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Metodi di osservazione e fabbricazione di nanostrutture
con fasci di cariche: microscopia elettronica SEM, TEM per
analisi morfologiche e strutturali; litografia a fascio elettronico

(EBL).
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Microscopia elettronica

Ingrediente fondamentale:
| di de Broglie per fascio di
elettroni accelerati

Componenti importanti:
lenti elettromagnetiche per realizzare
fasci intensi (collimati o focalizzati)

Prime “peculiarita” microscopia elettronica:

- elevata energia cinetica delle cariche
--> possibile danneggiamento campioni

- superficie campioni a potenziale definito
--> necessita preparazione (se isolanti)

- complessita preparazione fascio elettronico
e necessita UHV

4,11 Wave Properties of Electrons

The focusing of an clectron beam is possible because of the dual, wove—pardcle
characler of electrons. This wave particle duality is expressed in the de Broglie
relationship for the wavelength of a particle:

A =fimp (4.1}

where m is the mass of the particle, v is its velocity and h is the Planck constant.
Assuming that the accelerating voltage in the electron gun is ¥ then the electron
Znergy is given by:

mit j2 = el (4.2)

he charge on the elecuon, It follows that A= #/2me¥)™, o

hen ¥is in volts. This numerical value is approximate, since at
he ating voltages commonly used in the electron microscope, the rest mass

ot the clecu's:-u my, 18 appreciably less than the refativistic mass, m, and u correction

term should be included. in the equation;

s h
A= (4.3}

]j[zm-ﬂer(l + z::: H)]

where ¢ is the velocity of light The relatvistic correction amounts to ca 5% at
100 kV, nsing to 30 % ar 1 MV, The electron wavelength st 100kV is 0.00370 nm,
which is nearly two orders of magnitude less than the interatomic spacings typical of
the solid state. At 10keV, which is typical of many applications of scanning electron
microscopy, the wavelength is only (.012Znm, still appreciably less than the
interatomic distances in solids.
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SEM e TEM

Da Brandon Kaplan
Microstruct. Charact.

Typ. filamento (ddp 100-400 kV):

of Materials W: j~5x10% A/m?
Wiley (1999) . /LaBG: j~1x108 A/m?
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: sstem 7 current depsity (TEM):
_— Observation i -10 11 2
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e I N Raccolta (ad es.)
system (generalmente CCD) _ _
i elet}ronl secondari (SEM)

. B . . ) _Iﬂll.’ll‘l.' 4.2 In the SCANnING clectron mucroscope, a fine pmb& of ]Jl.i'i'l'Enh“i‘r' clectrons is
Fllglln' 41 Simwlar A the transmission oplical microscope, he (mmsmission clect fiscused on to the sample surface and then scanned aeross the suface in g televigion rastar A
micriscope bas a source, & condenser svstem, a specimen stage, un phjecnve lens anil o lignal generated by the interaction of e probe with the sample is collected, l]il‘l’]pljﬁl.:d "ﬂld
irsaginge system, as well as a methed or observing and vecording the mape fisplayed on @ monitor with the same tima base as the raster used to scan the sample ’

Transmission Electron Microscope (TEM) Scanning Electron Microscope (SEM)
(“analogo” a microscopio ott. a trasm.) (“analogo” a microscopio ott. a rifl.)

Processi di scattering e/materiale: elastici ed inelastici (pitu importanti in SEM)
Immagine ricostruita da scansione (SEM: processo “seriale”)

Necessita assottigliare campione (TEM: preparazione difficile con “mole” e ion-milling)
Accelerazione typ. e: decine di keV (TEM), keV (SEM, anche <l1keV e in basso vuoto)
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Cenni di ottica elettronica

Lenti costituite da configurazioni di campi elettromagnetici statici
--> possibilita controllo focalizzazione!!

(&) aberrazione sferica

Risoluzione “teorica” sub-nm e
profondita di campo ampia (TEM)

4.1.1.2  BESOLUTION AND FOCUSING

Given that the maximum beam divergence in the ¢lectron microscope is less than 1°,

’ Ve 1'-II By &,
the Raleigh criterion for the image of a point source can be reduced to the following, £ 0 \
d = 06l4/using = 0.614/2<60). By inserting the value for the wavelength st Dise [.:cl igast confusio / G

100KV D l.*..-- the potential resolution of the electron microscope should be of diffrazione =

the or Al higher operating voliages, an even better resolution should be
miﬁibtﬂ {seebelow), Figurd 4.5 Thee diflkaic s amd (v sgianal abeamstion limiis an neaobeding iy an oppiie
- : B i v . m] [ dprnallenice onr dhe ampler sperime of the ubjacnve, sk ihal s oprinurm walug al' & maass
As & grose approximation, we can use the light-optical expression for_depth of
field, d = d/2, so that the thin-film specimens used in transmission electton i 2
microscopy should be of the order ni) in thickness if both the top and S
bottom of the film are to be in focus sim enisly. A similar evaluation can be used . sy VA
for the depth of focus. D = M2d, so that at 2 magnification M of 10000 the expected
: | : § 3
dertth of focus is of the order of metres! There is no pmblml-n whatsoever in focusing Flgure 44 “Sghicionl (6 aid clrustiatc abirethin (53 proveit 4 el besay S kg
an Image on a fluorescent screen and Buhﬂquﬁﬂﬂ}' rmfdjﬂg the same mage on a Barought 10 4 point focus. lostead, & dise of least confusion s formed m the fool plise
photographic emulsion placed zome distance bereath the focusing sereen,

aberrazione cromatica

Analoghi elettronici dell’ottica

Da Brandon Kaplan .
convenzionale

Microstruct. Charact.
of Materials
Wiley (1999)

Ottica elettronica “sensibile” a fenomeni di aberrazione, astigmatismo,...
Difficolta controllo repulsione Coulombiana fra elettroni
Possibilita effetti di carica spaziale (in campioni non buoni conduttori)
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Meccanismi di contrasto (soprattutto TEM)

Interazione elastica elettroni/materiale (nel TEM) Incident

beam

1. mass thickness (materiali amorfi, intensita dipende Spedimen

da quantita materiale attraversata)

2. diffraction (materiali cristallini --> diffrazione
Bragg, sensibilita a difetti cristallini)

3. phase contrast (per alta apertura numerica, legata

a interferenza di\vari fasci diffratti)

I cidey il

Speaiman

TR ISR I — —1 ) - LE'T‘.‘I
Image plans —
I 1
iTh \
/'I . Contrast
Figure 415 |1 the obsective aperiire atcepts o Frgg-liffrscied beam ds well ms fhe diect

{rinaeniined beipn, = o= 20, than mn inderference pattern will be formed inothe muge plane is o

el mf the difference in path Renuths ol the niadi beanm

Envelope of
amorphous elastic
scattering

Da Brandon Kaplan

Coherently Microstruct. Charact.
scattered of Materials
diffracted Wiley (1999)

beams

igure 4.12  The incident beam is clastically scattered by the sample, cither randomly (a
lassy or amorphous specimen), or coherently (a erystalline phase), The image may be tormed
iom the direct transmitted beam. by a diffracted beam. or by the interference of the diffracted
eams with each other and/or the direct transmitted beam (see text for details)

Informazioni morfologiche e strutturali
(spesso “convolute”) ottenibili
con elevata risoluzione spaziale
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Bright/dark field TEM

lens
%
N
5 N2 PI'Oj'BCtUr i
' lens
Screen
Diffraction pattern Image

Figure 4,14 The transmission electron microscope can be used to image the specimen by
focusing the final image in the plane of the fluorescent screen, or it can be used fo image the
diffraction pattern from the specimen. In the first case, to an excellent approximation, the
image of the specimen is observed when the imaging system is focused on the front focal
plane of the objective (the position of the specimen). while the diffraction pattern 15 observed
wher the imaging system is focused on the back focal plane of the objective (which
corresponds to the first image plane for the diffracted and transmitted beams)

Bl Specimen
/< In materiali cristallini (anche nanocrist.!!):
i Ot’li;f}&“'e ' possibilita di ricostruire il reticolo
Objective (concettualmente simile a XRD)
aperture
\ Operativamente: modifica apertura
SAD g - numerica (accettanza) obiettivo e
aperture .. . . .
condizioni di focalizzazione
7 - Intermediate

Contrasto esaltato da difetti reticolari,

stacking faults (irregolarita di crescita),

anti-phase boundaries (difetti ai
bordi grano in policristalli),

coherency strains (deformazioni
reticolari su media scala),...

Da Brandon Kaplan
Microstruct. Charact.
of Materials
Wiley (1999)
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Esempi di TEM images ad alta risoluzione

Figure 4.53  Transmission electron micrograph of a NbO particle located at a grain
boundary in polycrystalline alumina. Phase contrast {lattice fringes) and mass—thickness
contrast vary from the alumina grain to the NbO grain

;-(ﬁobé}

Figure 4.55 Lalitice image ol a SiC particle located within an alumina grain., The alumin
lies along a low-index-zone axis, and is the source of the lattice image. A moiré pattem
appears within the SiC particle due to overlap between the alumina and SiC (in the direction of
the electron beam})

Informazioni estremamente dettagliate
su campioni cristallini sottili (previa
interpretazione e per morfologia “piatta”)

Figure 4.54  Lattice image of a rthombohedral twin in alumina
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Generazione di elettroni secondari (SEM)

(a) |

Nel SEM gli elettroni non attraversano
il campione:

--> analisi anche di campioni spessi
--> conducibilita campione cruciale

(metallizzazione campioni isolanti)
Incident  --> contrasto legato prevalentemente a

Incident
l beam

_ energy
bl

|

| Seconcary

% alactrons

ol Increasing

= path length

Elactron enargy

Fiewre .29 (b) The electron beam is oelastivally seamtered withim an envelops bounded by
the condinen il the average energy bas reached the tharmal kinetic value £¥ by The encriy
spread increases and the average energy of the electron fulls as the path length within the solid
nereases (channelling ffcets amd lattice anesstropy being wmored ), (€] Randdom seattering
models for individual electrons (Monte Carlo simulation) provide o vivid image ol both the
encrgy distriburion and the spatial distobution of the electrons in the volume of the mareral
penenth the beam. as well as the origin ol the back-scatigred electron siznal

generazione di elettroni secondari

--> risoluzione inferiore a TEM (contrasto
per processi meno “diretti”, minore influenza
del reticolo cristallino, possibili effetti di
campo locale per I'energia relativamente
bassa degli elettroni secondari,...)

SEM: interazione anelastica
elettroni/materiale

Da Brandon Kaplan
Microstruct. Charact.

of Materials
Wiley (1999)
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Meccanismi di contrasto nel SEM

Increasing
atomic
number &

Figure 430 The inelostic scoltering envelope Tor an incident beam of enerpelic elecrons
depends on both the ineclent energy and the atomuc number of the twreet, and is gualitaively
charncterized by the twa parntelers, diffusion depth, and penctration depth (or mnee)

Sezione d’urto scattering inelastico dipende
da numero atomico Z

Collector
(Ca+200 Volls)

Secondary electron
trajectories

Specimen

lpure 437 Sceondary clectons can be collected from regions of the surface which dre pol
e i of sight” of the collecton

Risoluzione spaziale dovuta a
focalizzazione fascio elettronico,
non a meccanismi di raccolta
degli elettroni secondari

Energia elettroni secondari dipende da
configurazione elettronica

Intenita fascio elettroni secondari dipende
da lunghezze di penetrazione e diffusione,
cioe da densita materiale, Z, carattere
metallico, ...

Ulteriori informazioni locali di
microanalisi da scattering inelastico
(es.: X-ray Photoelectron Spectr. - XPS,
Rutherford BackScattering - RBS,
Secondary loniz. Mass Spectr. - SIMS, ...)
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Litografia da fascio di elettroni (EBL)

Fascio focalizzato di cariche accelerate puo essere usato per:
- scrittura diretta (soprattutto con ioni, Z maggiore, cfr. ion etching/milling)
- scrittura (impressione) di un resist e successivo trasferimento pattern

ELECTRONS TABLE 1.6 Electron- and [on-Beam Applications

Flectron-Beam Applications lon-Beam Applications

4

% VACUUM _ . - A
% MNanoscale lithography Micromachining and ion milling
f Low-vo ning electron Microdeposition of metals

// ¥ MiCIoscopy

Critical dimension Maskless ion implantation
RESIST measurements
Flectron-beam-induced metal Microstructure failure analysis
depogition
Reflection high-energy electron Secondary ion mass spectroscopy
P diffraction (RHEED)
. y Da Madou,
1) ELECTRON-BEAM LITHOGRAPHY Scanning auger microscopy iﬁ Fundamentals

A . of microfabr.
L CRC (1997)

Tecnica di scrittura “seriale” (pattern generato in sequenza) --> alti tempi di processo
(in linea di principio e possibile anche litografia con maschera su area estesa, ma maschera e critica)

Sviluppi recenti: array di emettitori ad effetto di campo (es. nanowires, nanotubes)
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Requisiti fascio elettronico per litografia

Risoluzione spaziale legata a focalizzazione del fascio (come in SEM)

Necessita fasci intensi (per velocita processo, efficienza scrittura, ...), ma a basse

differenze di potenziale (alcuni kV)
--> field emitters (eventualmente in array per EBL parallela)

Field and thermionic emission and photoemission

| Eromn Li.t':dquim et ab. Research ond Bevelopment, June, %1-98, 1990 With

eSS )

Electron emission in a water bucket

THE THREE MECHANEMS used by field
emmigsion sources all basically involve
ermitting efectrone and lons from a
metal surface under the influence of
o strong elactric Held

Uinderstanding these mechanisms
15 where the water bucket comes in,

In this analogy, the water level in
a bucket represents the Fermi leviel—
the highest occupied energy level in
z cathode materal. The werk Tunce
tion is thie energy required to get the
water droplets (elecirons) from the
top il the Tigmd out of the bucket,
This is the distance equivalent to the
petential energy barmer

In photoermssion, photon energy
excttes elechons atl the Fermi lovel] of
1Te cathode material and can impart
enough Kinetic energy to allow
electrons o escape from the bocket.

In thermonic emission. heat ther-
rrr.n“:.r exCiles thn.- E]uuom. pll:i‘-".ldll'lg.

tlﬂ am:l ok n[ e Bkl
In field emissicn a high slectric

fiold can thin Ihe side of the buckat

reugh 9o that the electrons car

nel through it

o
4]

Wirk
Farmi tunction
leval

Phistoemission

Wik

Ferrm funation

Thermiornic emisson

Work

Fermi function

level —*

Fild amission

Micro- e nano-fabbricazione
necessaria per field emitters

\ A /

ST

| = e TEE———

Ace N Gpot HaEn Wil Emp
ZrEI04 G000 QUG 4610 T

...:HII."' 40 000 TGS 1)

This carbide crystalline tip, with a radius of
100 angstroms, or 10 nanometers at the top
and 0.5 micron at the base, emits electrons

in-a tiny beam.

Difficolta in manipolazione fasci di cariche:
repulsione Coulombiana
(ma vantaggi nella flessibilita di
focalizz. e dose impartitaal resist)
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Resists in EBL e risoluzione spaziale

Resists organici (es. PMMA, stessi meccanismi di fotoresist!!) oppure inorganici
(es. film sottili di fluoruri, calcogenuri amorfi, AsS, AsSe,...)

Problemi EBL:

scattering inelastico elettroni da resist (o substrato)
--> elettroni secondari, raggi-X, etc.

--> riduzione risoluzione spaziale (cfr. anche XRL)

I

- Uso di resist “robusti” (typ. Inorganici) e compatti
(film sottili policristallini o amorfi)
- Spessori resist ridotti (per evitare fenomeni
secondari), typ.< 100 nm
- Uso di basse differenze di potenziale e controllo
accurato della dose

Risoluzione spaziale ultima fortemente
influenzata da processo di interazione
con resist (e substrato)

(&

Effetti di sovradosaggio

oy

v

.., = =
= 178 Lo

ik

Fro. 3. Single pass lines etehad oo S asing the twoostep ECR etch, for
KRS resistoxposed o 1 kel dadond a 20 kel (Ish with line doses of | and
|75 plldim, respectively.
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Possibilita di patterning sottrattivo o additivo

Two type of pattern transfer(subtractive or additive)

Posilive Resist Negative Resist

Exp)s'r_ng + Exposing
Reslst Exposurs Lyd Fadsiion b Resist Exposure *H, R datio
i | | — Rasiat =W
— Thn Fitn et &
— 3ustrete

Mesigt Developrmaont Resist Developrnst

Filrri Etchirg Filrn Deposition

— Thin Fiin

Resist Removal Resist Rernoval (Littoff)

Alta flessibilita di processo (purche EBL sia integrata con fabbricazione)
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C.P.Poole F.J.0wens
Introd. to Nanotechnology
(Wiley, 2003)

Shield 'RRAD
< § B9
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(a) (b) (c)

Resist —

o [TTT1T]

Substrate —

mask
¥ Quantum

fmm mmm e

(d) (e) U (9)

Figure 9.4. Steps in the formation of a guantum wire or quantum dot by electron-beam
lithography: {a) initial quantum well on a substrate, and covered by a resist; (b) radiation with
sample shielded by template; (c) configuration after dissolving irradiated portion of resist by
developer; (d) disposition after addition of etching mask; (e) arrangement after removal of
remainder of resist; (f} configuration after etching away the unwanted quantum-well material; (g)
final nanostructure on substrate after removal of etching mask. [See also T. P. Sidiki and
C. M. S. Torres, in Nalwa (2000), Vol. 3, Chapter 5, p. 250.]

Figura 8.7, Photoluminesoenes spectrur of an aray of 80-nmedizmeter quantum dals formed
by Hhograpoy. compased with Iha spacirum - of the nitial a3-grose mullipe quanium well The
inferce poak at O 7E&d eV s atwibuled 1o koslized axctons (LE) Inthe suoedatics (S The
spechra wers faken at temperature S8, [From 1. F Sidiki and G, M. 5, Temes, in Malswsa {2000
Vil 3, Chagner 5, p. 251

Tecniche litografiche (EBL)
+

crescita film sottili

— Esempio di fabbricazione EBL di QD “nanostrutturati”

Fotoluminescenza eccitonica

esaltata in QDs
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Diffusione industriale EBL

Brochure di sistema EBL commerciale Hitachi (1999!!)
HHaohl Raview Vol 48 Mz H
[epih of Toous
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il o _ | plliens
[ ¥
\\Q“x - |3 i

Mg — 1" sl

] \

i e

[ i

.\'- - - -
i i =
" o - !
i Csk\ T
= Phr el e ] e e o
Sl eme ™ S H\\

Theroughpas (o ol 20 om owalars per hoor)

X W e L e | thin
Shoteoomt per wafer
I prowessing tme per walur N number of shobs
B0 TEslsE sensiivity J- heam densily
AT W L .u:hijug 1.:|In1|.- - T .wn.'.:h...ulj tmie
T= 0 (RO ) - J=10Argny
046 pm 012 um Te=100) s Tia=30M1e
o il e Fryg. 4— Relagomship Senvegsr 8o Coane cond Throuehpul,
Figy, I— Resolution aod Degril of Focny, Flgnere showy the pefationship etveen sihol count regriired
Fipnive shonne e vesodarion g degpth of focwes foe O Do aand apgly parterns fo o wajfer and oo She Sl
U1 E 2y imr fime-coml-snprnce purttery, aimrniyles aov te ol oot Rcreasey

Possibilita diffusione industriale (per dispositivi non di massa)
e sviluppi oltre la “barriera” dei 10 nm

Fisica delle Nanotecnologie 2003/4 - ver. 2 - parte 9 - pag. 15



