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Introduzione: Scanning Probe Microscopy (SPM)

Scanning:  piezoelectric translator T
Probe: tip probing local properties Probe tip ;f
1

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

Sviluppato a partire da anni '80 grazie a disponibilita di:
v'Piezoelectric translators con risoluzione sub-nm:
v'Probes di dimensioni sub-nm

Piezoelectric scanner

Diverse proprieta fisiche locali possono essere misurate punto per punto in una
scansione a rastrello ed una (o piu) mappe possono essere ricostruite
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Alcuni tipi di SPM

Technique Probed quantity Resolution

STM 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

Possono essere realizzati numerosi “tipi” di SPM in funzione del tipo
di sonda e della proprieta fisica sondata
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Piezoelectric scanner
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: Mrdin coefficient d is negative representing contraction perpendicular?
 “sapthe field; snd positive for stain measured dlong the 3-direction (along :

which the thickness t is measurcd) representing expansion parallel to the °

electric field direction: Tipicamente, tubi cavi con elettrodi

disposti in modo da provocare

Although there are many ceramic compositions used today, most can SpOStam?ntl NENS 7S CllreA e,
be placed into two general categories; hard and soft PZT materials. Typical | Problemi:

d coefficients for hard PZT materials are . SN

=] inearita (eventuale closed loop);
=|steresi (controllabile via software);
=Distorsioni geometriche ed artefatti.

At = dy, V. ) (4.4}

dyy = 250-10-2 m/V, dy, = - 110 10-2 mjV ;
and for soft PZT materials

dis = 600-10-2m/V, dy, = -270-10-2 m/V .

For PZT-5H
dyy = 393-10-2myv, d,
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Fig.4.5. Illustrating the voltages applied to the electrodes of the single-tube scanner

Da C. Bai, STM and its applications
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Scanning Tunneling Microscope (STM) |
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Fig. 1.L. Comparison of the resolu-
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Scanning Tunneling Microscope (STM) I
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2003)

ttal charye denzity (soféd fine). Filfed cirgles Indicate tse posstions of carhon atoms of the
¥ top v lavem, (h) Polemtial used Tor the interaction of g and surfuce (sdveamvatic). (e} Com-
[prons andl (d} espansion of graphite Tor the dp st poings A and © ol (a), respectively [2.13]

Fipmre 5: At hiph volges ot
andy e stalss nEir ihie Firimil
CHlEEUY Ff'. et b the coare
rani b bl =fiidon whese energy
ramges hetween Hg and Wy tell

Fisica delle Nanotecnologie 2004/5 - ver.3 - parte 10 - pag. 6



Scanning Tunneling Microscope (STM) Il
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Preparazione tips STM ed artefatti topografici

(a) (b)

JI/W cathode: 6H,0 + 6~ = 3H,(g) + 6011~ SRP=-245Y¥
anode:  W(s) + 80H- - WOZ + 4H,0 + e SOP = + 1.05V

OH™ OH 3
W(s) +20H +2H,0 = WO? + 3H,(5) E'=-143V,

ey Gow Tipicamente, le tips sono fili metallici
Fig.4.12. (a) Schematic diagram of the electrochemical cell showing the tungsten wire appuntltl tramite etChing elettrochimico

(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]

w0 : (b) |
15° I
| 59
1 |
. . 2 |
La geometria della tip puo iy A szoo s
facilmente indurre artefatti P 4 \
.. \ ' \
!
topografici ] T

Fig.4.15a,b. Ef_fect of tip geometry on the measured STM profile of grooves 0.75 pm wide
a'nd l_ fim deep using: (a}atip with a 50 nm radius of curvature and 15° cone half angle, (b)a
tip with a 50 nm radius of curvarure and 5° cone half angle
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Modi di

plezo

(8]
scanning uni

matallz

1p o

operazione dell’'STM

{a)

Vo Ve, Vi) * 20X, ¥)

lnlt\-fx.\fl.j-'ﬁ-zt:.g]

Fig. 1.2a,b. Schematic view of two modes of operation in STM [L 10]. § is the gap betwesn
the :lip sandthe sample. Tand Vi are the unneling current and bias voltage, respectively, and
V, 15 the feedback voltage controlling the tip height along the = direction. (a) consiant-car-

(b} seansing dirachon
W ’ Faizhl metion
“‘-«E? ‘{:‘\ ’} of the lig

2.2 Operating Modes of the Scanning Tunneling Microscope
Up to now, the theoretical background of a scanning tunmelling microscope has been

presented, but nothing has been said sbout the experimental operation of a scanning un-

nelling mieroseope. The simplest why to obtain a scanning tunnelling microscope imags
15 to direetly mezsure the variation of the mnne] current as a function of the scanning
position while keeping the distence between tip and sample surface constant. A so-
called current image is then obvained, Instead of directly recording the atomic variation
of the current, however, the usual procedure s to keep the funnel current constant while

scanning over the surface. Thiz is done by changing the distance berween tip and surface
using a feedback loop (Figure 8). In arder o get an image, the voltage required at the

piezoclectnic crystal to adiust the distance is recorded, One ohiaing o so-called constant-

current STM image.

Feedback loop necessario per
mantenere costante la corrente di
tunnel

R SETE,

rent mode und {b) constant-helght mode

Compuler worksinion Control undt Milcroscspe
i M ' H High ¥ i ] erﬁrﬁu:
o enu || |8 -veltage : e
1m5lm' = power supplici z Pre amp /
o 00RO SR T TR B ] L T e e —_'(j_
T Irﬂﬂ|l|-||-rr4.“i:3|hmmd WAL B BT I!
i Drisplay

High-spesd
spﬂﬂ' puarpass
digital segmal
processar

Harl drive

EAM

EUpDOnT

BO3ES

TiCTpioCEsE i

s P = 4 e T R L e i

ingall of the sqmpment conne<tions

Fig. #.27. Block diagram of the STM control, dats acquiskiion and display system medicai-
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Vantaggi e limiti dell’'STM

E nT .
=06 t pe # i .rl._. A J/\\___ , 5
| S N . E SN ——
os— AR Y N
o ! g N | - E
_Ja. a3k Ilig..l i 1. Gy T -4 = ¥ St .--_l-\_,-\ ':.-—!
_;' b2 ll'. + B TN, TLIT AL NS A .Tl...\.. ! ':"
SRNIRE = | At i

L 1 = 1 — - FE — i

L] 1 1.0 3.4 1.4} 1.0

Ltiernl doaghicemend |nm)

E I
% 0.6 fr'_r_‘m__r-?"’_ ! =
B 0% i) '.l"ll\"‘-;" b g e | &
E 4 e | \'n.‘_i_'_,_-._'\_:__- _//-"-""“ = N
e 00 b i :
11! C E— % 5 e et S — b
L1 4 08 1.2 1.4 .0 24
(d) |l.eril diaplacement |nin)

Fig-B.5a-d. An STM image of A-DNA in viecuum [B. 18], {a) Unimaothed, unfiliesed
plane-sebsimcied STM image of A-DNA {521 2nm< ). () A-DNA model bose on X-ruy dif-
fraction resulus, (e Solld lne: erpoluted cross sectlon fillowing line marked A on
Fig. B fa; dashed {ine: corrgsponding datn From a simuliimeausy scquised gap-inodulaed
barrier-heighl |mage. {d) Sodid fove: mterpolsted cross sedtion llow g line matked B on
Fig 8. 5a0 dashedd line! coreesponding data (rom a smmulisneously soquired barcker-helghi

nmagE

Esempio di applicazione a campioni biologici

Possibilita di risolvere spazialmente la
distribuzione elettronica legata a
differenti atomi, cioe di “vedere” gli
atomi

Virtualmente, nessuna necessita di
preparazione campioni e possibilita di
operare in aria
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Scanning Force Microsgﬂoﬁg&g&SFM) I

e microscape is ot based on the interaction of Individua) siemms
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is obtained from Eq. (B). This case describes the geomesry in a seanning Sores micro-
| s0pps beat asd 12 madt wigely used. The dismnce dependence of the van der Waals
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Figtire 18: The ven der Waale potentiz] L7
berweon R atoms. 4, in the coincl dpunee
ahove which the trasgit tme effccts weaken the
interaction [23],

Figure 16: Schematic representation of the i - ; ;
it n-ftlmr-un dher Waala interaetion poton- mmtmuﬁdg:: :&%Lﬂpﬂ;mni:?m k o the spring by en additional
bl vt the vibration Fregquenoy of the spring is shifted 10 lower frequencies as stiown in Figure 17 quﬁnem e By
with ip. An the tpapproachies the sirface. he withioul interaotion and A the frequengy shifi 1 I.m;';:uvl:lum ?quanue_
Tesimibnee frequaney of the leaf SPEIRg i quency of the tip Df-'-'mb-h.'.} I selected and Kept constan, the mﬂmﬁ?ﬂﬁm

shifted | from [23]5.

seramges. Thus, the vibration smplitude also hecomes 8 measre for the distance ofthe

] Gl =" -
ZEonel g . )
= - P fum the sample gurfice. If 4 speing with low damping (F is selected, the resonance
Eurven 1% steep and fie rtio of the smpliude change for a given i uency shift becomes
Fl}[;l“ BT Resompnes curves of (e tip hase. ap 1 parison " stamee o an

PRl ibd with Tnneractsan witlea van der n peactice, small mmpliades i |
® patential. T et 3 - I |
r,’:—'ll_-.f'f:,ﬁ,'cl.;;h,::w o il e ensure the Ynedriy nflhgpﬂm limfi; - ‘i i in coam iodi e lsed t ¢
il e i o1 ; i ) signal. With a given meas aceirne ol ity |
comsequence il the up excited sl 1 o i i ﬂdﬂml!'l' i 'I
SURHEY iy D v faration asmplilude iu0 - e !
Mienosed by An [23) |
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Scanning Force Microscope (SFM) Il

;!1.13 The Operation Principle of Scanning Force Microscope

£ mam eleetronic comparents of dhe SFM arg the sume as f

lupéugmph}- u!‘lﬁe-s:n:amed Mirface is reennatnacted by analysing l:;:Eiﬂ :F!Ilillﬁ
it the end |I:-!'a spring. Today, the Interferometrical Snd antical e rigthod dominat:
wummeretal SFM apparaius. The most commos meshod for detenting the defllection of
L.H.lilll."-'.ﬂ' Is by measuring fhe position of 4 reflected baser-heam o 3 plosengitive
detecior. The prinelple of this ogitical lover method 15 preseated in Frgure [E o Withow

caniiiver displacament both quadrans of the phistodsode [ A and B} have the same frra-

dmtion £y, = Fp = P2 (P epeesent MTM incansiny), The okange of the foradi-
ez aies in the quadianis Aand B i€n linenr funciion of the dlsplesement

Foo dd = Baap B8y =205 = 3581 (10
Foe ammll angles on{S) =9 and € may be svalutsd fom the relation & = 3§/20

AFlpare L3B). Fin Py il Py, one woabd ger oppreimtely £, = 20200 + AdV Bnd
Fa = P2d = &a |2 Using tie simpie ¢ifferene between Py and S would lesd o

M:P.Js.ﬁn’[f_d} bt im te case ome panmor distisguish betoeen the displacement &
of the cantilever nnd the saringien m the Inser power P Heree the normidised diflesence

is wsed, which 1s only dependent of &
Fa—Fa _ ., 3

=i+ (I

Potfe M
T “lever amplifiestion” Adf =34 /£ iz about u fagtor of ane thousand. Oin the kasie
af this Kind of rechrlque one ik ahle o detect changes In (he postion of & cantilever of the
onier of 11, nm.

For lofae distances betisden the Hp sl the sample the banding.of the cantilever by
nitFaCtive forces @8 nogligihle, i= brooghl closer to fhe ancfice of the
aammgle (porit o' Figure [Re) the vin der Wils foress indoca g E
cantilever and, simullancoasly, the canfilever is moving towafds ihe §
increases te forees on the canclever, wiich ks a kind of positive feedhack end brmgs the
gandilever to & direct sontet with the sampbe su=ee {point ") Howeser, when the

camtilever 5 brought even closer in contect to the sample, it sctnally bepins to bend m

the gppesite direction 08 3 Tesull of o repulteg misreten [ “bac") 0 e mege b
e posdilon of the laser baam on both guedriiis, wlich s proponiosal o the Torce, BB s

linear function of distamce. Omn reversal this chameierisieg] 5. Phiy means
that the contalever ke comtned with the surfece & 4 distance (poinf™d7) which s musch
larger than the distance on approaching the rerface (point "2}

Up fo now, the acnaal probe, 5.6 the tip of the leal spring, has not heen discussed m
detail. lis preparation is penicoindy demasding since the fip und the sensitive spring

whoiihl b v plece. Muoseiver, thee cantibever shoald be s srall 2 posaible Mowadaye,
sch scamming tips are eomumercadly available (in confrast to the wnnslling tips, whicn
wou sl prepare voussel s, Flgoea 19 shows sueh & spring with tip (cantilever) made
aof 5., The charmlensic pammetz ibever has been prasemted o Figure ERh

i ! be canilever erables sopogeph-

AR i
ical amalvals with asemis e T

. ing toree microdcope, the force measurement misst b
nnikagy t the wanming wnneiling micrscop.

sepiicde of the vibranen of the cannleser {the tip), ond thus
alwo the distance, consmm. Dusing deanniny the feedback controller reivacts the wamphs
with the scammer of B pieecslecoic ceramic o ghills iDwards the camifevsr unfil the
vibration amplitude e reached the setpont value agnin. The prncipla of helght regule

tioay b6 cxumctly the sume as for the seanting nmnelling aricrscope. The scaming foree
micrograpky thus show arcar of eoretant offective force corstart, 10 e SUriee 16 EE

ieally homogesesus wsd i vaily van der Wasls forces aet on the tip. the' SFM immge

e e Inpigragy of the surface,

Orriical lwvar arm mathcgg

8} .!-Elyaﬂ'rl Dicaw

Figure 16 “The ampliticaton of ths

canilever motion theough the opticzl
Iever amm methoed

(i Opticel lasor pack in tha stendard
AFM zst-ap

(b} Cantilever beam in besding.

(=1 Cantilever firee as 3 Fumction of

the distince 1p — gample divinace

i -—Lb
|
Cartlilnwar S v e
"-C-".__ e g e A i.!'
Sl oA
I
Exaxg E-Yourgse mudilus of cardleve
= aL wormp conEant k= (0.1 108m)
A o i Fut!
i v R e P
14
s T b-geomatreal momoent of |narie
el

Frigdicanal rmglm

..,,
[

A Fame [IF}

F i (PP iﬁﬁ'ﬂl"’]

Figure 19 Seaning eleetmon mjerogmph o Fie cun-
tlever mude of Si0 [ 24)

Dintangs jnm)
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Cantilevers per SFM (AFM)

Exposed 5

(510 ot SiyM,
| removed)
Torp L s,
vhew ——— {d} by .‘\.\
f{hi AT e Bl of o T
Sectiom] 3 5isM, =

(L1 plane in Si

Fig. 5. 2a-d. Fabrication of thin-film microcantilovers_ (a) A thin fita of Fily or 8iq Ny i
farmed oo the surface of w (100) 51 wafer snd pattersed 10 define the shape of the untlulfv.::
wnd £ create apenings on the 1op and bottm of the waler. (b The windows are alignzd along
LG plancs, {e) Ansotropic erching of (e exposed S with KOH updercats the canlilever
and self-rermimates at ihe (1115 plangs as shown. (d) A amull Sichip s cut from the wafer to
serve as a pedestal formounting the cantilever i the AFM |54

(0 Jum-‘Ft' el S[l;'\' cul {:‘r
TR Rrad )
Musking muterial (5i0;) \;’;J

G Il . Olass and
{d) Sww gut -~ F_ (_}Tcmm:-.f
Rl ¥ b ft
I\\ BisMy D # oS | |
k= (el

I-— HH) pm
# Metal

\\—/"J /JI Tip

b carilidever

Fig. 5. 4a-e. Fabricution of §is My microcantilevers witCntegrated pyramadal tips)(a) (o
(e ilhustrate thesteps m the fnbrication process . see text [5,4

Metodi avanzati di microfabbricazione
necessari per realizzare tips integrate su
microcantilevers

e iz et | ] i K]

b= 15 jain - I 3 Ry

Fig. 3. 504 SEM micropraphs of Sig Ny contlevers widh e grated pyromidal tps. (o) The
$iy Wy Ny attnghod o the surfoce of § gles Blook sl dimensions of 1503 50,7 jrm !
Feur eantibevers protrade from he edge of the Block. (B) Four pyramudil (ips cin be'seeq
e trd of this V-shoped cantilever. (€] The pyramidal tipe are hallow when viewid feim the
Pack pide. (d) Eack tip has very smaoth nedewills, and the tip appears jo terminote virtbally
fna point, with less than 30 nm radios {5.4]
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Cantilevers commerciali (esempi)

; -
Microlevers
GENMERAL PLURPOSE CANTILEVERS

Grande disponibilita di cantilevers di
diversi materiali (eventualmente
FeAtuRES: P Trrmdtrsicapen Aicniens e sl il st i ks, e |- ricoperte di metalli), con diverse

mroitivhadtion seirroacopy, sl Ngend cpmankss. e msiopie i o sosesanrs

B geometrie e costanti elastiche

o Cimspant (ke mailb bl m st AFRE ribalile puden i D Gt ramles Ve o

bisads

I §ia TR adis

& Tyemc ml faelliog o Sur L
ahaf i Eya < 29 i,

it i gt nel i « St —_—
o Bt Lt w07 el el B
Higih i bRl ]
]
= Fp ot d sl firs (0 sibdy g
Pl i st
—
LT
==

& This el skl Pl of s ) ik
Hlamia cofirrerelaly dvailaliis
ok wisgle whia.

Fvpial Moo Chamaeeeriunes

i sy Ny i w.!:l I'.' ":.'_l#'ul.l |I TP I Insnuuds I - anraia II = Tramu lar
Cutlaiid
| B e a}wm J1F pin 21Gatii |} et 85 iy
LB 30 i 23 22 isii 10 i 18 bm
Lk 1.k 1 j = 11 i e iLil @am i ittt
I LY Wi L2 M= L] B LS R L RIR T LA N i
i £ " kHe Tkl 1P L i LEE [BLERNEF
Criferng dalimmatiion
Micidrr i
Hhirpe=nad aaliienzd
il ™ | Inpzum=d Lhuld eriadedd™ Ehiriedl
il f BTN LW AARITT W SILCT-A LT MLET-ROIEW
chitisi BRI R AR AR T S AR FA LT AT TR LAY T R A
Alinindsd - 128l N E-ACRITN A MO SOEA | LTT-ALRIToh | LT S0 T A
bz - t15 chgw AR T AL R |MSCT S SF AL C T AL MR [MECT WA T

STl T el WS AUTODE W SpRlaTe

P THERMOMEROSCOPS

iife Moy W

Phad et itk
CmbineDiromtieg) ey BRI meeaem

Fisica delle Nanotecnologie 2004/5 - ver.3 - parte 10 - pag. 14



Qualche esempio di AFM

1 nm
1.2
- 100
A 1.0
- 80
0.8
60 .
E 0.6 YBCO/YSZ/N|
40
) _ 0.4
TappingMode 4FM image of poly(styrene) and polyimethyl
methacrylate) blend polymer film, The film was spin-cast on 20
mica substrate from chloroform solutian, The surface structure 0.2
is resulted from the spinodal decompositian. The islands consist
of a PMMS-rich phase while the surface matriy composes of a a6 0
: T T |

PS-rich phase, 3pm scan courtesy C, Ton-That, Robert Gordon
Uni ity UK 00 02 04 06 08 10 12
niversity, UK, e

Atamic resolution image of the titanium oxide layer on top of a
titanum substrate. Contact mode 4FM in air, commercial silicon  The sample is a strip of adhesive (3M Scotch tape) that has

nitride cantalever. 5 nm scan courtesy P. Cacciafesta, been peeled of a metal surface. The image shows small pits in
University of Bristal, UK. the sticky surfaces of the adhesive, The image was acquired in
4’ TappingMode at freguency of 3 Hz and setpoint of 1.8 ¥, Zpm
scarn courtesy L scudiers, Washington State University, USaA,
See http://www.veeco.com
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Microscopia a forza laterale (LFM, SFFM) |
Frictional force microscopy

Poiché la tip si muove sul campione (a velocita di
Four segment scansione) risente delle forze di attrito
@ photodetector
=~ La forza di attrito € letta come twisting della
N cantilever di verso sempre opposto allo
spostamento (mentre le asperita topografiche
hanno segno dipendente dalla topografia)

Nella scansione forward/backward si ottiene un
loop che rappresenta I'energia dissipata

3

Lateral force (nM)

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

) Wire spriny contion = 2 4160 S .
Friviknil & g Wian d
P o Loisd = 8w ™8 defectuon 1 A) |
1 1 1 4 i .
‘H_I-‘Hr 4 : 4 i i 4 4 4
B et
' TR M ok, <, it i
v —an =14
4 faomd =25 [0 =N
i 50 : 14
: an ibi
i = 14
9
: i s £
1 p X
iRy fid)
— 40 —10
T i L J } ] —iA
r | S
) a0 g b En

o Snmpls poaniod 1Y)

EH|J;..:I:1.I.1!|-.I—: Iiticm loopw on. mrepiite securized with (il Fe o= E
V75 N (B 29 N [€h TS N, {Ader J0 '

v'"Meccanismo di contrasto a livello atomico
v'Possibilita di distinguere tra diversi materiali
v'Informazioni nanotribologiche

Da B. Bhushan, Handbook of
nanotechnology (Springer, 2003)

Figg. 20018 () Topogmghy nnd: (B e (moge of
514 11787 memured wiils & MTIE mmisd S34ip. (Afior
IZRE

Figh. 200190 b Frididoe imAges al [al Caillly mnd
[} Cial 10005, Prame siees 3nny {&fie) [2034])
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Microscopia a forza magnetica (MFM)

Hagnetic Scanning Force h-hcmmpv (MFM)

If & magnel:l.i: tip i# used in tha ma.nnmg foroe mlcmmnpa, magnetic struchares can be dhnar 2 M '@ '“"'5"“' Fsegie
: agnehe scanning foree microscopy is of interest, in particular. for the investi-

ga!mrn uf mapnetic storage media, In the most general case, the magnetic foree between

samiple and tip i ”' L&L‘LLJ 'H
- = .
Fog= -V My HoedV (13) Fru gt L‘Ehum.,uﬂ.u}
i3
o Fwg
szrmﬂp"?- .;'Bw:w (14) s
ki, apt® /R
where H, .y, a0d B, are the magnetic stray field and the magretic induction of the dﬂ'-;gs}']-é. ZENNE L‘q::._;?_..'m
sample, mpactwslyuﬁ and au,;, are the magnetisation and the magnetic moment of ol
the tip, respectvely, Since in most cases the exact magnetic sructure of the tip is not i
known, & mode] tip mapnctization must assumied. Tn the simiplest case, the tip is a spher- 12 fnag
ically structured megnetic single domain with the magnesisation M. Of particular
interest are the stray fields of magnetic storage media which consist of different X/R e
domaing. Since the imponant aspect in force microscopy is not the forces but the force -10 "
_gradient, & pronounced variation of the signal is found peat the domsin walls, but not a
inside & domain. This situation is sketched m Figurs 21. The parameter of the two )
cirves shown {golid and broken lines) is the ratio of the working distance o and the
radius £ of the magnetic domain of the tp. Fipure 21: Prircipie of magmetle ssannine
Figure 22a shows an experimentally measured picture of four different oriented farce icrescopy. On the Teff, the tip-sa-
magnetic domaing, Images b and ¢ show the fine strocturs of 2 180° domain. Alteruating ple configuration is shirwn and on the right
bright and dark contrasts can be seen, These contrast changes show that the domain wall ?‘ e “;"gi;:"‘“‘“fmf";” ""”:i“::: 2
consists of segments with different wall onentation, This example illuswatzs that mag- st wa‘,’;ﬁ;iﬂz ki
oatic SFM 18 well sufted for imaging magnetic structures that are common!y used in ; i

P XA = 45 and -5 jafler [23T)
today's' storage media. e

Flgore 220 Magnetic SEM e of
gt doimaing

1o showa four dommns of o Londay

| Afahi ke structure 0 owlich tha domoin
wallsaro tha dark aul llrl_lghr T
Ul e st s e Btruciung & a
150 domam wall The Jommm wall
comivis of segmentd with dilermt
will ovtentasion, Armows denote tho
Unirriiedn orjenlrtion, {uHer [20]),

g 8 T & o ] st 3 3 et il sk | 5761
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Microscopia a forza elettrostatica (EFM)

%‘1.3 El?tht':ﬁﬂc Scanning Foree Microscopy (EFM)
I SCAning TUCroseape ear also be used for alecirostatic Coul image
this case, however, the tip muzt be insulated. A modern version :?ir‘ ela:u?cmgrlz: mif:rr?
mupe.ﬁlmk 3 I.lBﬂ; foor the determ nation of surface charge or surface potential 2 complicated
“m and phase loops elestronics, The assentg medification with respect to the ald
Eclpparmus 5 the 50 called two-pass weehnique{LitMode), Tn this method cach line mnst
scanned mwice, On the basis of two line scins+n-whi the first represents the topog-
m of the Eul:E_m:e In 2 eontact mode and the second is taken a1 & fixed distance relative
s am'tfilﬁc {Figure 23, one can réconsiruct precisely the distribution of the charpe or
1 pﬂtath 12l on the surface withoul topographical error. In Figure 24 an example case is
51&::. : lchI hlg]lllg]_:l_tz the possibilities of this modern toal for migrielectronics. An
o 2‘;mJ]:- € showing an imags of o bmka_n carbon nane tube is représented in
Figure 23 shows the effe
loeal surface charge.—
and the charge induced
given by

Ip comes into the region of the

S— . - ; _. facond pass

alic force as a function of distance is ¢
i recording in

the firsk pass +

il offast 3
heighl ofisel

. 1n
7= ¥ s ;
ol =—megl? = (15) 3 f : b~ _ : {iift height)

EFM - Data

llhll!llhi.' LR L L T T ]

By ga® T T T T T 7]
ELly Charged sopphics
syurfoce

W
JE _ |
'l 1 1 i | ]
0 M 40 £00
dsnm

rEGUre 530 BChematic Figure 26: Comparison of the Sistance
; dependence of & shecorssl and
F1ew of the two-pags van thes Waals forees hebwasm & fip and &

SFM technique. incal sinciricst suefice charge of
2 1erE O fadier 23
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Campo ottico prossimo |

Radiazione e.m. inviata su Ttk
apertura di dimensione B L]l
sotto lunghezza d’onda o
1k
A....... b
= o > > <
Schermo opaco™ a a a
h a<<|
\ a>| a-~|
\
|
{h Aperture is a low-pass filter Dx Dkx >2p
- for spatial frequencies
. ) ..
e pw/ 2 2 )
— > | |H|==mﬂ E IJ. exp élz I 1- (I kx) = Q ky) o
—_— I |
!
/|Ef=cost
— - i iy Susesgl
Onda incidents no P aperiive

Campo prossimo: radiazione e.m. non
propagante che si estingue su scala
dell'ordine dell'apertura

[
* MI.'_.L-"-!'IEH:] rayirmm
1B nm)

b Mear-fedd hgni T

e

Flypare 30, Meincple'ol mrertiore doniallad near{ield oopiliis
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Campo ottico prossimo Il

3.2 THEORETICAL MODELING OF NEAR-FIELD
NANOSCOPIC INTERACTIONS

Althoogh Maxwell's equations provide a genersl description of cloctromagnelic
phenomena, their analytical solutions are limited to relatively slinplc cascs and rig-
oroug freaiment of nenoscale oplical interactions presents numerous challenges.
The various ways of approaching the theory of near-field optics can be clasaified
according to the following considerations (Cougon, 2003

¢ The physical model of the light beam

® The spice chosen to earty out the modeling (i.e., the dircct space or Fourier
space modeling)

® Global or nonglobal way of treating the problem {e.g.,, performing separate
calculation for the feld in the sample and then compating the sapacity of the
tip 1o coflect the field)

Ameng several methods used for electromeagnotic field cafeulation, one can dis-
tinguish techniques derived from the rigorous theory of gratings like the differential
method (Courjon, 2003) and the Reciprocal-Space Perturbntive Method (RSPM), as
well s techniques that operste in direct spece |ike the Finite-Differcnce Time-
Domain Method (FOTDY and the Direce-Space Integral Equation Method (DSIEM)

In general, analytical solutions can provide a good theoretical understanding of
simple problems, while & parely numerical approach (like that of the FIDT
method) can be applied o complex structires, A compromiss between 2 purely an-
alytical and o purely numerieal approach is the mulliple maltipole ¢
(Girard and Derews, 1996), With the MMP model, the system being simubated is di-
vided into homeogeneous domains having weli-defined dielectric propertics. Within
individual domains, enumerated by the index ¢, the slectromagnetic field /*Yr, w,)
is expanded £2 & linear combination of basis hunetions

SN wgh =S AV, @) (3.1
&

where the basis functions fi{r, wy) are the analytical solutions for the field within a
homogeneous domain, These bagic functions satisfy the eigenvave equation for the
cigenvalue g; (analogous to the equation in Table 2.1}

Necessita di complicati metodi numerici per
descrivere il campo prossimo

S xfl{r. o) +q?}:{l’. ) =0 (3.2)

MMP can use many different sets of basis fields, but fields of muldpole character
are considered the most useful, The parameters 47" are obtained by numemcal
marching of the baundary conditions on the interfaces herwean the domains.

As an cxample of the use of this technique for investizations of nenlinear optical
processes in the near fleld, we show here investigations of =econd harmonic genera-
tion in & aoncenfrosymmetric napocrystal exposed 1o fundsmental light from a
near-feld searming hip {Jiang et al., 2000,

One notes thal 4 consequence of nonlinesar optical interaction in the near-field is
that the phase-maiching conditions da not need to be fulfilled because the domains
are much smaller (han the coberence length. Starting from Maxwell's equations, the
electrc flelds of the findamental and the second harmonic {SH) wave can be shown
to saniafy the nonlinear covpled vector wave couations

V2 ¥ o BAr, tag) - ﬂji . w)E(r, o) = 41 Eisz{r, i) (1.3)

&
¥V ox VW= Eir, Zwg)— ?m& efr, 2wyl E(r, 2uwy) = 4w ‘%ﬁl"in 2ung)  (3.4)

where efr, wy) and e(r, 2ug) sre linear dislectrie functions [or the fimdamental and
the SH waves, respectively.
The propagation constant &, slong the z direction is

= (k= k)P = k(1 — ] sin” 8)17 {3.5)

where k, = Zw/h, ) is the wavelength of illumination light in frec space; a, is the re-
fractive index of the tip, and #-is the incldent angle If | — »f sin® 8 = 0 (i, & i3
real), the waves will propagate with constant amplitude between the probe and the
sample, which comesporuds o the “allowed light™ in the sample. Tn the areas whers
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 electrica] ficld distribution of the fundamental
wiave culeulzied with the MMP method, we can obiain the electrical field diatribu-
twm of the 8H wave and the different contributions of *abiowed light” and *forbid-
den light."

Da P.Prasad, Nanophotonics
(Wiley, 2004)
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Campo ottico prossimo Il

Figure 3.4 shows the threc-dimensional perspective view of the optical near-
field ntensity of the fundamental and the SH wave, respectively. The field imen-
gity of SH wave 15 orders of megnitude weaker than that of the fundamental wave
(FWY, and it is highly localized within the arca of the probe tip conter—that is,
aboat 30 nm * 30 nm. The fundamental wave is more delocalized compared to the
5H wave.

Figure 3.5 shows the sectional plot of Figure 3.4 along the x-axis direction, and
Figure 3.6 shows the integration of |E? for the SHG over the wotal solid angle. It is

¢lear that the field intensity close to the probe cemier comes almmtfa;t:mlly m ﬂ::
allowed light, while a field enhancement Appeaning at the nge o : d:: tlF! i e
the field components from the forbidden light. The field intensity cwastmm
rapidly with the tip-sample distance, and its typical decay length .15 approxt 2 D{;
equal 1o the tip size—that ¢, about 50 am. Furthm"mom‘ the field mten_srtt;f Ewm‘
farbidden light, which decays sxponentially, E.thbﬂ:i a much larger vania mFI e
the probe-sample distance than does the field imensity of the allgw.d I:g;hqt.h :%E :
1§ also indicates that when the probe is very c_inse’m thc samuple sutface— h:-u f'he
< 50 nm—the intensity from the forbidden Ilg;_ht dm:mnar.es. Euwﬁver,du;iﬂ‘ht e
probe-sample distance i larger than 50 nm, the mrens:ty ficun “':: allowed light
comes (ne main sontribution to the total field intensily. e o .
“only contains the fow spanal Heqmmmfnm, lh»,ddﬂm],;l;;:;p tI:::
forbidden Tight is esscntial to investigate details for bath lingar and non

gal interactions.
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7.2.1 Ray Optics of a SNOM Rivelazione in ca

SNOM techniques differ mainly in the types of probes which are used and also
by their ray optical components, i.e., thelr optical scheme, which is useful for
& clagsification of most types of SNOM concepts. As shown schematically in
Fig. 7.4, three different ragions whers the rays propagate can be distinguished:
1} the body of the probe, T} the outside and III} the schstrate of the ohject.
in general, regions 1 and IIT will have & higher refractive index than the
outside region [1. Different angular domains of rays propagating in regions [
and ITT exist, which can be distinguished by the criterion of totsl reflestion
of a roy falling on it boundary or of it being partially refracted inte the
outzide II. Thes, in the case of a transparent substrate [0, we distinguish
between the angular domain LI, of angles £ with —e, < & « £, whera =, is
the criticel angle of total reflection (£, = 41.5% for glass of refractive index
1.5] and the angular domain Il with 80° > £ > g, or =30° < £ < —g,, which
is somethmes called the range of forbidden Tight, Rays of the demain 111; are
totally reflected in the substrate, whereas rays of domain T11; are partially
refracted into the outside IT. Also within the body of the tip I two differsng
domains mav be distineuished (Fie. 7.4}, This fizure onlv 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, ray= enbering at
an a.n,:_r_le within the angular domain (3.5 « = < +3.5%, reglon 1) will be
totally reflected back into a reflected ray of the same angle =, Rays enfering
the wedge at different angles will also be rofiected into the same angle and ke
partially refracted into the outside T of the wedge. This situation aleo applies,
If the wedge i3 coated with a partially trapsparent metal flm, as is typicaj
:‘.H SNOM probes. Similar considerations zlso apply for a three-dimensional
ip.

In summary, in many cases it is possible to distinguish in regions I and
II between angnlar domains I; and LIy where fotal refiection of the rays
occurs. into the same domain and the domains I and Ills from where light
I8 purtially refracted to the outside IL
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Tig. 7.3. The characteristic pomponens ol a SMNOM. o colloction modes the pom-
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Figure 3.7, Dalferent modes of nenr-Geld micnmcopy.

L’eccitazione con campo prossimo produce (es., per scattering, o fotoluminescenza)
radiazione convenzionale analizzabile in campo lontano
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Probes per microscopi a scansione di campo ottico prossimo (SNOM ad apertura)

Fig. 7.Ta-«. S5EM micrographs
ol SNOM probes: (a] Tip ol me
nperture probe congsting of o
ehermally pulled tip of n guarts
morcmede fikor coated  with
ohirntmmen. By Courie Ay A F &
pey Xle). (L) Brched fibor tip ne-
otding to Ohteu |7.23]. The tip
e (ahricated by wet wichine of

Probe: tapered optical fiber, with
metaliization and apical aperture
a<<| (aperture-SNOM)

o memaimnode qunrta fiher. The
tlsbekmees of the ibor corbing 1
miromghy reduced Wi the wne] o
the fiber and s sharply poinled
tip sticking out from Lhe end |
formed from the corn, (€] Apr
Fars :::|i}||-l' ||||I 0 '||'.'|'| un '|il' |l.|
sleof mn arlched tip, nm shown
i (b)), The etched tip & coated
with gald which s remowed from
the 'npex of the tip by a lithe-
graghic prrestess guch thist agoall
nperbiee i frmel with the Gp
sticklng out [TLIT]. {d] Tetrnl
dral tip, The teirahedral bip cons
st of & plasd rapnent which

In coibed with metnd, By eomr-

timsy ol e Reichelt, Tnetitutn of

mectcal Phyaics and Biophyeles,
r=iby o Miktisler

o
250 um
T : Lt o] \
Primary Taper Secondary \ b
Taper i
Figire 1.1 SR  GT TN ca st g Tt & CIwY

Dimensioni tipiche dell'apertura: 50-100 nm
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Controllo distanza tip-campione

fher osz
ampliude
(arh. unitz)

d

tip approach curve

srking point

0 10 20 a0 40nm

tip-zample distance

Sostegno portapunta Filtro v=vi-v2 — AD 536 A

e T
Scheda PC

ixer

iDsci]latan. :
02 Amplificatore

Oscillatore

4

Piezoeletirico di dither

Fork F

Punta mantenuta in oscillazione rapida parallelamente alla
superficie del campione (movimento di dithering)

A distanza < 10 nm shear-force riduce l'oscillazione
L’ampiezza di oscillazione é letta con tuning-fork e usata nel
controllo di feedback

In ogni scansione si acquisisce anche la topografia
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NSOM Gpuraftum Modes
I mnsmission Reflechon
I’ b= samagaked T e e i
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[ il L]
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......... ]]]_iji_u_u_tim]h?[fﬁ:!é HEHH

Frhe ciiphm

Drual Mode

Alcuni modi di operazione dello SNOM

)

Fig. 7.22. Scheme of 3NOK setup Lo pecord PLoand PLE spectroscopic SMOM
images and schomntic view of quantmm wire, which 1z embedded Into & guantam
watl

Il campo prossimo puo essere prodotto
(illumination mode) o raccolto (collection
mode) dallla probe

Fisica delle Nanotecnologie 2004/5 - ver.3 - parte 10 - pag. 26




SNOM senza apertura

3.5 APERTURELESS NEAR-FIELD SPECTROSCOPY
AND MICROSCOFPY

As mentioned n Section 3.3, an cmerging approach s the aperiureless naar-fisld
spectroscopy and microscopy (Movotny et al., [998; Sanchez et al, 1999 Bonheli-
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 fapered fiber.

® Absorption of light in the metal coating: this can produce significant heating
that can create a problem in imaging, particularty of biological samples.

¢ Pulse broadening in the fiber, when using short pulses for nonlinear optical
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 2t al,, 1999, Hartscluh et al., 2003; Bouhelier et al., 2003) that
optical images and specira of nanedomains 25 nim can be obtained using the aper-
tureless near-field approach invelving a metal tip of end diameter =10 nm.

The twao approaches used for aperturcless NSOM are;

|, Seattering tvpe, which imvolves nanoscopic localization and field enhance-

ment of the electromegnetic radiation by scattering of the light from a metal-
lic nanostructure. An example is provided by Figurc 3.2 where the hght i3
scattered by 4 sharp metallic tip. Scattering and field localization can also be
produced by & 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 nancscopic resclution using
scatlering from 2 metallic nanoparticle also forms the basis of “plasmonic
printing,” discussed in Chapter 11 on “Nanolithography™

. Ficld-enhancing apermurcless NSOM, where a memllic tip is used to enhance

the field of an incident light in the near field. Tn this case, the light is incident
on the tip as a normal propagating mode {far-field). The strongly enhanced
electric fisld at the metal tp produces nanoscopic localization of optical exci-
tation, This approach offers simplicity and versatility of nging light by just fo-
eusing on the metalle tup through a high-numerical-aperture lans. Hence it is
deseribed here in detail, with examples of some recent smdies wilizing this

approach.

Vantaggi:

Una nanopatrticella (o una nanopunta) scattera il campo
propagante producendo un campo prossimo

» Risoluzione (fino a sotto 10 nm??)
» Intensita del campo prossimo (le probes a fibra ottica
hanno typ. throughput < 1/10000)

“,..“'1Fll' 11T, ekl ap Elengiig the fommi feld by ol jing witly s fivouse] Bsawm gl
b The vpisial idipamee o minter wavaloned b - 1 col lscied By the esnee abmreiive lsm
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Esempi SNOM (fotoluminescenza)

Saild et al, (1298) and Matsuda et al. {2001) conducted room temperature photo-

- luminescence study on a single quantum dot from InGaAs quantum dots EXOWN O &
- GaAs substrate. Their result is shown in Figure 3.12, Because of the gpectral resoly-
- tion obtaied by sampling only a single quantum dot (no inkomogeneous broaden-
" ing), they were able 10 observe, at an appropriste excitation density, emission not

o 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. They found that the line width was larger for a smaller-size quantum dot
far which the interlevel spacing is larger, (This is predicted by o simpie particle in a
box model as the length of the box becomes smaller, sce Chapters 2 and 4.)

] {5
a 20
A K
3 i
=] =
& £ gy
5 3 -
£ E + T3
E .-
|arge t——=00 5| 2o —smal
.u. 2 i i i i
11 12 1.3 1.4 20 40 A G0
Phestce Enaroy (8] intarval Spacing DE g gy [me¥]

Flgure 3,12 Phowliminescence spectrum of single QD &t room temmpsran: (8}, and depen-
demoe of the homagensous linewidth of ground-state emission on mterval spacing, whioh 15
n_lesch- related to size of (d™s (). From Saiki and Marfts (2002), reproduced with permisz-
s,

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

o gim. D HM

Fipnre 303 Flusrescence MNSOM imoges ol smgls modecoles. From Professor T Higgans
und Professor P Barkarn, unpublished nesalts.

(R Y aw aw
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Tih oo imj

Spettroscopia ottica su singole
nanostrutture o singole molecole
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SNOM a modulazione di polarizzazione (PM-SNOM)

Linear Quarter
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PM-SNOM I

PM-SNOM impiegato per analisi di campioni host-
guest (cromoforo in matrice polietilenica stirata) con
elevato dicroismo lineare

Tertiophene-like chromophore dispersed (3% wt) ina ultra-high molecular

weight polyethilene (LIHMWE)
Chromophore molocula

f:{‘f(} L:H:LJ-A“ A A A A AT

M

Chromophore choice:

» chemical compatibility wath the host;

» rigid structure;

» absarption inthe blue (peaked around 400 nm);

» optical activity (right- and |eft-handed 1somers available).

Fabrication process (at Dipartimento di Chimica e Chimica Indusiriale,
Universita di Pisa, group of Prof. Ciardelli and Prof. Ruggeri):

- cast (to obtain pristine films) followed by

- high temperature drawing (to obtain films with stretched polymer chains)
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PM-SNOM I

Sample: L-F (50:50) stretched (drawing ratio 307, 10x10 w scan

" Topography Dichrolc ratio Map of #
T - ¥

L B i I

Lsumi]
'l A LE

£1a

L

g T 4 & & glamj ¢ 3 4 & 8 . ig [nml g -3 4 8 g m|um]
wdE b A PR D viee B Tew [ETEE DL R i S gt L] L = ¥ IE 4 AW 0 (ke Theie momdf 60 sii 0 ama =

drawing direction

Topographical varations
due to local changes in Local optical activity strongly affected by (host) stretching

polymer chain stretching

Chromophore molecules follow host melecule alignment
Macroscopic dichreism (¥~0.1 in this sample) due to the combined effect of
elongated islands with locally inhomogeneous optical activity
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Introduzione: nanomanipolazione con SPM

Obiettivi generali:
Sfruttare le possibilita di controllo subnanometrico della posizione della sonda per (e.qg.):

» Manipolare (la posizione) di nanoparticelle o unita elementari su superfici;
» Produrre modificazioni locali di substrati (indentazioni, reazioni chimiche, litografie, etc.)

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 a;lator?s, 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 i

lowing novel nanostructures were built. Here we briefly show the work by Eigler and . NanomanlpolaZIOne ed
coworkers [44], [45] as examples, followed by a more subtle tip-induced manipulation |mag|ng con le stesse
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 - tecniche
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,

SESIMAGING MODE

[

Figure 32: In the STM imaging
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].
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Da R. Waser Ed., Nanoelectronics and
information technology (Wiley-VCH,
2003)
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Impiego dell’'STM in nanomanipolazione

In the STM device, the tip is $o close to the target as to make the electron
current highly spatially confined - it is the Ice:,r to the extmme!y I.ugh spaml
resolution of STM images. The key «
the STM tip. To affect these ﬁmcimcmﬂns one uh]m.-:s
sample interactions. including attractive and repulsive forces, EIEC!.TIL

tum-size effecis 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 fabricate thern. Next, STM ean 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) & region on the sample that is approx-

imately ene nanometer in diameter, with an even smaller major distribution
area. Thus, the surface fabrication 2d by STM must be perfunned on
the nanometer scale, ie
15 also possibie to manipulate 2 Bing
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, Firsr, It is possible to reduce the line-
width of large-scale integrated circuits from the micrometer scale (o the
nanometer scale by lithography, beam-induced deposition and etching,
wiich is one of the goals of high technology. In most cases the resulting
fca:ur: with dimansim:s on the order of hund.rﬂd im [9 1], but fealums wuh

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

Modificazioni e/o manipolazioni su scala
nanometrica mediante STM sfruttano
numerosi fenomeni

aged in sttu during the surface fabrication process by STM, which makes it
possible to discover defects in masks and circuits, to repair them by surtace
deposition and etching, and then to examine the final results by STM. Last-
ly. using the STM as a rool, 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 111 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 characterisiics. First, an 8STM 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 Tew 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 because of the
small separation which results in a nanometer beam Jdiamter 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 conventicnal 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 creaie indentations direct-

ly. Lastly, at present, STM is the only instrument that can provide a nm-
gized beam of very low energy electrong (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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Manipolazione laterale di particelle su substrato

51 Lateral Manipulation
i the laeral menlpulation mode 8 particle on the semple surfaces i moved along the sur.

face to the desired jocaton without Losing contact o the surface The motion ean be

“obiaingd cither by areging or pushing, Bigurs 3l to d show the build vp of 2 Juantunt

corral by esnipulating mdiv atorne on a8 Cuf111) surface at 4 K [44]. The final
structure of LS nan diamicter comsists of 48 Pe amoma. AL s sage one may ok how such
a fine manipulation cen be achleved. The procedure is as follows: Fe afoms sre evapo-
ruted onte a Cull L1 surfece cooled to 4 K. The surfeee conmining statistically distrib-
wted Fe atoms is then examined by STM, Nommally, no atoms ate displaced, but if the
distance hetween tmnelling tip and & Fe stom s reduced, then the tunnelling tip &xsr
cises 20 attractive force on the Fe atom end the Fe atomn con be dragged by fe unnelling
tép to the desired location on the surface [44], [43]. Onee the desired location is reached,
the Tip is retrected. Incrensing the distance berween the dp and the sample reduces the
tip-Fee atain imteractions and, hene, the Fe atarn remains 8t its new positicre(Pigure 32).
Figure 3 1g shows that in s way a whole circlz of iron stems can be built up. The arti-
ficially build nannstructure shown tn Figure 31 conlines the electrons ufm@
sional surface elsctron gas on Cufl 11}, Therefore, as soon as the circle 3 complete, the
elecirons are seattered in the circle and form electron waves dug b0 quantum
mechanics, Figare 31e tres (lustrates the wave nature af the electrons.

In & quanium well, due o the quamizntion of the electron stateg, not only sanding
eleciren. waves bun also discrete esergy vatucs of the electrons are expected, Conge-
quantly, increased clectron densities should oceur b specific emergios. As elready
diseribed, the density of states can be approzimately caloulated from experimentaliy
measured corrent-voltage charseteristics by calenlating (dFAF)TT). For metals, bow-
ever, [V is generally constant and the sampie density of stetes is therefore proportiona]
to dldd ¥ The varinon of d5d i as a funetion of voltage reficcts the densing of states var-
iation 85 a fumction of energy. Figure 33 shows the density of states thos obtmned for
three different surface positions. At the centre of the circle, aa expected, peaked energy
levels poour (curve a), wirereas outside the circle no structure in the density of states is
measurable {curve of. U7 the density of states is measured o o distance of 0.9 nm fom
the girgle centre, sven more encrgy levels coour as shown by the anows n curve b

This enample of spectoscopic measurenents i of the spatial distibution of the
electrun waves in & potential well provides o particularly illustrative picture of guantum
mechanics, The construction of differcnt quantum stuctures by an stom-by-atom
mainipulation approsch using seamning probe misToscopes nowadays aliows a new Look

into the guantom world snd e direct apatial measuremer, of the eleciron waves.

Frpare 1

i o p whesy the progess af bujlcmg o guoir i
coprol comastimg of 40 Fo atoms pi:-'h'lillﬂ:-.l ol &
Cotl 1 psurfzce. The nesulting strictuy i the
2ihaliing wives miduced by the quantum confine-

it of sisface dldctrons in e stradtcre s visible

It three-dimienkiom | v lew
(e el thie g ezl [44]

Fabbricazione di “strutture quantiche” artificiali
(con nuove potenzialita)

F AT T A T g

difdv 10" QY

Fe quantum corral

f it i L L L

O-e,e p4 D2 00 02 4

voltage (V)

Fignre 331 Scanning ruonalling specrs
obtainad for differcit postticns in the guan-
tuny comal of Figure T, The apectia where
nbmincd

{a¥ in iha cirgle centra,

() 1.9 nm from the clrole ceurrm, amd

(£ ourtsicle the cirgke, A clear quantdzation of
atatzr can he scen imside of e circle. [44]
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Manipolazione laterale e ricostruzione substrato

Instead of evaporating foreign atoms onie a copper surlzce it is also possible to
reconstruct the substrate susface itself, which is more difficult due to the higher coondi-
natiar number and bmding snergy of the atoms Jocated in the surface or in siepa [49].
The expeniments shown here are camed out on Cu(211) substraes at 30 - 400C In
Figure 34 a sphere modz| of the copper surface {s shown, whereby the atoms are shaded
darker the deeper (hey lie. Lateru! manipulation of single Cu atoms parallel and perpen-
dicular to step cdges is presemed in Figure 35 [49]. A measure for the minimum force

Decessary 10 meve a copper aiom is the funnel resistance which displays the distance

beeween 1ip and sample. The tunnel resistanice used for motion elong a step edge was
wpprox. 700 k&2 and -300 ki1 for moving them over a st=p edpe: Figure 36a - ¢ demon-
strate that it is even possible ngle copper atormes Fom éven higher coordi-
nated =ites, The single Cu at fi18 waed 25 a marker. Figure 30b, ¢ show the
drag out of single Cu atoms leading to 2 corresponding vacancias in the mitial site of the
AT,

Furthermors i

2 moving single atoms; the loteral manipulation technique is
also capabledo move entire molecules)Gimeweski et al. deposited hexaster-buty] deca-
cvclene (HB- s omem Col 100) surface [50]. The dececyclens tore of e
HE-DM 15 equipped with sin bulky butyl-legs (Figure 37). Al monolayver caverage, the
molecules are immobile, forming 2 two dimensional van der Waals erystal (Fignre 38),
Separated HB-DC molzcules on & Cul 100) surfoce are extremely mobile, making il
impassible ioger ST images with stomic resalution.

For this reason a covernge of just less than oune muonclaver was chosen and STM
images resemble those of the immobilized 2-D lawice at full monolaver soverage, How-
ever, there are some random vpids, In this layer the molecules can be g sives with differ-
enl symmetry with raspect to the surrounding molscules {Figure 39, Melecules ar sites
of lower symmstry rotate at speeds higher than the scan rate wsed for imeging and there-
fore appear a3 torus Figure 40a. The molecules at the hipher symmetry sites are
observed as six-lobed images. proving that they are immobile Figure 40b. Gimzweski
used the lateial manipulation to drag & rotating HB-DKC molecule from a low symmetry
site into a higher symmetry site and the six lobes of the immeblized molecule was again
cleerly observed.

s Talle i

Flipgmme 338 STH mmages afan Cud 005 @irfa=

e s poniing wed fall maondlieer ddverage of

=18 il b oo lzmperafeer. age
firets e Lo e by 11 e §ACK

Possibilita di

manipolare atomi del

substrato o di film
molecolari

Figore 403 ST muges ofo Cuf 100w fce after
Exprosare Lo coverage st belos dee cormplote
rinpliwer B melecules al room tempera-
b o b b ol e 19 spmagned s o lomus and 18
(0 U location witee 1 I net in phase with the oaver-
il D meleculgr-overlaver: The malesole is romt.
g, (b Tle same molecld
(0 26 mmvand tmdgged a5 8 skl OFEE TR in reg-
ntry with the mrmounding molecules. Image aren is
S35 mm by S.75 un
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Manipolazione verticale

5.2 Vertical Manipulation
In the verical manipulation process, the adpamicles ere transferred from the sample sur-

face o the tip apex and viee versa [517], [52]. The first experiments on vertical STH

manipulation were carried out by Eigler “picking up” Xe atoms [51]. The group of
Rieder showed that ttansferring a Xe atorn te the tip spex leads o markedly improved
resolution [33]. The single Xe atom obvionsly “sharpens” the tip.
In Figure 41{a) [54], [55] & schematic presentation of the pick ap prn-ne.s.ﬁ of & Cp
moleculs from Cui111) s shown, Itis well known that 0O moleoutes i
Cufl]1 1} surface [36] with the carbon stom banding to the copper atoms. Due ™ 0ceE-
stonal contact between the tip and the susfrce some copper aloms are transiemed to the

) x. During the transfer of r]nf: co m@leuuhﬁ ta the tip, the mulacule TS Conse-
gueéntly rotate. A meligkle p i th '

wrface Tequines T
Up-surface distance. Figure= e thal ecs th ;

apen leads to a clear cl'u:mm.i mntra.sL F:gur: 4] b 18 s:.anmxl wuh a r‘tml metal tip and
all adsovbents appear as depressions. After the transfer of the CO molecule to the tip
gpex (imdicared with an white sreow) and reseansing the area, Fipure 41¢ shows that all
CO molecules changed their appearance to protrusions. Only the oxygen atom in the
upper left part of Figure 415 and ¢ retaing its appearance.

In [57] it has been described, how 1o combine the potential of single atom manipo-
lation of STM and simngle atom senaftivity of an atom probe mass spectrum o realize an
ultimrate technigue for surface seience, The Svarem vsed by Shimizu et al. consists of an
STM, an atom probe, load lock chambers and 2 mechanism to transfer ip and sample.
- The Ep can be transferred reversibly between the STM and the stom probe smees, To
investgate the pick-up of Si stoms dudng manipulstion, & clean Si surface was
. appragched with a clean tungsten tip applving a bias of + 2 Vand 0.3 nA at the sample,
© Adter mantipulation (he tip was wansterred from the STM to the atem probe. The atom
* probe analysis showed the formation of to different layers on top of the tip apex. The top

¢ most layer wag Wi, and the next layer was W51, finally the clean nnwsten surface

. dppearcd. Using this combination of an 8TM and an atom probe could prove that the

i tips during manipulation do not only adsord atoms but furthermore depending on the

. conditions allovs can be formey,

2

°CD
® co
DOO000 O8O0
Cu -Surface

Figure 41:
(u) A sketch of the picking up procedure of CO
molecules on Cu(l | 1) surfaces. Notice that the CO

molecule stands upright with the carbon atom
attached (o the surface and has to swiich its orien-
tation when being transferred to the tup

(h}. {c) STM images showing the pick up of a CO
molecule. Notice the chemical contrast afier the
pick up [54],

Molecole (o atomi) “sollevati”

e “riappoggiati” tramite variazioni della
corrente di tunneling
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Nanomodificazioni con STM |

5.3 Effects induced by the Tunnel Current

[t s also possible to excite atoms by the tip-sample interactions. Fjgu.m 42 shows g set of
consecutive STM images acquired with B s time interval The images show that the
defects change their lattice positions [28], [59]. The tip can excite defects by reveral
physical mechanism. The case shown here s based ona ficld-induced migrafion,due to

ﬂue strong electrostatic field penetrating into the aummnndmtm D:feﬂs can, however,

carrier recombination with elsctron-phonGn CoUpling SIEATE sumlz.r even fusther
mechanisims which may passibly excite atoms on %Iw su:ﬁace Which of those will take
place depends sensitively on the measersment 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 wbes were carried ol
using a STM [61]. At first the 600 nm® arez is scanned then the AFM cantilever is low-
ared at the positions marked in the lefl image and for cutting a valtage pulse of -6V is
spplied. The image on the right hand side shows the carben nano tube after cutting,

Figure 42; M1gnm 13(!
phosphorus vacancits
GaP{110) surface. The clme:
the lattice positions of the vas
cies is induced by tlwﬁg
scanning tunnelling mici
In this particular case the,
are field-induced. :

Campo elettrico creato dalla punta “eccita”
difetti la cui posizione spaziale puo essere
nanomanipolata
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Nanomodificazioni con STM Il

andi Gasenus Enﬂromnems

Electron-beam-induced etching snd deposilion is a way of writing patterns
on substrates in solution and in gaseous environments, The basic 1dea for

etching and deposition is very simple, The focused beam is used to supply
energy t ompose chemicals in a localized region>The decomposition
ts can include & metallic species 1o be deposited on a surface. or a

corrasive species intended to participate in an ewching reaction resulting in
locally etched structures on a surface. The substrates used include 81, GaAs,

graphite and metals. The STM system for operation in solution should supp-
Iy the necessary solution. To minimize unwanted Faradic leakage current,
the tip must be treated using some epecial methods such as coating wax up
1o the extreme end of the tip (Chap.4). Deposition and etching can also be
induced with the STM<dp as an elsctrochemical electradeto 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 t¢ account for the dissociation of organometallic molecules
19.35]. (i} Electrons mnneling inelastically between the tip and sample
break apan gas molecules adsorbed on the surface of the substrate, {ii) Cur-
rent traveling between the tip and sample can locally heat the surface of the
substrate enough to cause pyrolytic dissociation of adsorbed gas maolecules.
(iii) High fields between the tip and sample break down the pas 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
cught to be operated in the field-emission mode.

Nanomanipolazione di atomi di Xe

Fig. 9. a7 A sequence of §TM mages liken daeng the buiit-up of o peiiencd sy of
the lettey s 1, B and M consiructad of xenon sians on the 8800 serfaee, The stomiy sime-
ture Of e svickel syrfsce in paod resolved . (20 The suefiee ofter wenon doaing (bi=(F) ¥Yargua
alaped alu i U constrmoien . Each leties is 5o foom top we bodio |2 440]

Campi elettrici associati con STM
(soprattutto in field-emission mode) usati
per indurre “reazioni” locali
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Nanomodificazioni con STM llI

5.4 Complex Chemical reactions with the STM

In 1904, Ullmann et al, heatsd lodobenzene with copper powder a5 catd d discov-
ered the formation of biphenyl with high punity [A2]. This aromalic ring coupling mech-

e via increased tunvel curres it is possible to control this complex chemical rea-
tions at low temperatures step by step. 5. H. Hla of al. presented the
biphenyl molecule out of two indobenzéne on 2 capper surfaca s ]

The synthesis consist of three different sieps. First two iodobenzene (C H.1) have to
be digsociated into phenyl (C,H,) and indine (Figure 44a and b). Secandly the two phe-
ryl tings have to be located one o another (Figure 444 and &) and finally in the third
step, through tunnelling electrons the two phenyl rings arc associated to biphenyl
{Figune 4de),

To abstract the iodine from the jodobenzene the STM tip 18 positioned right above

the raolecule at o fixed height and a the sample voltage is switched to 1.5V for several
_seconds, The energy tansfer from « single electron causes the breaking of the C-1 bond

k

Figure 458 — ¢, [62] As the bond energiss of the C-H and C-C bonds are two and three
Eum higher than the C-I bond, it is not possible to break (hem with & single slectron
i process at this voltage. After prepering to phenyl reactants and moving away the ioding,
the left phenyl Figure 45¢ is brought closs to the other one by lateral mampulation using
the tip adsorbate Torces Figure 45d. Though the two phenyls are close together they do
not join al 20K, The two phenyls can easily be separated apain by Iateral manipulation.
Bath phenyls are still bond to the Cu step edge via their o, bonds. Figure 46 shows a
mode] where the phenyl 1s lying with its & ring on the terrace while one of its C atoms s
pointing towards the step edge and o-bonding to 8 Cu atom. The final reaction step to

mnism is now nearly 100 years old and known as the Ul mbining the
presented STM manipulation methods, namely ing of sdsorbents and the mflu-

asspciate the meen phenyls o biphenyl is done by positioning the tip right shove the cen-

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

2473 1#2 Cu = HP+2 Cul

ire of the pheayl couple and increasing the current drastically. The successful chemical |

Reazioni
elettrochimiche
“controllate”
localmente da STM

Figure 44: Schematic presentation of

the tip-induced Ullmamn reaction.

site.

{a), {b) Electron-induced abstraction of
the iodine from the iodobenzene.
(¢} Pulling the icdine atom to a terrace.

(d) Bringing together to two phenyl
molecules by lateral manipulation and
{e) electron-induced chemical associa-
tion to bipheny!.

(f) Pulling the synthesized molecule by
its front end to prove the association.

Flgare 45 STR e of the D mann synibiceas
rabicael by fie thyr

() Toven edobenmene moloculos ore shaorbed ot @
Clal 11D step edae Inteiducing 0 ol s pulse
thrcih the s abateacts the sodine Grom e pheoyd
moleciles

| Dee e mmadevule)

(e By Laveral meanipulatiss the msleculos are fur-
ihier sepnrated ol

{di ki plern] molaciibes ire moved together o fire-
e it thize nssogammiom. (sammearco 7 o= 5 am®) (48]
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Nanolitografia su resist con STM

9.3 Nanolithography on Resist Films

Direct writing of nanometer-scale features on organic materials opens the
door fousing f1m as a resist for the emﬁlngﬁ the possibility of
ing in air [9.30].
mm’ﬁe rtsis[tx ca}'l directly be exposed with conventionally focused elec-
tron beams to create various structures. The e-beam resist materials fre-
quently utilized in conventional lithography are Ful;fMath}rMethMrylate
<PMMA) and _polydiacetyleme—with urethane substitutuents (PABCMU),
They are typically sensitive to low-energy ( <20eV) ¢lﬂctmn5: The primary
beam of a conventional e-beam lithography system has a ::upsu!:{ghljr high-
er energy, so exposure of the regist occurs through interactions with secon-
darv and backscattered electrons produced by the primary beam; a Tesist 18
mn'sequzntly exposed over an area which is signiﬁ-:antly larger "’?”‘ the pri-
mary beam spot size. The STM, even working in the i}uld—em?ssinn nmqr:,
canfmpply focused electron beams with low energy which can interact with
resists directly, Because the tip can be held within a few nanometers from
the sampie, which leads 1o 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 he em-
ployed in lithography for writing directly on the resist surface. Thr..dagra-
dation in resolution because of interactions hetween the resist material and
secondary electrons in conventional lithography can be overcoms in §TM
lithography, which makes it possible to ob Is-
ing STM it is also passible to make a thorough imvestigation of the exposure
mechanism by controlling the bias voltage precisely (ie.. the energy of
electrons with which the resists are exposed) in a certain time interval u@ﬂ
constant current. In addition, STM generally ought to work in ﬂ_m field-
amission mode because the electrons must have enough encrgy to u1d1fu:e a
chemica! reaction in resists (i.e., to expose resists). In this mode, a linear

Patterning (seriale!) di resist con STM:
vantaggi rispetto ad e-beams

dependence of the tip-sample separation on the bias is ¢xpected in the ab-
sence of geometric effects, which make the widths of the features increase
with the bias voltage.

In order to be successfully exposed with an STM, the resist film coated
on conducting substrates such as 8i, GaAs, Au, graphite and so on must be

the order of a few tens of nanometers, for (wo reasons.

First, the low-energy electrons must be able to completely penetrate the
film in order to properly expose il and to prevent excessive charging of the
surface. 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 PABCMU 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 substrates by evaporation or deposited from a Langmuic-Blod-
geit (LB) film balance and spin coating.

Fig 9.3, Thie wross secdinnal protile
of @ 83Th Faborcateed criger v HOITO
Cheresd wprhi ihe neamercal esilis de
Lwed Feann i low siier i eletiion il
& v miodlel 19 15)
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“Dip pen” con AFM

Salt
(a) A ooy
. u
COoH GO0

COUH oo COOH

Ulteriore possibilita degli SPM:
Uso di tips funzionalizzate con gruppi
molecolari

Modificazioni superficiali (locali) di substrati
moleoclari

(c)
COOH/EODH Nanoscrittura tramite nano-funzionalizzazione
I
4
\
w5 Fig. 8. 16a-c. (a) Schematic of the surface
modification of the cantilever-tip assem-
E bly with a specific functional group. (b)
|8

-10 Q 0 20 30 4

Dizpiscemant {nm)

\q’ coorew,|  Theinteractions between a tip terminating

in COOH groups and a patterned sample

|2"-N terminating in both CH; and COOH

groups, (c) Typical force versus displace-

CHyCH, ment curves recorded between a COOH-

terminated tip and sample, a CHy-termi-

'|2"N nated tip and COOH-terminated sample,

and a CH4 -terminated tip and sample in
1 A 4 i i 1 ethanol [8.62]
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31.7 Polymer Medium
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Nanoindentation |

Microscopia a sonda
(soprattutto, AFM) usata
per modifiche “plastiche” a
superfici
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Deformazioni (reversibili) termoplastiche utili
per data storage (es.,

“millipede”)
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Nanoindentation Il

Posshilita di cicli termomeccanici di
cancellazione e riscritttura
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Nanoscrittura con campo prossimo |
Photosensitive Enlym_r sample

arohenzene mesogenic umit (3—nt‘ﬂtyl-4":-pu1trh3qr} connecied i the main cham
by an hexamethylens spacer (PMA4L

--ﬂ'ﬂﬁ; .';":L.‘aé': -"“r:" ........................... : ................................................

Samnpples preparation

* highly concendrated schrtion of PMA4
powdear disschved i chlorohanzene; stired
at oo terperature For a Felrhours: |
* Hhemal trestment before impression

* fm from sngle doops of sobufion o
Coaning 4079 glass subsivate and spinning.
at = 2000 - L0000 xpon. i

Fotoisomerizzazione
dell’azobenzene

See http://www.df.unipi.it/
gruppi/struttura/ma/page.htm

FiMA4

co-polymer (x 2 0}

1y
chemical sirwobhue
EHy  §CH; 0 —hhn—@:—:}—cu:,n‘—'ﬂl_- homopolymer (x = 0)

"T,= WK
-Above T, nanatic phase up to

T - 353K

*Confermational dransition ot 320 K
=Filrn fhicdkaess = 100 - 200 no

a)

Il campo prossimo prodotto dallo
SNOM puo essere impiegato per
provocare modificazioni (morfologiche
o di proprieta fisiche) locali di materiali
polimerici

a8 ¥ %W
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. Nanoscrittura con campo prossimo Il

istrucimred:F VAL thon fdm

{oct mmpmalimece Gt Hatee - Sleila Srien siee <ok S Nanoscrittura ottica di rilievi

ih} 30570 copolymer (zenzor speed = 20 nns, size = 2 x T Lt .. . . .

{c} 30770 copolymer{speed = 50 nmyis, size = F00 x 0 nm*} topografici (Per mlgraz_lone di
; massa o altri fenomeni

morfologici superificiali)

45 nm widih

@U TOINDUCED BIREFRINGEN GD

M Cormoen, 710727 (023 T
4 ._._T_[{ 2 Ui ers | | meal:a]ig:mmﬂfan amobenzaie side
a dfmmp-:nl_','mﬂ' ic utrbmmdb}'ln-:aﬂl_r
ﬂ.bmmm 100 ren thick Al with
. . . ; fizted polaization bhue lizht (453 ren)
Nanoscrittura di strutture ottiche di T
2 8 2 3 c pnlanmﬂm cercitie SHONT af the
SIS RENETETEE EITE oreslegthoof00nen,
birifrangenza indotta (vantaggiosa in 3

termini di tempi di risposta, non
essendoci migrazione di massa

i

T )

B 120
£

TS
| immgth §rmik

100-200 non wide smgle line

"-.I
-

=
L] i L]
"

T pan spaced Tines 0.5 mrp-uadlnﬁ

Viko Bines, M Lahar, L Parii, M Allegrin, 1 Giorilane, & Arera, § Patané APL = 33120000

Fisica delle Nanotecnologie 2004/5 - ver.3 - parte 10 - pag. 45




