct sontact with the sample surfece (pofnt “67), Howevar, when the

cantilever k2 hrought even closer in contact to the sample, 5 sctually beging to bend m

the oppesite direction 08 3 result of o repulsve migrmeten [ “b=c"). 0 he rege (k")
the positlon of the laser baam on bolh gusdranis, which is propomional to the force, ks a
linesr funcrion of distance. Om reversal misn:turn-cll:ri:slis TN
that the camtilever boaes contaet with the surface o a distance (polat ™d) which is much
Iu'g!r than the distance on |1.|:|F|rl:\u:u'_:hir\gI the murface [pqi.nt "a"_].

Up to now, the acioal probe, e the tp of the leaf spring, has nat heen discussed in
detail, ity preparation is peniculurdy demasding since the tp and the seositive spong

il b e place. boreovers, the cantilever shosld e as amall @5 possible. Mowadaye.
sisch scamming fips are commercilly available (in confrast to the wmnellng tips, which
wou shioatld prepere voorself), Flgoee 89 shows such a spring with tip (cantilever} made
af 51 The charsctensic parametess o antilever has besn presented m Figure [8h
The spring consa u-- cantilever erables wpopmaph-
feal amelvelz with & TER T
For the mealsaton ofa scagning force microscope, the force measurement musst be
conteal, D anadojgy t the scanming wrmelling microscope.
The contreller keeps smpiiede of the vibramon of the cannlever {the tip), and thus
alsn the distance, consun. During scanming the feedback controller reiracts e sample
with the scammer of 8 plezcelecuic ceramic or shifts towards the canrilever unfil the
vibrztion amplitucle Iszs regched the setpoint value again. The prnciple of height regale

tiom 15 exactly the spme as for the searming tunnelling microscope. The scaming force

wﬂpﬁ: thes show areas of ronstant effestive force corstard. 10 the & 18 chesme

ically homoganeous and if only van der Waals forces act on the tip, the SFM image

b The Fnpognapiny of the suriae,

Ohptical levar arm mgthods
Figure 18: The amplification of the
cantilever motion through the eptical
B 2-Quadrant Dlods lever amm methed
(=) Orptica] lsser path in fhe standard
AFN =et-ap.
(b} Crndilever beam in besding.
(21 Cantilever fures as a function of
rhe (HgLance ip — sample diglance

Contact mode of

operation
]
il
Gantilawar *&1‘6
o &
|¢
Exa 'Hl': E-¥urgas madulus of cardliover
e spring constant k= (0.1-1086m}
e P
27 ZE«S 0 2Ew|
&
(= 0 = 1T l-gacmatrical moment of Inectia
=l

Figure 19: Scanning slectron méemgraph obw can-
tilever made of S1.{24)

Fropaitions ragioe
Aiomin Foroe (AF|
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Scanning Force Microsg:hoh&enggSFM) |

ToE MICTOSCOPE i Dot based on the interacts individnal atoms
amly. Btk the sample and the tip % i e Mm“
nl:-h.mlhenu'ltemcrinn,lal] fosces between the sioms af B bodies ned to he inme
grited. The result of this is known forsmple bodies angd geometrienDln all cases, the

11 Theoretical Principleso

Az plready mentionad above, van—der Waale forees lesd to an attractive intarsctier | summation leads 1o & weaker P e et hia & i

between the tip on the spring and the sample surface. Figure |5 shows schemnatically the ative to 2 half-space feads o :ﬁm omu y , A siagheTiom at distance o rel-

van der Waals potentinl hetwesn two atarms. The potential can be described in 2 simpler it polenti

glassical picture 2 the intersction potentinl between the time dependent dipole moments Cen |

of 1hes v towmes AT OER e CEfitres of gravily of Uk slCCironic CHarge Gensiy and = i )

the charge of nucleus are exactly overlappiog on a ume average, the separation of the ] ;

centres of pravity i spatially fuctuating in every moment, This prodeces stuistical fluc- where € i the interaction constant of the van der Waals potential and 4 the density of

rations of the atoms’ dipele moments, The dipale moment of an atom can agaln indoce the solid. ' is basically determined by the clectronic polarizabilities of the g
h.h.l.f'-SWI:JBH.rld '}fmaﬂ'ﬂﬂlﬂ atommn. [IF one has fwn spheres with radi R‘ ang R} at il

i a dipole moment in the neighbouring stam and the induced dipole moment acts back on .
. the frst atom. This creates a dipole-dipale interaction on basis of the Nuctuating dipole a4 (distance between sphere surfisces) ane obsains an interagrion Dotential of

¢ mequents. This imeraction decrenses with & in the case of small distnces o (Lenard-
B i)

¢ Jomes\ potentialh, At larger di i
A Dy ivey Ty el ; e O+ Ryj 4 (%)
through the exchange of virtual photons. 1f the
§omwes 1oand 2 i3 lomger than the typéeal Nucnastion time of the instantansous dipoke whm:_ A 15 the so-called Hamaker constant, It is el haiRG _
- moment, the virual photon weakens the interaction. This range of the van der Waals taing ﬁdgﬂtiﬂs of the twe bodies and the interaction ¢ Pﬂt em:m?ﬂﬂy can-
mteraction 15 therefiore callad T:tjmad, w}mta:-trmat short distances 18 uaretarded. mp-:rtml;al.nt‘ # sphere with radius 2 has & dis £ m" Eamh.alf-gpace, 5 in:eraemtiun
| g ! w ' o AR 1
' =% 7 )

is chiained from Eq. (8). This case desgribes the

scope best and is most MW
: ] . o
1 Wﬁﬁﬁm}fm_@uly t the distance dependence ol‘:'ah: mn ?::rk
i f rf;nml?nﬁommmgﬁwmllmg microscope o achieve a high resolution of the seamming
i . : scope, Hiwever, since the dista i weaker i
b Dynamic operatiod e scanning fores o icrascope is Izm«:? i e sty

TI1 ethod of & seanming foree microscope has proved to be

Figure 15: The ven der Weale potentisl £F

borween e somms. 4, is the qiscal distance S .
sbove whh?ﬂ? i e e | ._;;_ - perticulary Febanriils method he nominal force cosstant of the van der Waals
.m b e A potemtigl, ie. the seco endial, fs explodted This can be measured
imersction by using tes at distance d, which i outside the
iteTaction T ¢ vin der Waala potential, then the vibration frequency and the

.;'. ; = B amplitede are oniy datermined by the spning constant k of the i
[ working area BFM <0 to s hltnq:-nci.c potentiz], When the Hp comes into the m‘q :m;ﬂhﬁwm
Wanls potenrial, the harmonds potential and the ittereciion potential are supetimposed

thus changing the vibration frequency and the amplitude of the spring,

Figure 16: Schematic representation of the B i dosori i i

For 1St oot e B o ot o b i it
tul o the vibration frequency of the sing is shifted 10 lower frequencies as shown in Figure 17 .ueui:c'.mummvlhrwnh'eq

with fip, As the tip appeoaches the surfice. the without interaction and Aw the frequency shift w Im;.:ruwlu_“ if &nancem
restnince frequency of the leaf spring is quency of the tp '?fw“'h"'d“ i selocted and kept constant, the ampiimh ﬂ?l;; ‘Iim .

shifted. (from [23]h.
stronger. Thus, the vibration srmplitude also becomes a measure for the di :
_ distancs
- — tip from the Rample surface. If a spring with Jowr damping (¥ is selecsed, the muﬁg
surve1s steep and fhe tatio of the amplitude change for 4 friven freguency shift becomes

FI“!:! B7: Resonmnes curves of ihe tip hades

witkoul and with I E : : |
Waais poteeil, The nkrsrion s o, s s oty I apgeo. |t in comparison o distance dare used to |
shift A ol the resonmnce freymancy with the i a efeeitigho anges ot 01
s ol e sy i e hc;xm' fy this means thas the assembly must measere deflection chanpes
FREALY aiy, hii b vibration smplitods o) . e IR e st -
airsnaged by Ai [23)

Topics in Nanotechnology 2004/5 -ver. 1 - part 6 - pag. 20



A very few examples of AFM images

1.2
— 100

1.0
— 80

0.8

E oo ¥ YBCO/YSZ/Ni

40

0.4
TappingiMode 4FM image of poly(styrene) and poly{methyl

methacrylate) blend polymer film, The film was spin-cast on

mica substrate from chloroform solution. The surface structure 0.2
is resulted from the spinodal decomposition. The islands consist

of a PMMS-rich phase while the surface matrix composes of a a6 o 0
PS-rich phase. 3pm scan courtesy C, Ton-That, Robert Gordon ' ' ' ' ' ' '
University, U K, 0.0 0.2 0.4 0.6 0.8 1.0 1.2

20

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

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

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

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

scan courtesy L scudiers, Washington State University, USA,
See http://www.veeco.com
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Nanomanipulation by scanning probe techniques |

Main objective:

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 latge

‘number of works concentrated on the manipulation of individual atoms and in the fol- I har
lowing novel nanostructures were built. Here we briefly show the work by Eigler and Nanomani pu 2ialishates
coworkers [44], [45] as examples, followed by a more subtle tip-induced manipulation similar tools as SPM

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

',

FESIMAGING MoDE

R T ‘mﬂ-" % Figure 32: In the STM imaging
MANIFULA{I@!‘\“ ~  mode the tunnel current is kept
—_
—

constant and the cantilever is
raised. For manipulation the tip is
lowered above an atom dragging it
to the desired position, lifting the
cantilever losing interaction with
the atom [44].

Da R. Waser Ed., Nanoelectronics and
information technology (Wiley-VCH,
2003)
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Nanomanipulation by scanning probe techniques Il

In the STM device, the tip i$ so close to the target as to make the electron
current highly spatially confined - it is the Ice:-,r to the extmmeiy high spatial
resolution of STM images ace modificarions is also
the STM tip. To affect these modﬂ'tcnunnx one utilizes of tip-
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 technigues, it is possible to discover new phe-
nomena, design new devices and fabricate 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 eleciron currents. The
small distance between tip and sample, which is about one nanometer,
causes electrons to tunnel to {or from} & region on the sample that is approx-

imately one nanometer in diamﬂar with an even smaller major distribution
area. Thus, the surface fabrication pr d by STM mmtbeperfunnﬂd on
the nanometer scale, Le¢
is also possibie to manipulate 3 5
face with STM,

Since the invention of STM in 1981, as a nanofabrication tool it has
been used in direct surface idemtation, 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 resuiting
feature with dimensions on the order of hundred nm [9.1], but features with
<dimensions 01 a few nm have also i:mcn achieved [9:2=4]. An exciting possi-
i : biomolecules such as DNA and

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

Nanomanipulation by STM

aged in sii during the surface Tabrication 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 in 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 characreristics. First, an 8TM can work in either the tun-
neling mode or the field-emission mode. When working in the Jatter, a low
applied voltage (higher than a few volts) can produce a strong enough elec-
tric field 1o make electrons emit from the tip over the barrier, because the
distance between tip and sample is very small. These emitting electrons
with & certain current and energy, will not diverge greatly hecause of the
stnall 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 eleciron
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-
gsized 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 (o control, have activation energies less than 10 eV per atom
which require a low-energy beam.
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“Lateral” manipulation of single atoms

5.1 Lateral Manipulation
Tn the lwteral mealpulation mode & particle on the sample surface is moved along the sur-

face fo the desired iocation wifhiout osing comtact (o the surface. The motion can be

“obiained either by aregaing or pushing. Bigurs 3 1a ta d shew the build vp of 2 Juaniem
eorral by maripulating mdivi atoms on @ Cuf111) surface at 4 K [44]. The firal

structure of 15 nen diameior commists of 48 De asoms, At this sage one may sskhow such
a fine manipulation cen be achieved. The procedure i as follows: Fe atoms are evapo-
rated onto a Cul 1 L1) surtsce cooled to 4 K. The surface conmining statistically disirib-
uted Fe atoms is then examisied by STM, Nonmally, no atoms are displaced, but if the
distance herwseen tunnelling tp and & Pe atom i redoced, then the teanclling tip &x2r-
cises an attractive foree on the Fe atom and the Fe atom cen be dragged by e umelling
tip to the desired location on the surface [44], [43], Unce the desired location 15 regchad,
the tip 18 retrected. Increasing the distance betwesn fhe dp and the sample reduces the
tip-Fe atom interactions and, {Figm'e 3z).
Figure 3 1e shows that in s way a whele cirelz of iron atoms can be built up. The arfi-

ficially build nanostructure shown in Figure 31 confines the elevtrons of the two-dimen=—

sional surface electron gas on Cull11). Theretore, as soon as the circle 13 complete, the
electrons are scattered in the circle and form standing electron waves due fo guantum
mechanics. Figore 31e thus (lustrates the wave nanire of the electrons.

In & quanum weil, due (o the quantization of the electron states, not only sanding
eleciron waves tui also discrete energy valucs of the electrons are expected. Congse-
quently, increased clectron demsities should oceur me specific emergies. As aleady
described, the density of stzics can be approximately caleulated from experimentally
measured curtent-voltage characteristics by calenlating (dIAF) (V). For metals, how-
ever, [V is generally constant and the sample density of states is therefore proponions]
to &l'd K- The varintion of did I as a funetion of voltage reficets the density of states var-
istion. #s a function of encrgy. Figure 33 shows the density of statcs thos obiained for
three different surface positions. At the centre of the circle, a8 expected, peaked energy
levels ooeur fourve &), whereas outside the circle no structure in the density of states is
measusable {curve cf. Uf the density of states 15 measured a: a distance of 0.9 am from
the girgle centre, even more energy levels coour as shown by the arows in cuerve B

This example of spectroscopic messurements and of fhe spatial distribution of the
clostron waves in a potential well provides 8 particularly illustrative picture of guantum
mechanics, The construction of different guantum structures by an gtom-bv-glom
manipulation approach tsing scanning probe micToscopes nowadays allows 8 new Look
inte the quantum world and o direct spatial measurement of the eleciron waves.

. E T e LR W Y
y { ‘ﬂ:'h 'L\'L |

Figure 31: :
{a) to (d} show the process of building a quar
corral consisting of 48 Fe atoms positioned ¢
Cu(111) surface, The resulting structure emd:ﬁ
standing waves induced by the quantum conf'.
ment of surface electrons in the structure is vi
in the three-dimensional view £
(e} of the quantum corral [44].

b

Artifical quantum structures can be produced

difdv o QY

Fe quantum corral

L

08 04 D2 0.0 Q.2 4

voltage (V)
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“Lateral” manipulation and surface reconstruction

Inmu,d of evaporating foreign atoms onto 8 copper surfsee it is also possible to
reconstruct the substrate susface itsclf, which is more difficult due to the higher coondi-
natior number and binding energy of the atoms Jocated in the surface or in sieps [49].
The experiments shown here are camed out on Cu(211) substrates at 30— 400C In
Figure 34 a sphere modsl of the copper surface is shown, whereby the atoms are shaded
darker tha deeper they lie. Lateral manipulation of single Cu atoms pm.llal and perpen-
dicular to step cdges is presemed in Figure 35 [49]. A measure for the minimum force
fecessary to move a copper atom is the tunnel resistance which displays the distance

berween tip and sample. The wnnel resistance used for mation elong & step edge was
approx. 700 k92 and 300 K5 fo m over i step edge. Figure 36a — ¢ demon-
strate that it is even possible "dlg. nut" smg  copper atortes from even higher coordi-
nated sites. The single Cu atg 7§18 wsed as a marker. Figure 36b, ¢ show the
drag ouwt of single Cu atoms Ie:adum tu a corresponding vecansies in the mitial site of the
Ao,

Furthermors itistes moving single aroms, the lateral manipulation technigue is
also capabledo move entlm mulan;.ulea imzweski et al. deposited hexa-rerr-buty] deca-
cyclene (HB-DCHm aterg Cul100) surface [50]. The decacyolens core of the
HE-DC i equipped with six hu]k}f e-butyl-lags (Figurs 37). Al monolayer coverage, the
molecyles are immobile, forming a two dimensional van der Waals crystal (Figure 383,
Separated HB-DC molscules on & Cul100) surface are extremely mobile, making il
impassible to ger 3TM images with atomic resolution.

For this resson a coverage of just less than one monclaver was chosen and STM
images resemble those of the immobilized 2-D lattice at foll monolayer coverage. How-

ever, there are some random vpids, In this laver the molecules can be at sives with differ-
cnt symmetry with respect to the surrounding molecules {Figure 39, Molecules at sites
of lewer symmetry rotate at speeds higher than the scan rate vsed 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 Figore 40b. Gimzweski
used the lateral menipulation to drag & rotating HB-DC molecule fiom a low symmetry
site into a higher symmetry site and the six lobes of the immobilized molecule was again
clearly observed.

Figuwre 40z ST imuges of o Cul 1007 surface after
e Lo coverags sl below one complate

ricelayer of HE-DRC imeleowles an roem tempera-
ture_Indapthe molecule womaged as o toms and 15
in o location whete it f5 not in phase with the (ver-
all 20 melecular overlayer T'he malecule is rotat-

ing. (b Thi same mislecul
1326 nmy and aged as 8 six-l03ERETTRCURe in reg-

Figmre 38: ST omage oFan Lud 11E)) sorfaee

after éxposure 1o full meonolaver vevernige o "
e L W T e inper ViR B sstry with the mrrouncting molecules. Tmage area is

FIR-TA mwl emwlezs e roonm Lemperaiiers, Imape 595 it 5o -

nroais 01w by 114 nm 358 Ao nnw Y,
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“Vertical” manipulation

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

face to the tip apex atid viece versa [51], [52]. The first experimenis on vertical STH
manipulation wers carried out by Eigler “picking up” Xe atoms [31]. The group of
Rieder showed that transferring a Xe atorn te the tip spex leads 1o markedly improvad
resolution [53]. The single Xe atom obviously “sharpens” the tip.

In Figure 41{a} [54], [55] @ schematic presentation of the gick ap prnﬂe.ss of & Cg
moleculs from Cuil11) s shown, It is well known that 00 moleceles stand uprighton a
Cu111} surface [56] with the carbon atom bonding to the copper atoms. D‘U.E 10 DCeE-
sional contact between the tip and the surfrce some copper atoms are transferred to the

tip apex. During the transfer of the o mﬁl-:cula: 1o the tip, the mulecule NTUST Ccomse-
guently rocate. A reliable procedure g th

apex leads to a clear chem:cal mntl"a.sl. F:gurc 4111 is scannn:'l wuh a clcaul me’taJ tip arg
all adecrbents appear as depressions, After the wansfer of the CO molecule to the tip
apex (indicated with an whire arrow) and reseansing the area, Fipure 41c shows that all
CO meolecules changed their appearance to protrusions. Only the oxygen atom in the
upper left part of Figure 415 and ¢ retains its appearance,
In [57] it hias been described, how to combine the potential of single atom manipu-
lation of STM and <ingle atom sensitivity of an atom probe mass spectrum to realize an
L ltimate tachnique for surface science. The Svstem wsed by Shimizu et al. consists of an
¢ STM, an atom probe, load lock chambars and 2 mechanism to transfer tip and sample.
i The tip can be transferred reversibly between the STM and the stom probe stages. To
i investigate the pick-up of & atoms during menipulation, a clean Si surface was
. appraached with a clean tungsten tp applying a bias of + 2 ¥ and 0.3 nA at the sample.
After manipulation the tp was transterred from the STM to the atern probe. The atom
¢ probe analysis showed the formation of to different layers on fop of the tip apex. The 1o
; most Tayer was W31, and the next layer was WiSiy, finally the clean nungsten surface
. appeared. Using this combination of an STM and en atom probe could prove that the
\ tips during manipulation do not only adsorb atoms but furthermore depending on the

' conditions alloys can be forme,

i 2

°CO
® co |
DOLOS QOSO0L0
Cu -Surface

Figure 41:
{a) A sketch of the picking up procedure of CO
moleculeson 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
varying the bias voltage
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53 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 5 time interval. The images show that the
defects change their lattice positions [58], [5%]. The tiE can excite defects by several
wmenseshwﬂhmmmw (3 field-intuced migration due to

the strong: electrostatic field peneirating into the semice sm-cmﬂm Defects can, however, Defects are “excited” through local
ng E

carrier recombination with e sctzon-phoRGR opling [#7T. The re-are surely even further tunneling currents
mechanising which may possibly excite atoms on the srurﬁm: Which of those will take g
place depends sensitively on the measurgiment conditions.

Finally, in Figure 43 the cutting of a carbon nano tube with an AFM is preseated
[60]. Earlier experiments controlling the length of carbon nane tubes were carried ool
using a STM [61], At first the 6040 nm? areq is scanmed then the AFM cantilever is low-
cred at the positions marked in the left image and for cutting a voltage pulse of —6 V is
spplied. The image on the right hand side shows the carben nano tube after cutting,

Figure 42: M:gmumﬂf
phosphorus vacancies on
GaP(110) surface. The chanes’
the lattice positions of the v
cies is induced by tlwﬁ’g
scanning tunnelling mich
In this particular case the
are field-induced. ~
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§4 Complex Chemical reactions with the STM

In 1904, Ullmann et al. heatsd {odobenzene with copper powder as catalysrand discov-
ered the formation of biphenyl with high purity [62]. This atomatic ring coupling mech-
anism is now nearly 100 years old and known ﬁm
presented STM manipulation methods, namely o ing of adsorbents and the mflu-
@nce vis increased tummel current; it is possible to control this complex chemical reac-
tions at low temperatures step by step. 5. H. Hla et al, presented t is of to otla
biphenyl molecule out of two indobenzeéns on a copper surface s
The synthesis consist of three different steps. First two iodubenza;n?dicﬁﬂjlj hm;: STM-controlled
be dissociated itte 1{C,H.) and iodinz (Figure 44a end b). Secondly the two .
nyl tings have to Mpl';::}'m i:u‘Hn; to another (Figure 44d and ) and finally in the third electrochemical
step, through tunnelling electrons the two phenyl rings arc associated to biphenyl .
(Figure 44e), reactions
To abstract the iodine from the jodobenzens 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 = single electron causes the breaking of the C-T bond
k_ Fignte 45a — ¢, [62]. As the bond energies of the C-H and C-C bonds are two and three
Enm higher than the C-I bond, it is not possible to break them with a single eleciTon
Fprocess at this voltage. After preparing to pheny] reactants and moving away the ioding,
the lefi phenyl Figure 45¢ is brought closs to the other one by lateral manipulation using
the tip adsorbute forces Figure 454, Though the two phenyls are close together they do
pot join at 20 K. The two phenyls can easily be separated again by lateral manipulation.
Bath phenyls are still bond to the Cu step edge via their o, bonds. Figure 46 shows a
model where the phenyl is lyig with its 8 ring on the termace while one of its C atoms is
pointing towards the step edge and a-bonding to a Cu atom. The final reaction step to
Associate the rwo phenyls to hiphenyl is done by positioning the tip right above the cen-
e of the pheayl couple and increasing the current drastically. The successful chemical
‘asgociation cen be proved by pulling the synthesized molecule by its front end with the

BTM tip [62].
2{3 w2 Cu= 42 Cul Figure 44: Schematic presentation of v s _ 0 =
i : Figure 45: STM image of the Ulmann syniless

the tip-induced Ullmann reaction. idloced by e
(a), (b) Electron-induced abstraction of () Tovn dodobenzene molecules are absorbed ota
the iedine from the iodobenzens. Cul 11y step edae Inienducing 4 voltage pulse
(¢} Pulling the iodine atom to a terrace through the tipahateacts the sodine from e phenyd
site molecules

wo (b ithe Left el
(d] Bnngmg together to two Phenyl i} iy Tateral nanpuloien the molecoics are fur-

molecules by lateral manipulation and ikt g

(e) electron-induced chemical associa- () the phismy] molecubes ore moved tegether W pre-
tion to biphenyI. pitre fior thisie srscciuion. (scmmarca 7 = 5 nm®) [48]
(f) Pulling the synthesized molecule by

its front end to prove the association.
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Conclusions

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

v/ STM is a powerful technique which, by collecting the local tunneling
current, can be used to map the local density of states in conductors or

semiconductors, and/or the morphology of the sample in absolute terms

v' AFM/SFFM shares a similar space resolution, but the probed quantities
have a “mechanical”’ nature

v/ Many other 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
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