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Introduction to the topic

Conventional fabrication methods in microelectronics rely on top-down
approaches, consisting typically of:

-thin film deposition (typically, alternate layers with different properties);
-Definition of a lateral pattern (lithography);

-Selective material removal (etching) (or doping, or other modifications)

Frequently, the process is cycled until the final (complex) structure is produced

Transition from micro- to nano-electronics is somehow hampered by technical
and fundamental limitations inherent to the methods

Where do such limitations come from?
We will try to answer this question looking at the different steps involved
in the top-down approach
(we will not mention here organic films)
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A simple and rough example of multiple technologies
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+ other steps (inferconnects, passivation,

A miniaturized MOS-FET A possible recipe for fabrication
(lift-off processes not included)

Film growth is a basic ingredient: either (poly)crystalline or amorphous materials
must be deposited or grown, but in any case high homogeneity and thickness
control is desirable; materials of different natures must be deposited, including, for
instance, semiconductors, metals, oxides (and also molecular crystal, i.e., organics)
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Example: conventional doping techniques

Inter-crystal diffusion from lon bombardment at room
vapor at high temperature temperature
Vacuum
Furnace

Room temperature
950 °C-1280°C © P

High velocity dopant ions

N 2 \ H”

Gasqf > opamlons . :.

S

Much more used, now!

Dopant uniformity and reproducibility £5% on wafer, £15% overall +1% overall
Contamination danger High ow

Delineation Refractory insulators and refractory metals, polysilicon Refractory and nonrefractory materials, met
Environment : Furnace Vacuum
Temperature High Low

Si-doping is a highly common technique which requires a mask for lateral definition
(a good example to start facing technological problems)
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A few words on
lon implantation

Ion Implantation

The principle method of doping today centers on high energy
ion implantation. Implantation offers the advantage of being
able to place any ion at any depth in the sample, independent
of the thermodynamics of diffusion and problems with solid
solubility and precipitation. Ion beams produce crystal damage
that can reduce electrical conductivity, but most of this damage
can be eliminated by annealing at 700 to 1000°C.

A beam of energetic ions ‘implants’ dopants into the sub-
strate. Depth and dopant concentration are controlled by the
acceleration energy and the beam current. The stopping mech-
anism of the jons involves nuclear collisions at low energy and
electronic interactions at high energy.

The jargon associated with ion implantation includes:?

* Projected range R,, i.e., average distance traveled by ions
parallel to the beam

* Projected straggle, AR, i.e., fluctuation in the projected
range

Problems in
space
definition

Dopant control at the atomic scale

can be hardly achieved by

conventional doping methods

M.Madou, Fundamentals of Microfabrication (CRC-Press, 1997)

* Lateral straggle, AR//, i.e., fluctuation in the final rest
position, perpendicular to the beam

* Peak concentration, N,,, i.e., concentration of implanted
ions at R,

The concentration profile, to a first order approximation, is
Gaussian, i.e.,

(x—Rp)2
N(x) =N, exp| ———5-
2 ARP)
3.61
Q
P 2mAR

P

The range is determined by the acceleration energy, the ion
mass, and the stopping power of the material. Orientation of
the substrate surface away from perpendicular to the beam pre-
vents channeling which can occur along crystal planes, ensuring
reproducibility of R, Ion-channeling leads to an exponential
tail in the concentration vs. depth profile. This tail is due to the
crystal lattice and is not observed in an amorphous material.
The dose is determined by the charge per ion, zq; the implanted
area, A; and the charge per unit time (current) arriving at the
substrate. In other words:

_Q
[zqAl

The technique is now commonly used with penetration depths
in silicon of As, P, and B typically being 0.5, 1, and 2 um at

I idt=Q and = Dose (atoms/cm?) 3.62

1000 kEV.

Thermal annealing at temperatures above 900°C is required
to remove damage to the silicon lattice and to activate the
implanted impurities. For deep diffusions (>1 pm), implanta-
tion is used to create a dose of dopants, and thermal diffusion
(limited source) is used to drive in the dopant.

Ion beams can implant enough material to actually form new
materials, e.g., oxides and nitrides, some of which show
improved wear and strength characteristics.
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Requirements to be met when miniaturiazion is concerned

Any fabrication step must aim at:
- precise dimensional control at the nano level (thickness, in case of films);

- homogeneity and defect-free materials at the atomic/molecular level

Deposition Layer “modification”
[E— Film —
Transport of “reactive” “reactive”
elemental enivornment environment
components
= =
“Direct” “Reactive”

Congruent “Reactive”

Fabrication of layers typically involve a passage through the “elemental” stage:
- a bulk is dissociated into elements (vapor or liquid) which are re-collected onto a substrate

(deposition, |.e., “miniaturization by evaporation, according to Feynman);
- elemental components are used to modify (mostly, chemically) a layer (at the surface or in

the depth, as for doping)
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Outlook

1. Basic mechanisms ruling film growth (epitaxy)

2. Basic surface phenomena involved in film growth (diffusion,
nucleation, coalescence)

3. Some “physical” deposition methods:
A. Molecular beam epitaxy (MBE);
B. Sputtering;
C. Pulsed laser deposition (PLD)

4. Some “chemical” deposition methods:
A. Chemical vapor deposition (CVD);
B. Techniques involving solutions (CSD, LPE)

We will restrict to inorganics (organic layers to be mentioned in the future)
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1. Overview of some film growth problems |

Thin film: material layer with thickness << lateral size (typ., 1-100 nm)

Note: besides electronics, thin films are useful for a huge variety of applications (e.g., optics,
wear protection, diffusion barriers, mechanics, ...)

In principle, we often 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 (typ.< 5-10%)

T
isttttttiba
| Y

HRTEM _
* 8 (crosssection) y  C-aXxis

I

[ 1 I

rﬁ
‘,ht._1«~4;‘,@ya1vqa~¢;§

~ Lattice constants: 5.652 A (GaAs) 5.3 A (AlAs)

i Al 1 il ﬁl‘

il
I

SUBSTRATE

1
1
1

. ) ] MATCHED STRAINED HELAXED
Lattice matchin gisa Schematic illustration of lattice- , strained; axed hete:
crucial issue res. Homoepitaxy is structurally very similar to lattice-matched heter

Da M. Ohring, The materials

science of thin films Fisica delle N N — = e o g
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Overview of some film growth problems Il

“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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A few energetics of heteroepitaxy

If we want to grow an epitaxial film on a different substrate (so-calledCheteroepi- >
material parameters have to be considered in addition: the surface energy, ~,
an

e lattice parameter or lattice match of the two materials. For the case of good Iaf-

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

“flayer + Yaubstrate/layer = Vsubstate &)
we observe perfect wetting and pure layer by laye >For Frank-vanderMerve
the opposite case, we observe W gration the
surface energies of the crystallographic Fach mterest must be applied,

which are often not available in data reference tables. If there is a lattice mismatch
between substrate and film, an additional growth mode may be observed as indicated in

which yields = aitrchergy. With growing thickness this strain energy
increases in propomon 10 the strained volume and an island formation may become
more favourable in sp1te of the larger surface area.

simple mode g erence I energy between island growth and layer
growth is given by Eq (5) and 111ustrated in Figure 9.

Yolmer-Weber

AW =W, p¢ + Wi, =constyvd? — constykE2d? 5)

k = bulk modulus, & = strain
Considering filins of the same volume conter - sed surface energy for the

island growth Figure 8b, is proportional to ‘r whereas the energy
released by relaxation of the lattice is proportional to T -* relaxation

mode which is characteristic of isolated islands is shown in Figure 10 for a case where
the film material has a larger bulk lattice parameter than the substrate. The model pre-
dictsacritical value, d.;, where the island growth is finally more favourableand a fast

AW

ek
'

decrease of the energy for larger sizes. However, the limits of the model are reached in Stranski-Krastanov
this region as the sitnple relaxation mode is obviously no longer valid for large sizes, Favoured by lattice
= 3 ¥ @ mismatches
g \E? ,\'\@& g Q@ ;
',,\ /’ Figure 8: Growth modes

of the hetero-epitaxy.

Figure 11: Strain relaxation by misfit dislocations  tetragonal distortion of the film, By misfit disloca-
for the example of two initially cubic crystals. As  tions this strain can be relaxed and the film can
the film has a larger lattice constant than the sub- re-approach its cubic sticture.

Figure 10: Strain relaxation in pseudo-
morphic (dislocation - free) islands.

Wsurf

Island
growth

crit

island size

Figure 9: Energy contributions as a function
of the island size [5].

Heteroepitaxy is strongly depending on
the “surface energies”

strate the foreed malching at the interface yields a Fisica delle Nanotecnologie 2006/7 - ver. 5 - parte 2 - pag. 10




A few thermodynamics of adsorption

of a film proceeds from energetically favourable places on a sub-

gven 1In A OSSN0 [121C LT

shows schematically the structure of a well-polished single-crystal surface, The charac-
teristic features are the terraces of length, /, the steps and the kinks within the step line,
which otherwise runs along well-defined crystallographic directions. If the surface diffu-
sion 1s fast enough a randemly deposited adatom will diffuse to the energetically most
favourable places like steps and especially kinks. If at lower temperatures the diffusion
1s slower, several mobile adatoms may encoumter each other within a terrace and may
form additional immobile adatom 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
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, is indicated-inFigure 7. As

discussed above, step propagation dominates at higher temperatures and/o -
sition rates and two-dimensicnal island growth will predeminate if immobile clusters are

formed by the encounters of mobile adatoms. This simple picture is, however, quite fre-
quently modified: if the jump across the step is kinetically hindered multilayer growth
will be observed—This-enlarged activation energy for the jump across the step is called
the Ehrlich-Schwoebel effect and can be understood 1n a simple model as the adatom 1s
nearly dissociated from the surface in the saddle point of thig jump.

Terrace

tap Advacancy
Step Cluster

Cluster

Advacancy

Figure 5: Schematic view of the elements

of the surface morphology [3].
a)

of adatoms from
vapour (maybe,

We assume arrival

n b) .

]now liquid) phase
Vicinal surface m
(engineering of the
S oL Ir 11001 4,4 Adatom adsorption

substrate cutting)
can enhance
adsorption

requires atom energy to
be released (e.g., to a
= — kink, or surface defect)

Figure 7: Growth modes
of homoepitaxy:

(a) step-propagation,

(b} 2d-island growth, and
oy multi-layer growth.

Da R. Waser Ed., Nanoelectronics
and information technology (Wiley-
VCH, 2003)

Figure 6: Change ofthe step distance, £,
by cutting a surface at a small angle to a
major crystaliographic direction,

i.e., forming a vicinal surface.
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Diffusion and potential 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

aaaa = Diffusion coefficient:
D = D, exp(-E/KT)
Al e
E. E.|

EE Modulation at the atom
scale of the interaction
potential can lead to a
> X barrier (Erwin-Scwoebel)
preventing inter-step jumps

AE
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2. Nucleation and coalescence

During a film growth process, when the experimental conditions past the
nucieation regime and favor merging of clusters, the system continues o
evolve towards a coalescence morphology.

In this regime has been characterized the following three cluster growths
(Beysens et al.):

* Nucleation and individual cluster growth without cluster densily reduction
or pre-coalescence and transient coalescence stage (diffusive mass
transport limited growth)

»  Cluster merging or late stage of coalescence (static and dynamic)

*  Secondary nucleation and ciuster growth on exposed fraction of susface.

This phase of growth is based on spontaneous formation of aggregate of afoms
witich is large enough fo be energefically stable.

This condifion is reached when the pain in volume energy for an addifional
monomer exceeds the energy loss die fo surface formation

Kinefic concept (Venable’'s model)
Critical cluster af stge i* : adding a fiirther monomer to a crifical cluster leads to «
stable cluster which does not decompaose anymore.

Materiale tratto dal seminario di Barbara Faziq
IPCF/CNR Messina, Aprile 2003
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Experimental investigation of early growth stages

Experimental study of coalescence regime in the system Ga on GaAs(001)
(M. Zinke-Allmang et al.)

*Base pressure <5*10-° Pa

*Deposition equivalent fo a coverage of abouf 13 monolayers abroom femperafitre.

*Annealing ftemperafure = 660°C for 5 min.

Cs nanoislands on HOPG

J—]

50 pm SEM image

Gallium “prefers” to self-organize in droplets instead
of layers (because of energetic reasons)

At moderate coverage rates (~0.1 monolayer)
Cesium sel-organizes in nanoislands (atoms are
from a laser-cooled beam)
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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”
(vapor) (liquid)
methods methods
Lattice matching Temperature

(annealing?)
Sticking onto the substrate

Mechamsm of pro- TR Th
duction of deposztlng hermal energy euin. Chemical reaction
R transfer energy

o High, up to Low, except for : Moderate
- Depositionzate - 55 600 A/min _ pure metals Mogerate Up to 2,500 A/min
e ! Atoms Atoms Atoms, ions /precursor molecules
RRPORIHOY 3poges and ions and ions and clusters \dissociate into atoms
‘Energy of deposited Low Can be high .. Low; Can be high
~ species 0.1t00.5eV 1-100 eV FouRinks with plasma-aid
Throwing power -
a) Complex shaped Poor, Nonuniform Poor Good
. object line of sight  thickness
* bjInto blind hole Poor ~Poor Poor Limited
Scaiable to wafer size up to large ' up to large limited up to large

Fisica delle Nanotecnologie 2006/7 - ver.5 - parte 2 - pag. 15



Da R. Waser Ed., Nanoelectronics
and information technology (Wiley-
VCH, 2003)

2.1 Gas Kinetics

The residual gas pressure in the system is one of the basic parameters to be controlled
during film depesition as the residual gas atoms may collide with the depositing species
or may hit the growing surfaces and may thus be incorporated in the film, Figure 1. For
the simplest assumption that the gas atoms may be considered as not interacting masses
with a Maxwell velocity distribution we obtain the mean free path length, A, of the
atoms or molecules

1
B J2rNa?

d = molecular diameter, N = concentra,tlon of the gas. With the law of the ideal gas:
N = p/kg T, ky = Boltzmann consta

()

)

For the example of air molecules we obtain a free path length which is of the erder ofa
typical distance from source to substrate of about 20 cm at a pressure of 0.5-10°* mbar.
Thls rather moderate vacuum level shows that the beam interaction is not a critical con-

1 18 the number of residual gas atoms which hit
the growing surface and limit the purity of the film if they are incorporated. This number
can be expressed as

)

m; = atomic or molecular mass, Typical results are summarized in Tab. 2. Assuming a2

snckmg coefficient of unity, the incorporation of residual gas atoms may be expressedin

terms of monolayers and this growth rate may b s compared to a typical

growth rate of an epitaxial film i.e., one moneclayer / s. Hence for clean ﬁ]m@
<vacuum (UHV, better than 107 mibar ) may be necessary.——

P——
. " o gl ST
10° 6.8:10° 6.7-10° 2.810% 3.3-10°
102 6.8:10° 6.7-10° 2.8:107 3.3:10%
10°¢ 6.8:10° 6.7:10° 2.8:10M 3.3:1071
10 6.8:10° 6.7-107 2.8:10" 3,310

* Assuming the condensation coefficient is unity

Table 2: Scine facts about residual air at 25 °C in 3 typical vacuum used for film deposition (after Chopra [2]).

Deposition from a vapor

2.2 Thermodynamics
Phase-diagrams are the starting point for considering the deposition of a new material in
der to see the stability range of the envisaged phase and the existence of concurrent

phases Standard phase diagrams are gtven at amblent pressure however, changes with
pressure must be considered for vacuum d s Tig Qws s a simple
example the phase diagram of the g and the
change from ambient pressure down to the . mbar there is not much
change compared to atmospheric pressure and we observe a wide range of stability of
the mixed homogeneous crystalline phase, c, of 8i-Ge (the decompesition of this homo-
gencous phase at very low temperature is somewhat speculative). At higher tempera-
tures the liquid, 1, to solid {crystalline) phase transition is indicated and above 2000 K
the liquid to vapeur, v, transition is shown, With decreasing pressure there is a strong
decrease in temperature of the I-v borderlines and even an overlap with the ¢-l lines.
Finally, in the UHV region, 10 mbar, the liquid has disappeared and only direct subli-
mation, ¢, v is left at temperatures around 1100 K. Hence, re-evaporation of the material
under UHV conditions and high temperatures must be considered. In addition, a com-
parison with the deposition rates and gas pressures discussed along with Table 2 shows
that the deposition of the films usually proceeds under high supersaturation, i. e. condi-

10° mbar @
I T~ 1 i
2000 }- o 2000 |- .
Liquid v
1500 |- 4 . 1600 - .
< =
= R CFV Ty
" 1000 - g 1000 |- h
£ Solid &
500 |- & 500 - by
1 " CI+CH
0 1 PRty | 0 t 1 L L
0.0 0.2 0.4 0.6 0.8 1.0 00 02 0.4 0.8 08 1.0
gj ' ’ x Ge Si X Ge

Figure 3: x-T phase diagram of the
8i;).,-Ge, systers at 10% and 10 mbar [3].

UHV conditions improve purity
and affect phase diagrams
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Wapor Pressure in Torr {mm Hg)

Effusive vaporization

Temperatiure in Degrees Centigrade

et
tHEEN Eﬁ- i

L

i -..,
.

JES Ul 8inssald Jodea

Temperature in Degrees Centigrade
(Effusive) atomic beams can be produced by simply (?) heating a solid bulk
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3.A. Molecular Beam Epitaxy: MBE, MOMBE

MASS - IllTlltl:ll,{i:;?:uuu
SPECTROMETER ]
i m Key points for MBE:
SUBSTRATE
\“2'1___________:;_,___E—tmin ———wm_ Lyma - clean process (UHV, p < 10-"°mbar)
2 EFFUSION o \ NITROGEN-CODLED SOREEN

\ CRYOPANEL
\ SHUTTER

- small continuous deposition rate (~ 1 ym/h)
- suitable with semiconductor

_HEBauTlllnn %
Thickness easily controlled at the monolayer level

(Relatively) low kinetic energy favors epitaxy
Heterostructures easily fabricated

o R
@ ~___ DOPANT

MASS ULTRAHIGH-VACUUM

CHAMBER

SPECTROMETER
ELECTRON
GUN SUBSTRATE
l /l e ﬂFEI
i

RHEED
SCREEN

LIQUID RITROGEN-CODLED

EFFUSION CAYOPANEL

HEATING
Lol

OrganoMetallics
(MO-VPE or MOMBE)

GAS SOURCE Example of effusive oven (MPI)
CRACKER FOR AsH,
AND Pz DR
b) . . 0RG . e - -
D2 M. Ofing, The Materials PR Inert 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 Knudsen cel, is illustrated in Figure 13.
The evaporation rate, N, is described by the Hertz-Kvudsen (or Langmuir) equation:

_ Pede

~ 2mmigT

P, is the equilibrium vapour pressure and A, the area of the aperture [7]. Therefore, the
source can be precisely controlled by a single parameter, the temperature. However, the
technical details are very complex and involve more parameters than shown in Eq. (6) .

Figure 14 shows the principle <' '
magnetically deflected by 270° and is cenire ¢ material. In this way a melt
of the source material is produced on a block of the same material which can be held in
a water-cooled cold crucible in order to avoid contamination of the melt, :

(6)

(4)source Si
! maiten 57
() (8 Z ;
i [ Tk efectron team
cf;fé{irh'ng ll \— (270° bent)
stray :
eleclrons electron

source

waler cooled copper crucible

Figure 14: Schematics of a electron beam
evaporator for Si evaporation [7]: B: Si guard
ring, C: catcher for backscattered electrons.

Figure 13; Schematics of a Knudsen cell and
the distribution of the vapour beam intensity [7].
The distribution depends on the ratio L,/d; and Science of Thin F”mS,

Da M. Ohring, The Materials

consequently on the filling level of the cell. Academic (1992)

e electron beam is’

Consider now a substrate positioned a 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 102P4
R=——

molecules /cm?-sec.
w2 (MT)"? /

(7-13)

As an example, consider a Ga source in a system where 4 = 5 cm? and
I'=12 cm. At T =900 °C the vapor pressure P ~ 1 x 10~* torr, and
substituting M, = 70, the arrival rate of Ga at the substrate is calculated to
be 1.35 x 10" atoms/cm*-sec. The As arrival rate is usually much higher,
and, therefore, film deposition is controlled by the Ga flux. An average
monolayer of GaAs is 2.83 A thick and contains ~ 6.3 x 10"Ga atoms Jem?.

Hence, the growth-gate is calculated to be (1.35 x 10")/(6.3 x 10™) x 2.83
X 60(= 36 A/min, a rather low rate when compared with VPE.

Large size
788.00 homogeneity
787.00 achievable

786.00
785.00
784.00
783.00
782.00
781.00
780.00
779.00
778.00
777.00

Figure 4-3: Thickness uniformity across a 3" wafer represented as a
mapping of guantum well photoluminescence.  The MOW structure was
grown using a SUMO Ga cell in a MOD GEN I system. Uniformity better
than + 1% was achieved. Data courtesy R. Sacks, Ohio State University and
K. Stair, Northwestern Universiry.
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In-situ thickness control
STM 0,0 Intensity

Rutherford High Energy Electron Diffraction T=20°C
(RHEED) frequently used to diagnose film
coverage and to measure film thickness

S NS W——
12 3 4
Time {min)

MONOLAYER GROWTH
foo1]

/0—“ [110]

ELECTRON BEAM RHEED SIGNAL
| T=180°C

ainesadwa] Buisealoul

Time (min)

T=250°C
1 2 31 4
Time {min}

Intensity
s

]
=

=
=

=

Figure -22. "Real space representation of the formation of a single complete mono-

§ is the fractional layer coverage; corresponding RHEED oscillation signal is  Figure 19: STM and RHEED results for the
homo-epitaxial growth of Fe {ilms 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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Successes and main limitations of MBE

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

Cross-section of a few stages of QC-lasercrystal  crystal growth one afomic layer at a time

+ Many (~ 500), few-atoms thick layers of alloy matenals (Al, Ga, As, In);
+ atomic control of layer thickness, 1 nanometer (nm) =4 atomic layers
+ atomically flat layer interfaces

Lucent Technologics O
TEM by 5 N GeorgeCh0W e

MBE is able to produce homogeneous
layers with a very well controlled
thickness and extremely low roughness
(see, for instance, the success of
quantum cascade lasers)

..BUT...

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
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3.B. Sputtering and charge bombardment

Charged parricles (ions or electrons) electrically accelerated towards the surface of a bulk
target lead to material desorption and vaporization (not only elemental, though)

REFLECTED
IONS { NEUTRALS
SECONDARY
ENERGETIC %ﬁ".‘gﬂ%ﬁE ELECTRONS /
PARTICLE REACTIONS _ &
O ENERGETIC
sunr-'i%wgg?uw SERLTEHED: Bk ks
R Ter & PHOTONS SPUTTERED
.o ATOMS (IONS)
ADSORBED~
SPECIES *»$ ——» ¢ O !
o <) \ }3 (BACKSCATTERED)
REGOIL~—»
SURFACE | IMPLANTED LATTICE — -=SURFACE
REGION . DEFECTS LA
/ ~ \X ! '%'Eg%%?n
DISPLACEMENT : ‘
1 |
I I COLLISION
NEAR - IMEEANTER TRAPPING | O, CASCADE
SURFAC .
REGION A
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Da M. Ohring, The Materials

Science of Thin Films, Figure 3-16. Depiction of energetic particle bombardment effects on surfaces and growing films. (From Ref. 18).
Academic (1992)

Main advantages:

- efficient also with “refractory” materials (e.g., ceramics, some metals with large
vaporization temperature)

- large growth rate (up to several pm/h)
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DC, RF, Magnetron sputtering

Charges typically belong to (or form) a plasma of an inert gas (e.g., Ar) produced

by CW or RF excitation

-V{DC)
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| —
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P SUBSTRATES
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Figure 3-13;
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| |

SPUTTERING VACUUM
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ematics of simplified sputterin,

g(a) de, (b) RF.

Table 3-4. Sputtering Yield Data for Metals (atoms /ion)

Ar

SputteringGas He Ne Ar Kr Xe Ar Threshoid
Energy keV) 0.5 05 05 05 05 1.0 Voltage (eV)

Ag 020 1.77 312 327 332 38 15

Al 016 073 105 09 0.82 1.0 13

Au 0.07 108 240 3.06 301 3.6 20

Be 0.24 042 0.51 048 0.35 15

C 007 — 012 013 0.17

Co 013 0% 1.22 108 1.08 25

Cu 024 180 235 235 205 285 17

Fe . D15 088 1.10 107 1.00 1.3 20

Ge 0.08 068 1.1 112 1.4 25

Mo 003 048 080 087 087 1.13 24

Ni 036 1.10 145 130 122 22 21

Pt 003 063 140 1.82 193 25

Si 0.13 048 050 0.50 042 0.6

Ta 001 0.28 0.57 0.87 0.88 26

Ti 0.07 043 051 0.48 0.43 20

w 0.01 0.28 0.57 091 1.01 33

ELECTRIC MAGNETIC

FIELD
FIELD, LINES

HOPPING
ELECTRONS

CATHODE

EROSION

TRACK
Figure 3-21. Applied fields and electron motion in the plana

In magnetron, magnetic fields do enhance
collisional processes in the plasma, so
improving the overall process efficiency

Main disadvantages:

-Presence of a foreign gas - purity issues
-Backscattering possibility - film damage
-Scarce efficiency of atomization - poor
control of the growth (i.e., thickness and
compositional homogeneity)
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Sputtering vs vaporization

Da M. Ohring, The Materials

Science of Thin Films,
Academic (1992)

. Condensing atems have relatively

. Low pas incorporation
. Grain size generally larger than

. Few grain orientations (textured

atoms (at [200K, £ = 0.1 eV)

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

M =50, T=1500K,and P, = 10~ %
= 1.3 x 10" atoms,/cm?-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 mechenism 1. Ton bombardment and collistonal
momentum transfer
. Low kinetic energy of evaporant 2. High kinetic energy of sputtered

atoms (£ = 2-30eV)

<z
Sputter rate (at 1 mA /em? and
5 =72 = 3 x 10" atoms/cm’-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 Phase
. Evaporant atoms travel in high or 1. Sputtered atorns encounter high-
ultrahigh vacuum ¢~ 10~%-10-10 pressure discharge region
torr) ambient (~ 100 mtorr)
. Thermal velocity of evaporant 2. Neutral atom velocity —~ 5 x 10% <:II]II
10* em/sec o fsec
. Mean-free path is larger than 3. Mean-free path is less than target-

substrate spacing, Sputtered atoms
undergo many collisions in the
discharge

. The Condensed Film

low energy

for sputtered film

films)

2. Some gas incorporation
3. Good adhesion to substrate

1. Condensing atoms have high energy <:|ﬂ"

<

4. Many grain orientations
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3.C. Pulsed Laser Deposition (PLD)

“Collisions” with energetic photons lead to:
| | - bond breaking;

. - local and abrupt material heating
excimer laser beam
focussing
lens e UV laser sources:
windour El=ls / - excimer (XeCl 308nm, KrF 248nm, ArF
193nm,...)
- Nd-YAG 1064 nm (lll or IV harmonics)
& - pulse duration: ~ 10 ns (sub-ns as well, even fs)
@ o & | - fluence: 1-5 J/cm? (i.e., hudreds of MW/cm?)
& ,/A‘ err\r&mup =]

multitarget
carousel holder

;2;;5 E?-;;t Is:?:r-%tlaa?sin:a
interaction interaction
: 10-20 ns 10-20 ns
mass flowmeter @ Cb
? DC motor lird stage :
gas inlet plume wgﬁﬁe
turbo _ expanzlgnus s
pump Zeolite trap é ﬁ.m us
rotary pump
fop view

Pulsed process with different steps
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Features of the laser/target coupling

Electron nature of the interaction 2 non-thermal vaporization

_ > d?g;?;";;gm ; Materiale YBCO Si Ni
eccitazione Conduttivith termica 0.025 1600xT 123, T<1370 K| 11x704, Tes30 K
elettronica ' . ) Weml K1) 02, T>1370 K P08xTY3, 630<T<1726
> eccﬂgzmne ' :) desorblr_nenlo "] Coefficiente di 1.75x10° >1.5x108 1.0 x106
reticolo . termico , o
2 | asorbimento (em™)
' | ristettiviea 0.11 0.59 0.40
. . . 1% ; (per &1 =308 nm} 0.73 (fase liquida) 0.70 (fase liquida)
Fig. 2.3. Schema dell'approccio microscopico al problema dell'interazione las _
materia. Temperatura di 1900 3400 3187
evaporazione {K)
; . | Ccalore latente 14940 4206 2660
stato eccilato: } Ve
H (I
coppia e-h :
' ; ;itf;ﬁzﬁgfg. ¥ 1 Calore specifico 246 2xT-3.68 0.72xT03, T<630 K
o stato predissociativo = §/am3 K) 0.5xT0-3, T>630 K

Tab. 2.1. Valori dei parametri termofisici ed ottici per diversi materiali (da [52, 531).

: reticolo o .
. superficiale —=| superficie
+
_ atomi

stato fondamentale v __- ¥ desorbil
. decadimento radiativo esorbiti
del solido e della b e SO e PLD pros:

superficie e non-radiativo o _ :
| v Huge efficiency with cirtually any kind
e T e s s o in . Of materials;
" T T T SRR v  Highly localized interaction (reduced
target damage);
vgi v Congr.u.ency of film and target
~7 7 composition
v Excellent flexibility (ablation source is
bassa D i outside the deposition chamber and a
foreign gas can be either used or not

Fig. 2.7. Range di assorbimento di radiazione ly e di diffusione del calorc
materiali con bassa ed alta diffusivita termica D (a sinistra ¢ destra nella { Used)

rispettivamente); indicato ¢ anche l'asse z considerato nel testo. o _
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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.

This step is practically absent when
using ultrashort (sub-ps) laser pulses

FASCIO
I LASER

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

Ionizzazione e
riscaldamento plasma
(ne 21018 cm2,

%é\ PLASMA Te 220000 K)

g
R

Plasma formation

Espansione e collisioni
con ossigeno

=3 ossidi

=y clusters

Reactivity in the vapor phase

SUBSTRATO  Arrivo sul substrato di
atomi (neutri e ionizz.),
ossidi molecolari e clusters
con elevata energia cinetica
(v =105-106 cm/s)

= depositi in-situ

Arrival of high energy particles onto the substrate
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Main limitations of PLD

PLD broadly and rapidly diffused (starting from late 80’s) in worldwide labs for production of
films of “difficult” materials (e.g., superconductive and ferroelectric ceramics, nitrides,
silicides, carbides and other hard coatings)

It can be used also for nanoparticles formation (we have seen PLD in fullerenes and CNTs)

0 20 [um] 60 _ . | Substratg

Some disadvantages of PLD:
- Relatively small areas are covered
- Rather poor surface homogeneity (droplets)
- Rather poor overall efficiency (i.e., growth rate)
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4.A. Chemical Vapor Deposition (CVD)

4 Chemical Deposition Methods

Chemical deposition generally includes chemical solution deposition {CSD} as well at
chemical vapour deposition (CVD). In both casese employe
which undergo chemical reactions for the formation G Y place specia

emphasis on CVD as this method finally allows the deposition of ultrathm films and the
n complex-shaped structures which are essential for ULSI. CSLC

el techniques and metal-organic decomposition MOD and typically uses
spin-on techmques for the distribution of a solute film which is subsequently processec
and crystallized. Finally, we give a short introduction to a very different method for dep-
osition from sclutions, the Langmuir-Blodgett (LB) technique. LB techniques allow
the deposition of monomolecular organic films on different substrates making use of the
hydrophilic/hydrophobic orientation of the molecules.

Carrier gas + Carrier gas +
9 Wiy g
reactants unreacted reactants +
“ A < products
a s %
] <
B
F-y ’

~ Desorption of
" 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 MOCVD process.

Chemical reactions are realized in the
vapour phase, the resulting compounds
are deposited onto a substrate acting as
an energy reservoir for the reactions and
unwanted products are carried away

4,1 Chemical Yapour Deposition

The general principles of CVD are well established and a number of reviews and tex
books are available [20], [21], [22], which cover many generic issues common to at
type of material. In CVD growth occurs through the chemical reaction of the con
i hich are transported to the vicinity of the substra
Ale=forming chemical reactions typically utilize therm
energy from a heated substrate as depicted schematically in Figure 30. Other more spe-
cial methods, which cannot be discussed here, couple non-thermal energy sources such
as RF or microwave power or light into the reaction process in order to reduce the ther-
mal reaction temperature required. In order to complete the system, a delivery system
for the precursors and, finally, an exhaust system must be added. The most siraightfor-

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

—gases and such processes are standard processes in CMOS technology tor the deposition
<of insulators and intertayer dielectrics like poly-3i, Si0,,

BPSG glasses.
Figure 31 shows the schemafics of a reactor for handling large batches of wafers simul-
taneously. Examples of the reactions involved are the thermal decomposition of silane,
SiH, , for the deposition of:

» Poly Si: SiH, & Si(s)+2H, at 580-630 °C,
and a pressure of = 1 mbar;
+ Si-Nitride: 3SiH,+4NH; = S8i;Ny+12H, at 700-900 °C,

and atmospheric pressure;

+ Si-Dioxide: SiH,+0, = Si0,+2H, at 450 °C;

These $i0, films are usually under high stress and ar herefore alterna-
i i i developed the TEOS

tive Toutes using organic precursors have been e.g.
(tetra-ethyl-ortho-silane) process:

Si(C,H,0), +120, &5

8i0, + 8 CO, + 10 H,O at 700 °C.

precursors in the form of organometa E 5
subgroup of CVD techniques, meta]-organic—CV 35 therefore evolved.
Efficient, reproducible MOCVD processes hinge critically upon precursors with high
and stable vapour pressures and the chemistry is therefore the decisive step in the devel-
opment of MOCVD,

Main pros: suitable for VLSI, cheap, efficient,
“conformal”
Main cons: purity (reaction products), relatively
poor thickness and homogeneity control
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Other CVD examples |

Da M. Ohring, The Materials
Science of Thin Films,

A few common reactions for metals and semiconductors: Academic (1992)

4.2.1. Pyrolysis

Pyrollysis involves the thermal decomposition of such gaseous species as
hydrides, carbonyls, and organometallic compounds on hot substrates. Com-
mercially important examples include the high-temperature pyrolysis of silane
to produce polycrystalline or amorphous silicon fitms, and the low-temperature
decomposition of nickel carbonyl to deposit nickel films.

Sillygy = Sigyy + 2Hy,

@©0°c), Si (4
Ni(CO)y,, = Nig, +4C0,,  (180°C). Nj (4-2)

Interestingly, the latter reaction is the basis of the Mond process, which has
been employed for over a century in the metallurgical refining of Ni.

4.2.2. Reduction

These rea?tions commonly employ hydrogen gas agfhe reducing agent to effect
the reduction of such ‘gaseous species as halides, carbonyl halides, oxyhalides,
or athier oxygen-containing compounds, An important example is the reduction

of 5iCl, on single-crystal Si wafers to produce epitaxial $i films according 1o
the reaction

SiClysy + 2Hyp = Sig, + 4HCL,, (1200 °C). Si (4-3)

Refractory metal films such as W and Mo have been deposited by reducing the
corresponding hexafluorides, e.g.,

WEqg, + 3Hy ) > W, + 6HE,,  (300°C), W (44)

(300 °C). Mo (4-5)

Tungsten films deposited at low temperatures have been actively investigated
ils a potential replacement for aluminum contacts and interconnections in
integrated circuits. Interestingly, WF; gas reacts directly with exposed silicon
surfau::,es, depositing thin W films while releasing the volatile SiF, by-product
JIn this way silicon contact holes can be selectively filled with tungsten whi]:;
leaving neighboring insulator surfaces uncoated.

MoFs,, + 3Hy,, = Moy, + 6HF

4.2.3. Oxidation
Two examples of important oxidation reactions are
(450 °c),S10(a-6)

(450 °C). 47

SiH ) + Ogpy = Sil0yy + 2Hyy
4PH3(8) + 502(3) — 21’205(5) + 6H2(g)

The deposition of 8i0, by Eq. 4-6 is often carried ont at a siage in the
processing of integrated circuits where higher substrate temperatures cannot be
tolerated. Frequently, about 7% phosphorous is simultanecusly incorporated in
the §i0, film by the reaction of Eq. 4-7 in order to produce a glass film that
flows readily 1o produce a planar insulating surface, i.e., **planarization.”

In another process of technological significance, 8i0; is also produced by
the oxidation reaction

SiClygy, + 2Hyq) + Ogq = SiOyy, + 4HCL,, (1500 °C). (4-8)

The eventual application here is the production of optical fiber for communica-
tions purposes. Rather than a thin film, the 8i0, forms a cotton-candy-like
deposit consisting of soot particles less than 1000 A in size. These are then
consolidated by elevated temperature sintering to produce a fully dense silica
rod for subsequent drawing into fiber. Whether silica film deposition or soot
formation occurs is governed by process variables favorable to heterogeneous
or homogeneous nucleation, respectively. Homogeneous soot formation is
essentially the result of a high SiCl, concentration in the gas phase.

4,2.4. Compaund Formation

A variety of carbide, nitride, boride, etc., films and coatings can be readily
produced by CVD techniques, What is required is that the compound elements
exist in a volatile form and be sufficiently reactive in the gas phase. Examples
of commercially important reactions include
SiCly,y + CHy, = SiC,, + 4HCl,, (1400 °C}, (4-9)
{1000 °CY, (4-10)

(100°c)  (&11)

TiCly,g, + CHygy, = TiC,yy + 4HCI,,
BF,,, + NH,,, = BN, + 3HF,,

for the deposition of hard, wear-resistant surface coatings. Films and coatings
of compounds can generally be produced through a variety of precursor gases
and reactions. For example, in the much studied SiC system, layers were first
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Other CVD examples Il

produced in 1909 through reaction of 8iCl, + C Hg (Ref. 8). Subsequent
reaciant combinations over the years have included SiCl, + C,H,, SiBr, +
C,H,. 8iCl, + C;H,,, SiHCl, + CCl,, and SiCl, + C;H,CH,, to name a
few, as well as volatile organic compounds containing both silicon end carbon
in the same molecule (e.g., CH,SiCl,, CH,8iH,, (CH,),SiCl,, etc.). Al-
though the deposit is nominally SiC in all cases, resultant properties generally
differ because of structural, compositional, and processing differences,

Impermeable insulating and passivating films of Si,N, that are used in
integrated circuits can be deposited at 750 °C by the reaction

38iClyHay, + 4NHy,, = 8igNyg,) + 6Hy, + 6HCL,,, .

The necessity 10 deposit silicon nitride films at lower temperatures has led to
alternative processing involving the use of ptasmas. Films can be deposited
below 300 °C with SiH, and NH, reactants, but considerable amounts of
hydrogen are incorporated. into the deposits.

4.2.5. Disproportionation

- Disproportionation reactions are possible when a nonvolatile metal can form

volatile compounds having different degrees of stability, depending on the
. temperature, This manifests itself in compounds, typically halides, where the
- metal exists in two valence states (e.g., Gel, and- Gel,) such that the

: lower-valent state is more stable at higher temperatures, As a result, the metal

‘can be transported into the vapor phase by reacting it with its volatile,
¢ higher-valent halide to produce the more stable lower-valent halide. The latter
] 1 disproportionates at lower temperatures to produce a deposit of metal while
‘ ' regenerating the higher-valent halide. This complex sequence can be simply
i described by the reversible reaction

i 300 °C
Rty = < Ot + Gelygy {4-13)

and realized in systems where provision is made for mass transport between
ot and cold ends. Elements that have lent themselves to this type of transport
:reachnn include aluminum, boron, gallium, indium, silicon, titanium, zirco-
nium, beryllium, and chromium. Single-crystal films of $i and Ge were grown
b disproportionation reactions in the early days of CVD expetimentation on
iconductors employing reactors. such as that' shown in- Fig. 4-2. The
-enormous progress made in this area is revealed here, :

-4.2.8. Reversible Transfer

Chemical transfer or transport processes are characterized by a reversal in the
reaction equilibrium at source and deposition regions maintained at different
temperatures within a single reactor. An important example is the deposition of
single-crystal (epitaxial) GaAs films by the chloride process according to the
reaction

750 °C

Asyg) + Ay + 6GaClyy + 3Hy Z26GaAs ) + 6HCL,,) - (4-14)

Here AsCl, gas from a bubbler transports Ga toward the substrates in the form
of GaCl vapor. Subsequent reaction with As, causes deposition of GaAs.

(4-12)Si3N4

i T )

RUBBER BELLOWS

i
( et

660-T00°C

L «a—In
B00°C B850°C
Ha/HCE

T——Hzfpuyl-lgs EXHAUST

Figure 4-3, Schematic of amospheric CVD reactor used to grow GaAs and other
compound semiconductor films by the hydride process. (Reprinted with permission
from Ref. 10}.

Allernatively, in the hydride process, As is introduced in the form of AsH,
(arsine), and HCl serves to transport Ga. Both processes essentially involve the
same gas-phase reactions and are carried out in similar reactors, shown
schematically in Fig. 4-3. What is significant is that single-crystal, binagry
(primarily GaAs and InP but alsc GaP and InAs) as well as fernary (e.g.,
(Ga, In)As and Ga(As, P)) compound films have been grown by these vapor
phase epitaxy (VPE) processes. Similatly, in addition to binary and ternary
semiconductor films, quaternary cpitaxial films containing controlled amounts
of Ge, In, As, and P have been deposited by the hydride VPE process.
Combinations of gas mixtures and more complex reactors are required in this
case 1o achieve the desired stoichiometries. The resulting films are the object
of intense current research and development activity in a variety of optoclec-
tronic devices (e.g., lasers and detectors). For quaternary alloy deposition by
the hydride process, single-crystal InP substrates are employed, Gas-phase
source reactions include

24sH, 2 As, + 3H,, AS
2PH, 2 P, + 3H,, P
2HCI + 2In = 2InCl + H,,
2HC] + 2Ga 2 2GaCl + H,.

Deposition reactions at substrates inclhude

2GaCl + As, + H, 2 2GaAs + 2HCI,
2GeCl + P, + H, # 2GaP + 2HCI,
2InCl + P, + H, # 2InP + 2HC],

2InCl + As, + H, # 2InAs + 2HCI.

GaAs
GaP

GaAs InP

INAS (4-16)

Da M. Ohring, The Materials
Science of Thin Films,
Academic (1992)

Reactivity enhancement
can be achieved by several
methods, e.g., formation of

a plasma (see Plasma-

“Bnhhanced CVD for CNT

fabrication!)
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CVD and MO-CVD

4.1.1 Precursor Chemistry and Delivery
Only a sufficiently high vapour pressure enables vapour-phase mixing of precursor com-

ponents and transport of the reactants to the growing film and a vapour pressure of

> (.1 mbar at 100 °C is considered to be a lower limit. uate molecular stabilitipof
the precursor vapour is required to prevent premature reaction or decomposition of the
precursor during vapour phase transport; these requirements characterize a process win-
dow between vaporization and decomposition of the precursor. Additional requirements
are long-term stability of the precursors (e.g. low moisture sensitivity), complete decom-

position (no contamination of the film e.g. by fluorine) and last but not least low toxicity
and envirgnmental regulatory requirements.

is dlf‘ferent from precursors used for the MOCVD of compound semwonductors where
the precursors are conventional metal organic compounds, i. e, M-R systems. For heavy
cations (especially group-II elements), a reasonable volatility is often reached only by
organometallic precursors, e.g. by 3-diketonates with several alkyl groups, such as in
tetramethylheptadionates (thd) (and this type of organometallic precursor is the origin of
an alternative acronym occasionally used: OMCVD). The two keto groups chelate the
cation while the outer alkyl groups effectively shield any polar region of the molecule.
Typically two (thd) ligands are reacted with one cation yielding Ba(thd),. Since the outer
shell of this molecule consists entirely of alkyl groups there is only a weak
van-der-Waals interaction between neighbouring molecules and, hence, a relatively low
boiling temperature, For cations with a higher electronegativity (i.e. a lower tendency to
form ionic bonds), alkyl compounds, such as Pb{C,H,),, and alkoxide compounds, such
as Ti{OC,H,),, may give rise to a sufficient volatility [23].

The different types of precursors used for oxide deposition are summarized in
Figure 3Z. The main applications for the present topics of IT are included in the figure:
e.g., the diketonates for Ba and Sr, thd = tetramethytheptadionate, alkoxides for Ti (TIP
= titaniumisopropoxide = Ti(0-i-Pr}, ) and Zr. Mixed precursors like Ti{0-i-Pr) ,(thd) ,
are also used to increase compatibility with other precursors. In additien, adducts or sta-
bilizers are used in order to avoid reactions and oligomerization e.g., tetraglyme or
pmdeta. Most of these precursors are liquid or solid at reom temperature and reach a suf-

ficient vapour pressure only at elevated temperature, Therefore, special delivery systems

are necessaty, i.e. bubblers or liquid source delivery systems.

Chemical Vapor methods do strongly rely on the
availability of suitable precursors, i.e.,
compoundss able to efficiently react with the
environment gas and deposit onto the substrate

p-Diketonates

o

Organcometallics

R=R,=CH,
R.=R,=C{CH,},
R,=C(CH,),, R,=CF,
R,=C{CH,},, R,=C,F, (heptafluorodimethyloctanedionate)
R.:=R,=CF,

{acatylasetonate)
{tatramathylhaptadionate) - Ba(thd)a, Srithd)s

(trifluorodimethylhexanedionate)

{hexaflucroacetylacetonate)

Figure 32: Selection of
precursor molecules for
oxide deposition [25].

GH,
I - 1
* ; M - tetra-ethyl-lead
M M ~
|_ n J n csz C:Hs
CH,
phenyl cyclopentadienide tetraethyl
B e A e tr|phenyl_Bi
Alkoxides
R R=CH, {methoxide)
/ R=C,H, {ethoxide)
%] 4] ) : .
= R=CH{CH,}, {isopropoxide) - T TIR, ZF ZIP
R=C{CH,}, {tbutoxide) o - Zr -ten -butoxide
Gases in
Ens;jl:;un Three-Zone-Fumnace
[] FSSISIIRERGY
|

T

] ; Iil /) pump
H
|-Mixing-|-—Prchea;m g*é-—Wafer Reg onw—--—\-fDowns[rcam chmn—#

Figure 31: Schematic representation of
a hot-wall multiple-wafer in-tube CVD
reactor [20].

arte 2 - pag. 32



4.B. Examples of deposition from the liquid phase (CSD)

4.2 Chemical Solution Deposition

The chemical solution deposition (CSD) method comprises a range of deposition tech-
niques and of chemical routes which have been reviewed recently [23], [33]. A general-
ized flow chart of the CSD of oxide thin films is 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 used. Besides mixing, preparation
may include the addition of stabilizers, partial hydrolysis, refluxing, or else. The coating
solution is then deposited onto substrates by:

where typically a photoresist spinner is employed and which is suitable
or semicondudtor wafers,

dip coating, which is often used in the optics industry for large or non-planar sub-
strates, and

spray coating/which is based on a misting of the coating solution and deposition of
e mist exploiting gravitation or an electrostatic force,

The wet film may undergo drying, hydrolysis and condensation reactions depending on

the chemical route, The as-deposited film possibly represents a chemical or physical net-

work. Upon subsequent heat treatment, a further hydrolysis and condensation and/or 2
pyrolysis of organic ligands may take place, again depending on the chemical route. The
resulting film consists of amorphous or nancerystalline oxides and/or carbonates. Upon
further heat treatment, any carbonate will decompose and the film will crystallize
through a homogeneous or a heterogeneous nucleation. Typically, the desired final film
thickness is built up by multiple coating and annealing. :

Depending on the type and reactivity of the precursors, the chemisiry shows a wide
spectrum of reaction types. On the one hand, there are the D¢
alkoxide precursor systems, which undergo hydrolysis and conde : ;
formation of 8i0, coatings starting from Si alkoxides is the classical example of this
type of reaction. The condensation leads to a chemical gelation in which — under appro-
priate reaction conditions — no pyrolysis reaction of any organic ligand occurs. At the
other exireme, there '>_ which typically starts
from carboxylates of the cations o, in special cases, from the nitrates. 'Ihe carboxylates
do not chemically react with water. Consequently, during heat treaiment, first the sol-
vents are evaporated, a process which is sometimes referred to as physical gelation.
Upon further heating, the carboxylates pyrolytically decompose into amorphous_or
nanocrystalline oxides or carbonates. There is a wide spectrum of possible reaction
routes between the pure sol-gel route and the MOD route. Depending on the type of
alkoxides and a possible stabilization of the precursors, there may be a partial hydrolysis
and condensation while some organic ligands remain in the gelated film and undergo
pyrolysis upon further heat treatment. In the synthesis of multicomponent oxide ﬁlr_ns,
often hybride routes.are followed, i.e. there may be some precursors employed which
tend to follow the sol-gel or partial so)-gel route while others undergo typical MOD
teactions.

The microstruciure formed duting the CSL) process Strongiy acpends on me wnes

modynamics and kinetics of the solidstate reaction from the intermediate amorphous or

nanocrystalline state after pyrolysis to the final equilibrium crystalline phase, This is
controlied by the chemical composition of the film system (for details see e.g. ref. [23]).

Due to their low capital investment and simple processing, CSD techniques are
widely used and are also applicable for micro- and nanoelectronics on a low level of
integration, e.g. for present state FeRAMS.
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Liquid Phase Epitaxy (LPE) and Sol-Gel

Da M. Ohring, The Materials
Science of Thin Films,

LPE: deposition from a super-saturated solution Academic (1992)

technigues. LPE invelves the precipitation of a crystalline film from a super-
saturated melt onto the parent substrate, which serves as both the template for
epitaxy and the physical support for the heterostructure. The process can be
understood by referring to the GaAs binary-phase diagram on p. 31. Consider
g Ga-rich melt containing 10 at% As. When heated above 950°C, all of the As
dissolves. If the melt is cooled below the liquidus temperature into the
two-phase field, it becomes supersaturated with respect to As. Only a melt of
lower than the original As content can now be in equilibrium with GaAs. The
excess As is, therefore, rejected from solution in the form of GaAs that grows
epitaxially on a suitably placed substrate. Many readers will appreciate that the

Sol-Gel: deposition from precursors in a gel solution

Some advantages of chemical methods:
- Cheapness;

- Scalability;

- Growth rate

Main disadvantages:

- Poor control of the film homogeneity;
- Limited applicability (precursors are
frequently needed!):

-Need of several process steps and
integrability issues
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Figure 7-17. Schematic (Courtesy of M. B. Panish, AT&T Bell

Laboratories.)
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Conclusions

v Thin films are an essential component for any nanotechnology
application (not only, but especially, electronics)

v' Many deposition methods have been developed and applied

v" Film growth typically involves arrival of elemental materials onto
a substrate (and subsequent surface processes, like diffusion,
nucleation and coalescence): phyiscal and chemical techniques
can be used to produce the elemental materials from a solid or
gaseous (or liquid) material

v Every technique holds specific advantages and limitations: no
“universal” method exists
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