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Outlook

 Thin films as a basic component of micro (and nano) technology

« Two-dimensional quantum confinement in thin heterostructures: excitons
and optical properties

 Epitaxial growth: problems and limits in film thickness

» Nanotechnology by evaporation (Feynman’s speech): Molecular Beam
Epitaxy

* An overview of physical deposition methods (and a few words on chemical
deposition methods)

» Examples of self-assembly in the organic world
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Thin films of inorganic materials

Solid state materials: typically they have a polycrystalline nature:
- “grains” with a well defined structure (proper lattice structure);
- large scale organization (mutual arrangement of different grains);
- grain size strongly depending on the material (and on the deposition method)

Thin films:

- basic ingredients of solid state technology (micro- and nanotechnology);

- relevant also out of the electronics area (e.g., structural materials and coatings,
tribological surfaces, ...).

- thickness varying through a few monolayers (below 1 nm) to hundreds nm;

- “geometry” can be considered 2D (e.g., columnar growth of the grains)

Very bad example: ceramic materials

AFM image (3D persepctive view)
of YBCO film  »
deposited onto metal subs.

(scan size approx 2x2 pm?2,

max. height approx 180 nm)
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Semiconductor materials engineering
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basalplane lattice constant of ritrids
matarials comparad with SIC and Gads.
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mixtures ANAGaN, ™ Sandal, ' and
GEaN/GaAs. © The dotied cune
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the GalNAs gap toward Gan,

Fig. 9.2. A plot of the low temperature cnergy bandgaps of a number of semiconduc-

trs with the dizmond and vinc-bende structure versus their lattice constants. The shadded
regions highlight several Tamilies of semiconductors with similar lattice constants. Semi-
conductors joined by sedid lines lorm stable alloys., [Chen AR, Sher A Sewticomductor

Allays (Plenum, New York [9935) Pawe 1)

Da Yu and Cardona
Fundamentals of Semicond.
Springer (1996)

Emissione nel blu con GaN

Recent
semiconductors for
the blue range
(blue lasers)

See MRS Bull. 27 (July 2002)

“Solid solutions” of alloys
to tune band-gap
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Semiconductor heterostructures
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big. W3, Schematie disgrams of three arrngements of the confinement of elecirons and
hiles in MOWS and superlattices lermed by wo semiconduciors A gnd B with Banclzaps
E_-Jk and -Eglj- i":-'-\'rllv'..:'ll‘r'i'l_'_-'. Iin [‘p']'-'t.'- I '1£II1IFI||_"1. buoth the clectrons and holes are comlimeeel

n the same baver A, The eleTgies of e conlmed pariclcs are represenied by red e,
In type I0A syslems the clectrons and holes are confined in difforen) Javers, Type 1B
simples are o special case ol tepe TTA behavion They are cither small gap semiconductors
or szmametals

Es.: A=GaAs (E, ~ 1.5 eV, lattice 5.653 A)
B=AlAs (E; ~ 2.3 eV, lattice 5.62 A)
or B=Ga, Al As (con x typ. J 0.3)
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MQW: 1D potential wells

11,94 Nanostrutture 8 dimensionalith ridetta

Pozzi quantici (O dall'inglese Quannam Wells),  Un caso interessante di na-
Eostruitura si presenta quando le barricre sono cost spesse che ogoi strato ira esse
eacchinzo si pud congiderare toalmende isolato dagh alri. In tal caso la simmetria
iraslazionale & completamente interrotta nella direzione =, dove la differenza tra
E,4 ed £, p inroduce un potenziale di confinamento V. 11 sistema presenta allora
statl discreti nells direzione =, i corrispondenza &d ognuno dei quali s ba upa
banda bidimensionale in by, by (2ouobanda).

Sviluppando la soluzione generale in funzioni di Bloch dei eristalli perferd
ed wilizrando 1'approssimazions di considerare solo gl stati al massimo ed al
minimo della banda, con un procedimento-analogo & guello usato per i campl
magretici e le impurezze, si giunge alla seguente equazione per la funzione di
inviluppo;

Schrédinger equation
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Sostituendo la (11.92) nella (11.91) s possone separare due equazioni indipendenti:

[_. L % - eﬁ,(z}] #al#) = Enf0)en(2) (11.93)
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La soluzione della (11.94) ha come ausovelori quelli di una particella libera di
muoversi nel plane s
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La soluzione defla (11.93) dipende dalla forma di V(=). Nella ipotesi semplificamice
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Come si vede in fiz. 11.33a, essa ba forma parabolics in Jipendenza da ks e &y
& queste parabole sono separate fra lore della quantithd B (0). Le parabole EXE) in
due dimensioni sono chiamate sottobande ed hamno densith di stat costante come
indicate nel cap. § e mostrato in fig. 11.33b,

Considerando il potenziale finito, si oftiene una correzione alle espressioni
precedent! dalle opporune condizioni &l contorno, O calcolo per gli stati di buca

" & piih complesso per la depenerazione della banda di valenza, che ncieds un
calealo con I'operatore Ejy(k) ottenuto dalla matrice di Luttinger. L'effento prin-
cipale & ottemibile dalla simmetria ridotta, che richiede la scparazione deghi stati

. di massa pesante da quelli di massa leggera Eyny. Eypge Bappy, - c€2Vy andlight hol

. In comispondenza a tutti gli stati disceeti si ottengono “sottobande” En(kz, ky),
i di natura bidimensionale. A titolo di esempio riportimo in fig. 11.34 sonobande
';'uk:ulltedinhﬁwﬂcbmhpuilmmpﬂmmmdiwzziqmﬁniﬂﬂﬂ&
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Excitons in MQW

Excitons: electron-hole pairs, produced, e.g., by photon absorption
Electron-hole system is a bound system due to Coulomb force

Il calcolo dedl'energia di legame degli eccitoni pud essere effettuate in modo
analogo a quelle delle impurerze nei semiconduttori se le bande di valenza e di
conduzione sono sferiche ¢ non degeneri, Analogamente s quanto visto nel cap. 11,
si ricava che i livelli idrogenoidi (riferiti alla cima della banda di valenza) hanno
energie date da:
wet 1 hydrogen-like atom system

K72
ove n ¢ il numero quantico principele, ¢ la costante dielettrica, e x la massa
ridotta del complesso elettrons-buca

& m.l_: " mi; ; (12.108)

Nei semiconduttori abbiamo viste che e ~ 10 e g =~ 0.5m., per cui I'energia
di legame degli eccitoni sard dell'ordine di qualche decina di meV. A causa della
grande costante dielettrica I'eccitone & dunque debolmente legato e la distanza
media eletirone-buca 2 dell'ordine di decine di distanze reticolari. Un eccitone
con gueste caratieristiche & chiamato eccitone di Wannier-Mott, e ne discuteremo

En=Eg - (12.107)

1
m

Exciton formation is favored in
type | MQW thanks to space
superposition of electron-hole
wavefunctions (quantum
confinement)

GaAs Buffer MQW Laysr
H Egy |1 Eyy
E | f\/
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Figura 1228

Fluorescenen scoitomica da en poezo quantico (LW} CaAwGny _  Al-As ¢ dal substmato
Mllllhiﬂihhpﬂd:mﬁﬂrmm:m By &l By gli eccitons
dfm_pumaﬁHMI:mnndq.w.Pﬂmrﬁmtﬂmunmhﬁﬂnﬁmu
piceo 41 bucs leggers compere solmnte sd st swonpertere dn Bacrescenze, mentre bovisi-
bife = riffewtivish, (Da ¥, Ches, B Cingoloni, L.C. Andreari, F, Bagsam & . Mawdes, [ Nacvo
Cimeata D10, 847 (|983)).
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Problems in heteroepitaxy

In principle, we aim at growing a thin layer of a (poly)crystalline material either over a
substrate or another layer

Homo-epitaxy: no change in the lattice parameters (i.e., in the material!)
Hetero-epitaxy (or pseudo-epitaxy): “slight” changes of the lattice parameters

Da M. Ohring, The materials
science of thin films
(Academic, 1992)
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Fig. 9.1. High resolution transmission electron micrograph (TEM) showing a GaAs/AlAs
superlattice for a [110] incident beam. (Courtesy of K. Ploog, Paul Drude Institute.

Berling) In spite of the almost perfect interfaces, try (o identily possible Al atoms in Ga SUBSTRATE H E
sites and vice versa I
MATCHED STRAINED RELAXED

Lattice m atching is a Flgure 7-1. Schematic illustration of lattice-matched, strained, and relaxed hete

taxial structures. Homoepitaxy is structnrally very similar to lattice-matched heter

crucial issue taxy.
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Problems in the growth

“Systematics” of thin film defects

SUBSTRATE

Figure 7-10. Schematic composition of crystal defects in eptiaxial films: (1} thread-
ing edge dislocations; (2) interfacial misfit dislocations; (3) threading screw dislocation;
{(4) growth spiral; (5) stacking fault in film; (6) stacking fault in substrate; (7) oval
defect; (8) hillock; (9) precipitate or void.

Large variety of defects can occur, often enhanced when nm-sized thickness
IS concerned
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Some requirements for epitaxy

23 F rowth Modes —
Nucleation and growth oFa film proceeds from energetically favourable places on a sub- bl Advacancy
sitate_surtace and even the cleanest polished surface shows some structure. Figure 5 Step Cluster

shows schematically the structure of a well-polished single-crystal surface, The charac-
teristic features are the terraces of length, Z,, the steps and the kinks within the step line,
which otherwise runs along well-defined crystallographic directions. If the surface diffu-
sion is fast enough a randomly deposited adatom will diffuse to the energetically most
favourable places like steps and especially kinks. If at lower temperatures the diffusion
is slower, several mobile adatoms may encounter each other within a terrace and may
form additional immobile adatem clusters within the terraces, Similarly, advacancies
and their clusters might be formed at the end of the coverage of a terrace. By reducing
the step distance and hence the diffusion length by vicinal surfaces, Figure 6, the step Cluster
controlled growth may be extended to lower temperatures,.

The details of the growth modes for the simplest case of homoepitaxy, thy growth

of a film on a single-crystalline surface of the same material, 15 indicated-inFigure 7. As : : -

; ; ; : Figure 5: Schematic view of the elements
discussed above, step propagation dominates at higher temperatares an -

o ; 5 : ; : B : of the surface morphology [3].
sition rates and two-dimensional island growth will predominate if immobile clusters are a)
formed by the encounters of mobile adatoms. This simple picture is, however, quite fre-
quently modified: if the jump across the step is kingtically hindered multilayer growth
will be observed—This-enlarged activation energy for the jump across the step is called
bel effect and can be understoed in a simple model as the adatom is

om the surface in the saddle point of this jump.
I

1 f1oa)
Vicinal surface SaEmca Island growth and
(engineering of the m coalescence rule thin

surface through film formation

Advarancy

-Schwoe
nearly dissociated

] 106l 4R
substrate cutting) I
|
—
Figure 7: Growth modes
Da R. Waser Ed., Nanoelectronics and = ; . of homeepitaxy:
information technology (Wiley-VCH, Ft"':':.ﬁ' Ch‘“‘?‘“';thzml‘_lhmm?'* (a) step-propagation,
2003) B piinga emitieg at d emat ANglRto g (b} 2d-island growth, and

major erystallographic direction,

P P e i S (¢} multi-layer growth. 12004/5 -ver. 1- part2 - pag.10



Diffusion and Schwoebel barriers

Thin film formation implies diffusion of the impinging particle over the substrate (or the
underlying layer)

Material diffusion at the atomistic level is a thermally-activated process involving a
diffusion coefficient

( ;I- I
m Diffusion coefficientt:
. D = D, exp(-E/KT)
Al ang
| .. X . v\ Local change of the energy felt by
ED ER\ f | Ea the particle during diffusion close to
the edge of a step

> D, turns out to depend on the site

X

AE

In the initial stage, diffusion is affected by the substrate
iInhomogeneity at the atomistic level
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Heteroepitaxy

If we want to grow an epitaxial film on a different substrate {m-nal\ed@

material pararmeters have to be considered in addition: the surface energy, =,

and the lattice parameter or lattice match of the two materials. Forthe case of pood Taf-

tice match the difference in surface energy leads to two different growth modes as indi-
cated ity Figore 8a and b, As long as .

Mayer + Faubstrabe layer = Toubstrmie (41

surface energies of the cr}rsta g TCHTI
which are often not available in data referem:e tables If thers iz a lattice miamatch

between m:bstrate and film, an additional growth mode may be ebssrved as mndicated in

which yu: 5 3 et T c:r;gy With growing thickness this strain cn:rg}'
increases in pmpuruun 1o the strained volume and en island formation may become
more fwnurab]e in spne nfthe larger surface area.

i quite generally be described ina

simple mode i - ne between island growth and layer
growth is gnfcn b:r Eq {5} lmd ||Iu§'rml::d in Flgurc 9.

AW = W + Wi = comst ™ — constaleE d (5}

& = bulk modulus, £ = strain

Considering films of the same volume contes i e
island growth Figure 8b, is propottional to the i whereas the snergy
released by relaxation of the lattice is proportional w0 TEElam ; i
mode whach is characteristic of isolated islands iz shown in Figure 10 for a case where
the film material has & larger bulk lattice parameter than the substrate. The model pre-
dicisacntical value, d_,,, where the island growth is finally more fevourableand = fast

decrease of the energy for [arger sizes. However, the Omits of the model are reached in
this region & the simple relaxation mode 15 obviowsly ap longer valid for large sizes.

&
g 3 F = i
g g & £ &

Flgure 11: Strain relsanon by mrisfit diglocations  petragonal distortion of tee film. By might disloca-
oo the mamgple of teo innially cubic crynals. As tipns. His sbruin can be relased and the [lm e
the film has a larger ladice coasiant than the sub- re=approach its oubic structuse.

strate the farced maiching ar the incerfaes vields o

(a} TR

Frank-vanderMerve

Figure 10: Smain relaxstion in peetdo-
marphic {dislocation - free) islands.

w‘l.lf w
o
3
Wﬂﬂ!
Stranski-Krastanov
Island siza
Figure 8: Growth modes Figure 9: Energy contributions as 2 function
of the hetero-epitaxy. of the Lslind size [3].

Heteroepitaxy is strongly depending on the
“surface energies”
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Thin film deposition methods

In general: solid state material is converted into an elemental phase (e.g., atomic,
molecular, ...) and let re-aggregate over a substrate (or another layer)

“Physical” “Chemical” ' 2o R ¢ :
- Mechanism of pro- Y AR e '
duction ofdepositing@rgy E Chemical reaction
: transfer energy -
species
: SN High, up to  Low, except for B Moderate
N\ Deposition Teie: = 250,000 A/min  pure metals - TAOURTRENS et S0 Aviriin

- i b Atoms Atoms Atoms, ions /precursor molecules
@ Deposition species andions . andions and clusters
Energy of deposited Low Can be high . Low, Can be high
" Species 0110056V 1-100ey  LOWIOMEh o sma-aid
Throwing power
a) Complex shaped Poor, Nonuniform Poor Good
- object line of sight thickness .
Lattice matching Temperature o indiole 4SS o fobt Lanited
(annealing?) Scalable to wafersize  up to large up to large limited up to large

Sticking onto the substrate
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Deposition from a vapor

2.1 Gas Kinetics

The residual gas pressure in the system is ong of the basie parameters to be controlled
during filtm deposition as the residual gas sloms may collide with the depositing species
ot may hit ths growing surfaces and may thus be incorporated in the film, Figure 1. Fer
the simplest assumption that the gas atoms may be considerad as not interacting masses
with a Maxwell velocity distribution we obtain the mean free path length, A, of the
atoms or molecules

1

= andt (1)

¢ = molecular diameter, & = mnﬂentratmn of the gas. With the law of the ideal gas:
N = pikg T, by = Boltzmann constant—we Dbty

(2)

For the exaraple of air molecules we obfain = free path length which is of the mdﬂ' of a
typical distance from source to substrate of about 20 em at a pressure of 0.5 10r? mbar.
Tlns rather moderate vacuum level :ahcrws that the beamn interaction is not a critical con-

v, | 15 the Auriber of residual gas aioms which hit

2.2 FThermodynamics

Phase-diagrams ar® the starting point for considering the deposition of 4 new material in
order To =ee stability range of tha envls.uged phase and the sxistence of concurrent
phaszes. Standard phase diagrams are gtvf:n at a.mhient pn:ss‘um, however, cl‘mngcs with
pressure must be considered for vacu = Fe3-show

example the phase diagram of He
change from ambient pressure down 1o the UMV Tegion [371- t

change compared to atmospheric pressurs and we observe a Wldﬂ range Df' stability of
the mixed homogeneous crystalline phase, ¢, of 8i-Ge (the decompesition of this hemo-
gengous phase at very low temperature is somewha‘t speculative). At higher tempera-
tures the liquid, 1, to solid {crystalline) phase transition is indicated and above 2000 K
the liquid to vapour, v, transition: is shown. With decreasing pressure there is a strong
decrease n temperature of the l-n.r borderlines and even an overlap with the o1 lines.
Finally, in the UUHV region, 10 mbar, the liquid has disappezred and only direct subli-
mation, ¢, ¥ is left at temperatures sround 1100 K. Hence, re-evaporation of the matarial

under UHV condifions and high temmperatures tust be considered. In addition, a com-
parizon with the deposition mies and gas pressures discussed along with Table 2 shows
that the deposition of the fibms usually proceeds wnder high supersabwration. i. e. condi-
tions far from thermodynamic equilibrivim.

the growing sutface and limit the parity of the film if they are incorporated. This number 10° mbar 10r® mibar
can be expressed a3 . - ! 1 T T T
v
& - 1+4%
) 2000 |- = 2000 - 4
: : 1 ¥
m, = atomic or molecular mass, Typical results are summarized in Tab. 2. Assuming & 1500 K 1860 1= &l
suckmg coefficient of unity, the incorporation of residual gas amms may be cxpressedin o> E
terms of monolayers and this growth rate may befather highns compared to a typical [ : e I S -
growth rate of an epitaxial film i.¢., one monolayer /s He:nce._. fnr clean filmsa@ltra-high 1000 ' - 1000 - =
<varmmm (UHV, hétter than T0 trbar ) may be NEvessary—— ¢ - "
500 - il 500 - i
! " ; T O U a _’,...--—-I— lci'mnl TH""
10° 6.8-10° 6.7-10° 28109 3.3-107 co 02 04 OB 0B 1D ”-S‘?I her " RE 5 G:u
3 x Ge
I 6.8-10" 6.719° 2.8107 33107
1y® 6.8:10° 6.7:10° 2810 33007 Figure 3: «-T phase dizgram of the
10° 6.8-10° 6.7-10° 2.810" 33104 o s

* Assuming the condensation cosfficient i3 unity

Table 2: Sorne ficts about residual air at 25 °C in a typical vacuum used for film deposition (afler Chopra (210 Topics in Nanotechnology 2004/5 - ver. 1- part2 - pag. 14




Vapor Pressure in Torr {mm Hg)
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Molecular Beam Epitaxy: MBE, MOMBE

WASS o " ULTRAHIGH-VACUUM
EFECTROMETER 2 = CHAMBER .
ELECTAON \%\\ Key points for MBE:
SUBSTRATE
F."' =T am whees - clean process (UHV, p 00 10"%mbar)
N - : SCREEN . o
EFFUSION NITRIREREAIRR - small continuos deposition rate (~ 1 pm/h)

"“’9\/,; : N suunn

- suitable with semiconductor

HEATING
con

e Uy Il
/]gi\@ / Thickness easily controlled at the monolayer level

e (Relatively) low kinetic energy favors epitaxy
‘&' S Heterostructures easily fabricated

UETHAHIGH-YACUUM

CHAMBER
SURSTRATE
WAFER RHEED
LIGUID NITROGEN-COOLER [ “oREER
CAYOPANEL
HEATING

OrganoMetallics

(MO-VPE or MOMBE) :
L W— Example of effusive oven (MPI)
CEACKER FOR AcHy
AND PHy DR
i) ) ) OREANDMETALLICS
Da M. Ohring, The Materials

nert materials used (but difficult with oxides!)

Science of Thin Films,
Academic (1992)
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MBE sources

3.1.1 Sources

The schematic of the classical MBE source, the Fnudsen cel!, is Mustrated in Figure 13,
The evsporation rate, N, is described by the Hertz-Kndeeri (or Langmuir) equation:

No=—fp—2=2— (&)

P, is the equilibrium vapour pressure and .4, the area of the aperture [7]. Therefore, the
source can be precisely controlled by a singte parameter, the temperature. However, the
technical detzils are very complex and involve more parsmeters than shown in Bg. {6) .

magnetically deflected by 270° and is cemilm 3 mauznnl In this way a melt
of the source material is pmduw:l ot1 a block of ﬂ:re same rmaterial which can be he.ld in
a warer-conled cold crucible in order to avoid contamination of the melt.
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Figure 13; Schematics of a Knudsen cell and

the distribution of the vapour beam intensity [7].  Da M. Ohring, The Materials
The distribution deE]'ldS on the ratio L[y"rdo and Science of Thin Fi|mS’
consequently on the filling level of the cell. Academic (1992)

e elortron besm it

Consider now a substrate positioned 2 distance [ from a source aperture of
area A. with & = 0. An expression for the number of evaporant species
striking the substrate is

. 3.51 x 10%PA "
R = W moelecules fom“-sec .

{7-13)
As an example, consider a Ga source in & system where 4 = 5 cm?® and
/=12 em. At T =900 °C the vapor pressure P, = 1 % 10~ torr, and
substituting My, = 70, the arrival rate of (a at the substrate is calculated to
be 1.35 x 10" atoms/em®sec. The As arrival rate is usually much higher,
and, therefore, film depus%tion is controlled by the Ga flux. An average
monolayer of GaAs is 2.83 A thick and contains ~ 6.3 % 10" Ga stoms fom?,
Hence, the hrate is caloulated to be (1.35 = 10™) /(6.3 x 10™) x 2.83
. A rather low rate when compared with VPE.
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In-situ thickness control
0,0 Intensity

Rutherford High Energy Electron Diffraction
(RHEED) frequently used to diagnose film coverage
and to measure film thickness

T=20°C
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Figure 7-22. Real space representation of the formation of a single complete. I'l'l(]llt.J- _ - s

layer; @ is the fractional layer coverage; corresponding RHEED oscillation signal is  Figure 19: STM and RI-I-I:,ED' results for the
homo-epitaxial growth of Fe films on Fe(100) sub-
strates. The growth was interrupted after 5 oscilla-
tions, as indicated by the arrow. The scale of the
STM was changed between part a and b! The rough-
ness of the films decreases strongly with tempera-
ture: rms (root mean square) amplitude 0.116 nm ,
0.095 nm and finally at 250°C 0.06 nm [9].
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An example of advanced capabilities of MBE

QC-laser crystal grown by
Molecular Beam Epitaxy (MBE)

Quantum cascade lasers (novel sources
for the IR range)

Each semiconductor layer is the place
where exciton recombination occur

Cross-secfion of a few siages of QC-lasercrystal  crystal growth one atomic layer at a time

o Many (~ 500), few-atoms thick layers of alloy materials (Al, Ga, As, In); Thickness must be carefully tuned in

+ atomic control of layer thickness, 1 nanometer (nm) =4 atomic layers order to have operation at the desired
+ atomically flat layer interfaces
wavelength

MBE is able to control thickness at the
monolayer level while ensuring an ultra
high level of purity

TEM by 5. N. George Chu e Lidn ranicns 0
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Limitations of MBE and alternative techniques

Main limitations of MBE (from the nanotechnological point of view):
- poor suitability with refractory materials (too high temperature);
- poor suitability wih complex materials (e.g., reactivity with oxygen);
- low kinetic energy of the particles and need for an annealing treatment

Alternative physical method: sputtering
Vaporization achieved through collisions with high energy particles (electrons, ions)

MATCHING ELECTRIC P
NETWOIRK ” FIEL ' FI|_E|r»I-,|DE5
ey oL HOPPING ?
W00 — At ELECTRONS - -
h INSULATICN m . | Ty
————J~—— TARGET ——=———— o [«" Gl y - --N\
GLCW DISCHARGE GLOW DISCHARGE 7 WA g i,
SUBSTRATES \ r"'\ el \
ANODE Ny K g S ol B LIS
H\N £ meTT =il
Y e R L R e N P > —
= B Tl | = \x \;’ e N =
S N —  CATHODE
smmepma VAGUUM SPUTTERING. YACUUM O Y
e \N_—" ‘ERCSION
= TRACK
Figure a-1 ¢matics of simplified sputtering systers: (a) de, (&) RF. Fianire: 31

Applied ficlds and electron motion in the planar magnetron.
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Sputtering vs vaporization

Da M. Ohring, The Materials

Science of Thin Films,
Academic (1992)

. Condensing atoms have relatively

. Low gas incorporation
. Grain size generally larger than

. Few grain orientations (textured

atoms (at 120K, E = 0.1 eV}

. Bvapotation rate (Eq. 3-2) {for 3.

M =50, T = 1500K, and P, = 10~%)
= 1.3 % 10'7 atoms /em®-sec.

. Directional evaporation according 4,

to cosine law

. Fractionation of multicomponent 5.

alloys, decomposition, and

evaporant-substrate spacing.
Evaporant atoms undergo no
collisions in vacuum

Evaporation Sputtering
A. Production of Vapor Species
. Thermal evaporation mechanism 1. Ion bombardment and collisional
momentum transfar
. Low kinetic energy of evaporant 2. High kinetic energy of sputtered

atoms (F = 2-30eV) <:|ﬂﬂ
Spuiter rate {at 1 mA /cm? and

5 =2y~ 3 x 10" atoms /em®-sec

Directional sputtering according to
cosine law at high sputter rates <:|ﬂﬂ
Generally good maintenance of target
stoichiometry, but some

dissociation of compounds dissociation of compounds.
. Availability of high evaporation 6. Sputter targets of all materials <:|ﬂﬂ
source purities are available; purity varies with
material
B. The Gas Phaze
. Evaporant atoms travel in high or 1. Sputtered atorns encounter high-
ultrahigh vacuum (~ 10~%-10—10 pressure discharge region
tort) ambient (~ 100 mtorr)
. Thermal velocity of evaporant 2. Neutral atom velocity ~ 5 x 104 <:|ﬂﬂ
10° cm/sec em/sec
. Mean-free path is larger than 3. Mean-free path is less than target-

substrate spacing, Sputtered atoms
undergo many collisions in the
discharge

C. The Condensed Film

low energy

for sputtered film

films)

2. Some gas incorporation
3. Good adhesion to substrate

1. Condensing atoms have high energy <::"]|l

<

4. Many grain orientations

P e
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Another physical method: pulsed laser deposition (PLD)

excimer laser beam

focussing
lens = I o=

. e
window S T

--""/"'\. thermocouple

4 - , WY

multitarget

“Collisions” with energetic photons lead to:
- bond breaking;
- local and abrupt material heating

f—— /

UV laser sources:
- excimer (XeCl 308nm, KrF 248nm,

t e ~substrate heater
carousel holder % ArF 193nm,...)
harmonics)

+ DC motar ’
gas inlet
turbo hN

pump zeolite trap

fop view

- pulse duration: ~ 10 ns (sub-ns as
well, even fs)

/ sf" mass flowmeter | - fluence: 1-5 J/cm? (i.e., hudreds of
%

MW/cm?)

rotary pump
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Some peculiarities of PLD

PLD is a pulsed process

1. UV laser energy is efficiently transferred
to the target

2. A plasma is formed following interaction
of the laser pulse with the vaporized
material

3. Vaporized material (plume) expands in
a highly peaked beam

4. High energy elemental materials
Impinges onto the substrate favoring
thin film formation even without post-
annealing.

Alta efficienza
accoppiamento
laser-solido
= T> TVH_P
(~ 2500 K)
Radiation target coupling

Ionizzazione e
riscaldamento plasma
(ne = 1018 em2,

Te 220000 K)

Plasma formation

Espansione e collisioni
CON OSSigeno

=4 ossidi

= clusters

Reactivity in the vapor phase

v SUBSTRATO  Arrivo sul substrato di
atomi (neutri e ionizz.),
P ossidi molecolari e clusters

con elevata energia cinetica
(v=105-106 cm/s)
= depositi in-situ

Arrival of high energy particles onto the substrate

Topics in Nanotechnology 2004/5 -ver. 1- part2 - pag. 23



A few words on precursor-based (chemical) methods

4 Chemlcal Depusmun Methods

cal Teactions for the formanm oftha ﬁ]m. We wlll place sp
ermha.sm on C‘v’]} as this method finally allows the deposition of ultrathin films md
conformal deposition on complexsshaped siroctures which are essential for ULSL. C5
includes sol-gel techniguss and metal-organic decomposition MOD and typically u
spin-on techniques for the distribution of a solute film which is subsequently processe
and crystallized. Finally, we give a short introduction to a very different method for dep
osition from solutions, the Langmuir-Blodgett (LB) techoigue. LB technicues all
the deposition of monomeolecular organic films on different substrates making use of th
hydrophilic/hydrophobic orentation of the molecules.

Carrier gas + k Carrier gas +
reactants unreacted reactants +
v b q products
A
@ L1 £

4
Desorption of

reactants ; ; ®  reaction products

Figure 30: Schematics of the gas flow and the atomic
scale chemical environment in the region of the growing
film surface during a MOCWVD process.

4.1 Chemical Yapour Deposition

The general principles of CVD are well established and a number of reviews and
books are available [20], [21], [22], which cover many generic issues comonon bo
type of material. In OV, film growth occurs through the chemical reaction of the ¢
ponent chemicals {i.e. precursors) which are transpored to the vicinity of the sub,

via the vapour phase. The film-fonming chemical reactions typically unlize

energy from a heated substrate as depicted schemaically in Figure 30, Other mere spe-
cial methods, which cannot be discussed here, couple non-thermal energy sources such
a3 BF or microwave powsr or light into the reaction process in order to reduce the ther-
mal reaction temperature required. M order to complete the system, 2 delivery system
for the precursors and, finally, an exhaust system must be added. The most straightfor-

ward type of CVD imvolves chemical precursor compounds that are sufficiently stable

"~ gasts and such processes are standard processes mn LMUS tecl'mnlug}r tor the deposition
—of msulators and interlayer dielectrics like poly-31, Sid,,

BPSG glasses.
Figure 31 shows the schematics of @ reactor for handling large baxches of wafers sinml-
taneously. Examples of the reactions imvolved are the thermal decomposition of silane,
SiH, , for the deposition of:

+ Poly Sit SiH, < Sifs)+2H; al 580-650 °C,

and a pressure of == 1 mbar;
+ Si-Nitride:  3SiH,+4NH; = Si,Ng+1ZH,  ar700-900°C,

and atmospheric pressure;
+ Si-Dioxide: S8iH,+0, = 8i0,+2H; at 450 C;
These Si0, fiims are usually under high stress and 4 herefore altcrna-
tive roulcs using organic precwsors have been developed eg., the TEOS

{tetra-ethyl-ortho-gilane) process:

SiCoH0), +12 0, = Si0y+ 8 CO, + 10 Hy0 at 700 “C.

Similarly, for the grocessing of many mtah and aspcmally II:u: gmup-[] mefals special
precursors in the form of orgamonvetath Py devetoped and a special
subgroup of CWD technigues, metal-orgmin-CV [ 2 therefore evolved.
Efficient, reproducible MOCYD processes hinge eritically upan precursors with high
and stable vapour pressures and the chemistry is therefore the decisive step in the devel-
apment of MOCVD.

Choice and operation of the precursor set the essential advantages/limitations
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A few words on solution-based (chemical) methods

4.2 Chemical Solution Deposition

The chemical aclution deposition (CSDY) method comprises a range of deposition tech-
niques and of chemical routes which have been reviewed recently [237], [33]. A general-
ized flow chart of the C3D of oxide thin films ia shown in Figure 42, The process starts
with the preparation of a suitable coating solution from precursors according to the des-
ignated film composition and the chemical route to be usad. Besides mixing, preparation
may include the addition of stabilizers, partial hydrolysis, refluxing. or ¢lse. The coating
selution is then deposited onto substrares by,

+(spin-coating, where typically a photoresist spinner is employed and which is suitabie
fersemmirorduCtor wafers,

«(dim cogring, which is often used in the optics industry for large or non-planar sub-
sirates AR

» Cpray codilng,

yhich s based pn a misting of the conting solution and depasition of

uring the L1 process SINONQLY OEPends O e e
modynamics and kinetics of the solidsiate reaction from the mtermediate amorphous or

the chemical

pyrolysis of organic ligands may take place, again depending on the chemical route. The
resulting fitm consists of amerphous or nanoerystalline oxides and/or carbenates. Upon
urther heat treatment, any cerbonate will de the film will crystallize
throngh a homogensous or a heterogeneous nucleation. Typically, the desired final filim
thicknass iz bilt wp by multiple coating and anrealing,

Depending on the type and reactivity of the precursors, the chemistry shows a wide
spectrum of reaction fvpes. On the one hand, there are the pure sol-gel reactions i.e.
alkoxide precursor systems, which undergo hydrolysis and condensation reactions. The
formation of 5i0, coatings starting from 81 alkoxides is the classical example of this
type of reaction. The condensanon leads to-a-chemieal gelation in which — under appro-
priate reaction conditions— no pyrolysis reaction of any organic figapd ocews. Al the
other exireme, thore iS metal organic decompaosition {MOD), which
from catboxylates of the cafions-er-in speci e i
do not chemically react with water. Conssquently, during heat h‘Eﬂ'smEnI,lﬁt‘sl the fnl-
vents are evaporated, & process which is sometimes referred o 2s physical gelation.
Upen further heating, the carboxylates pyrolytically decompose into amorphous of
nanocrystalline oxides or carbonates. There is a wide spectum of possible reaction
routes hetween the pure sol-gel route and the MOD souts. Depending on the type of
alkaxides and a possible stabilization of the precursors, there may be a partial hydralysis
and condensation while some organic ligands remain in the gelated film and undergo
pyrolysis npon further heat treatment. 14 the synthesis of multicompeonent oxide ﬁln'ns,
often hybride routes are followed, i, there may be some precursors empioyed which
tend 1o follow the sol-gel or partial sol-gel route while others nndergo typical MOD
reactions,

nanoerystalline state after pyrolysis to the fnal equilibrium crysalline phase. This is
controlled by the chemical camposition of the film system {for details see .. ref. [23]),

Thue to their low capital investment and simple processing, CSD techniques are
widely used and are also applicable for micro- and nenoelectronics on a lonw level of
integration, e.g. for present siate FeRAMs.

[ Precursor solutions ]
mixing andfor
refluxing etc.

[ Coating solution ‘

drying
* deposition hydrolysis
condensation

l As - deposited film ‘

Chem. reactions:
further condensation,
burning out of arganics,
rearrangement, etc.

pyrolysis

multiple coating

‘ Amorphous film ‘

densification
heat crystallization
treatment
SOoO0O8000
o oCooo0
Crystaline fil 0.0
‘ rystaline film aoFr:;] O -:ﬂtzzﬁ?‘a
COLLLWOA
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An example of (nanotechnological) solution-based approach

Linear molecules with an head group (chemically reacting with the substrate) and
an end group (with possibile specific functions)
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Example: alkanethiolates

SAMs of alkanethiol

Self-Assembling Monolayers (SAMs) |

on gold[29,30] form by spontaneous adsorption of | MONOLAYERS
alkanethiols (X(CH ) \SH))27,30,36-42] and dialkyldisulfides (X(CH,) S—§ | SURFACE ks bl
(CH2),, Y)[41,43}from the liquid or vapor phase) onto a clean gold surface | A ASH, ArSH (ihiois) AS-Au
according to: J —_ Al RSSA’ (disufices) RS-AU
rhiol group Au RSFY (sulfides) RS-AL
Alkyl chain
X=-R=SH=+Au—>X-R-S§~ Au(l)-Au(0),+%H, (1) 810, glass RSICl,ASIOR, siloxane netweork
A(X-R-8); +Au—X-R-S™ Au(l)-Au(0),,. ;
&i [FtECIt'_.‘I]2 inoat) R-8i
8i RCH=CH,, R-CH_CH,-Si
[RCOO],
Eang RSH RS-GaRAS
Ag HSH, arSH RS5-ag
o RSH, ArSH RS-Cu
matal oxides RCOOH ACO,="" MO,
Llngar molecu!es comprised of an alkyl R — RGONHOH - MO,
chain and a thiol head make a G
spontaneous chemical bond with noble Pt RSH, ArSH RS-P1
P AMC RMC-Ft
metal (Au) surfaces

Da G. Timp, Nanotechnology

(Springer-Verlag, 1999)

Monolayers (thickness < 1 nm) spontaneously
formed by simple dipping the substrate into a
SAM solution
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Self-Assembling Monolayers (SAMs) Il

Alkanethiolates /H/ X Z;r:\ut?g);oiizzt;:/ri ?}9 ;ayers
on Gold (111)

controlled (monolayer)
thickness

Van der Waals forces between alkil chains rule

S atom of the thiol group self-assembly (energy ~ 10 kcal/mol)

chemically bond on Au
(energy ~30 kcal/mol)

FIGURE 1. Schematic illustration of the molecular-level structure of a salf-assembled
monalayer of n-alkanethiolates on goid. Figure is not drawn to scale.

Main role of SAMs in nanotechnology:

- molecular “templates” (i.e., a system to “hold” molecules/clusters on a surface)
- molecular resist in advanced lithography processes
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SAM templates |

See Andres et al.,
JVSTA 14 1180 (1996);
Science 272 1323 (1996)

where E = Dithiol | SH-CH,-) -CH;-SH]
XYL: p-xylene-a,a’

Mhanometers

O 10 2C 30 40 B0 &6C 7O
Nanometers

SAM “holds” small Gold clusters
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Figure 12:

[ap: Protreding malecular rod 16 out of 8 SAM laver
of dodecvlmercuptan

(BPSTM pictre of the sumple diplaying protrding
rowds 16 s briphter spots. Correlated maxima wn the
comduetivity and the topology indicae the increased
conductance theough the melecular rods 16, [35]

SAM templates Il

Da J.M. Tour, Molecular Electronics
(World Scientific, 2003)

S'I'H
STM tip lrarert:lrl:lr},nI

PR

Auf111}

We use self-assembly to control and STM
to observe the switching of single molecules.

SAM “holds” intramolecular electronic components (e.g.,
“Tour wires”) allowing their selective addressing through
STM
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Conclusions

v" A fundamental building block of technology (micro- and nano-) is
represented by thin films

v' Thin films play a major role in a variety of fields (electronics, but also
nanomaterials for structural or hard coating applications, ...)

v" A “classical” example (especially for optoelectronics and photonics):
MQW structures

v" Growth of thin films is a complex process involving different
phenomena at the atomistic level

v’ Most relevant film deposition methods are based on vaporization (e.g.,
MBE)

v' An alternative route is represented by self-assembly with organic
materials (linear molecules)

v’ Use of SAMs in nanotechnology as templates and resists (to be
discussed in the next lecture)
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