Film Deposition Methods

1 Introduction

The deposition of thin-film functional layers on different substrates is an essential step
in many fields of modern high technology, and applications range from large-area opti-
cal coatings on architectural structures to tribological layers, high-temperature super-
conducters, and finally to applications in micro- and nanoelectronics. Considering this
broad spectrum of applications it is obvious that there cannot be one perfect deposition
method which can be applied in all fields. In contrast, there is a wide spectrum of meth-
ods all on a high level of development and it is sometimes difficult to make the optimum
choice, Even within the special field of information technology films of very different
materials have to be considered: semiconductors, metals, especially magncetic laycrs,
dielectric and ferroelectric oxides and organic layers. The deposition methods arc domi-
nated by depositions from the vapour phase and we will concentrate on the basic princi-
ples of these methods, A selection of vapour deposition methods is summarized in Table
1 with the generally accepted subdivision into physical and chemical methods. Physical
mctheds may be characterized by a locally well-defined particle source and generally a
free flight in vacuum to the substrate. For chemical methods, the so-called precursor
molccules fill the reactor vessel as a vapour, dissociate at the hot substrate surface and
relcasc the atoms of interest. Some basic characteristics of the methods are summarized,
however, the characterization is sometimes not very specific as the parameters depend
strongly on the properties of the material of actual interest. Hence, there are many such
comparisons in the literature showing some dependence on the personal bias of the
author, A short introduction to depositions from solution is included in Sec. 4: i.e. chem-
ical solution deposition (CSD} and the Langmuir-Blodgett method for monomolecular
organic films. Of course, the list is not complete and we must refer to the literature for
additional methods like electroplating (galvanic deposition) or thermal spray techniques.

Physical Vapor Deposition Chemical Vapor

Deposition
Evaporation/ o oring PLD CVD/MOCVD
MBE
Mechanism of pro- Momentum Thermal . .
duction of depositing Thermal energy Chemical reaction
. transfer energy
species
.. High, upto  Low, except for Modcrate
Deposition rate 750,000 A/min  pure metals Moderate Up to 2,500 A/min
D i . Atoms Atoms Atoms, ions  precursor molecules
Cpostiion species and ions and ions and clusters  dissociate into atoms
Energy of deposited Low Can be high . Low; Can be high
species 0.1100.5eV 1-100 eV Low to high with plasma-aid
Throwing power
a) Complex shaped Poor, Nonuniform Poor Good
object ling of sight thickness
b)Into blind hole Poor Poor Poor Limited
Scalable to wafersize  up to large up to large limited up to large

Table 1: Some Characteristics of Vapour Deposition Processes (modified after Bunshah [1]).
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Figure 1: Schematics of a
deposition system.
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Figure 2: Deposition into a hole (after ref. 20).
The exarmple of an atom with starting position,
S, with a height, h, above the substrate illus-
trates that either gas-gas collisions or reflection
from the surface are necessary for a uniform
deposition on bottom and sidewalls of a hole.
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2 Fundamentals of Film Deposition

In this section, we introduce some fundamentals of film deposition which are valid for
all methods. We start with the kinetics of gases as the residual gas pressurc in the system
determines the free path length of the deposited species and the possible incorporation
of foreign atomns. Next, we discuss some basic thermodynamic data, like vapour pres-
sure and phase diagrams, and their dependence on the residual gas pressure. Finally,
we introduce the basic models for the nucleation and growth of thin films and the
accommeodation and release of lattice strain,

2.1  Gas Kinetics

The residual gas pressure in the system is one of the basic parameters to be controlled
during film deposition as the residual gas atoms may collide with the depositing species
or rnay 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

|

N
27 Nd? (0

d = molecular diameter, N = concentration of the gas. With the law of the ideal gas:
N = p/kgT, kg = Boltzmann constant, we obtain:
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For the example of air molecules we obtain a free path length which is of the order of a
typical distance from source to substrate of about 20 cm at a pressure of 0.5-10% mbar.
This rather moderate vacuum level shows that the beam interaction is not a ¢ritical con-
dition for the base vacuum. More critical is the number of residual gas atoms which hit
the growing surface and limit the purity of the fikm if they are incorporated. This number

can be expressed as
1
Noep L (3)
i 2rkpmT

m; = atomic or molecular mass. Typical results are summarized in Tab. 2. Assuming a
sticking coeflicient of unity, the incorporation of residual gas atoms may be expressed in
terms of monolayers and this growth rate may be rather high as compared to a typical
growth rate of an epitaxial film i.e., one monolayer/ 5. Hence, for clean films ultra-high
vacuum (UHV, better than 10 mbar ) may be necessary.

A further aspect where the mean free path of the molecules becomes important is
deposition into very small structures like small via or trenches, as they are becoming
more and more important with increasing miniaturization of ICs, Figure 2. Comparing
the dimensions of such submicron structurcs with the free path lengths of Table 2 we see
that even for medium vacuum conditions the mean free path of the molecules becomes
much larger than the structure size. Hence, for these conditions there is no gas collision
within the holes, and for the distribution of the atoms reflection at the surfaces becomes
important. For simulations of the deposition processes continuum gas dynamics must be
supplemented by Monte Carlo methods.

A=

Mean free path, cm Collisions / s Molecules/(cm? s) "

p, mbar {between collisions) (between molecules) (sticking surface) Monolayer /s
10° 6.8-107 6.7-10% 2.8-10% 3.3:10°
10 6.8-10° 6.7-10° 281077 33107
10 6.8-10° 6.7-10° 28104 33107
10° 6.8-10° 6.7-107 2.810" 3310

* Assuming the condensation coefficient is unity

Table 2: Some facts about residual air at 25 °C in a typical vacuum used for film deposition {after Chopra [2]).
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2,2 Thermodynamics

Phase-diagrams are the starting point for considering the deposition of a new material in — T T
order to sec the stability range of the envisaged phase and the existence of concurrent

phases. Standard phase diagrams are given at ambient pressure, however, changes with 2000
pressure must be considered for vacuum deposition methods. Figure 3 shows as a simple j |

example the phase diagram of the completely intermixing binary system Si-Ge and the
change from ambient pressure down to the UHV region [3]. At 1 mbar there is not much 1500 - n
change compared to atmospheric pressure and we observe a wide range of stability of

the mixed homogeneous crystailine phase, ¢, of Si-Ge (the decomposition of this homo- 1000
geneous phase into two crystalline phases of different stoichiometry, ¢'and ¢", at very c
low temperature is somewhat speculative). At higher temperatures the liquid, 1, to solid
{crystalline) phase transition is indicated and above 2000 K the liquid to vapour, v, tran- 500 H
sition is shown. With decreasing pressure there is a strong decrease in temperanire of the
l-v borderlines and even an overlap with the ¢-1lines. Finally, in the UHV region, 107 e'+e” J
mbar, the liquid has disappeared and only direct sublimation, ¢—v, is left at tempera- 00 02 04 08 08 1.0
tures around 1100 K, Hence, re-evaporation of the material under UHV conditions and 'Si ' ' X ' ' Gé
high temperatures must be considered. In addition, a comparison with the deposition

rates and gas pressures discussed aleng with Table 2 shows that the deposition of the

films usually proceeds under high supersaturation, i. e. conditions far from thermody- 10°® mbar

namic equilibrium,

T
i

T (K}

T T T T
Vapour pressures and the related evaporation rates present another field of basic
thermedynamic data, which are very useful for the control of the deposition of different 2000 N
compounds. Such data can be deduced from thermodynamic data tables (e.g., CODATA
and JANAF) [4]. As an illustrative cxample we consider Pb-based perovskitc oxides v
(such as Pb(Zr, T1YO,, PZT for short) which are the most important class of fcrroelectrics 1800 - .
for thin film applications. The deposition of these lead-based oxides is complicated by =
the fact that PbO is known as a very volatile oxide. Figure 4 shows the evaporation of " | o P~—u CFV N
PbQ under atmospheric conditions and under UHV: under atmospheric pressure the vol-
atile specics 1s PbO and the vapour pressurc of Pb is 3 orders of magnitude lower. In c
contrast, under UHV conditions the dominant species in the vapour phase is Pb. 500 - .
e
o ] i | |
2.3 Film Growth Modes o 0z 04 08 08 10
3i X Ge

Nucleation and growth of a film proceeds from energetically favourable places on a sub-
strate surface and even the cleanest polished surface shows some structure. Figure 5
shows schematically the structure of a well-polished single-crystal surface. The charac- Figure 3: x-T phase diagram of the
S 1. Ge, systems at 10" and 10°° mbar [3]
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Figure 7: Growth modes
of homoepitaxy:

(a) step-propagation,

(b) 2d-island growth, and
(c) multi-layer growth.

Frank-vanderMerve
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Volmer-Weber

Stranski-Krastanov

Figure 8: Growth modes
of the hetero-¢pitaxy.
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Figure 5: Schematic view of the elements Figure 6: Change of the step distance, /,,
of the surface morphology [3]. by cutting a surface at a small angle to a

major crystallographic direction,
i.e., forming a vicinal surface.

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 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 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, the growth
of a film on a single-crystalline surface of the same material, is indicated in Figure 7. As
discussed above, step propagation dominates at higher temperatures and/or small depo-
sition rates and two-dimensional island growth will predominate 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 in a simple model as the adatom 1s
nearly dissociated from the surface in the saddle point of this jump.

If we want to grow an epitaxial film on a different substrate (so-called heteroepi-
taxy), two material parameters have to be considered in addition: the surface energy, -,
and the lattice parameter or lattice match of the two materials. For the case of good lat-
tice match the difference in surface energy leads to two different growth modes as indi-
cated in Figure 8a and b. As long as :

Vayer + Ysubstrate/layer < Vsubstrate “)
we observe perfect wetting and pure layer by layer or Frank-van-der-Merve growth. For
the opposite case, we observe island or Volmer-Weber growth. For this consideration the
surface energies of the crystallographic orientations of actual interest 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
Figure 8c, Stranski-Krastanov growth. A first layer may grow matched to the substrate,
which yields additional strain energy. With growing thickness this strain energy
increases in proportion to the strained volume and an island formation may become
more favourable in spite of the larger surface area.

The contributions of strain and surface energy can quite generally be described in a
simple model and the resulting difference in energy between island growth and layer
growth is given by Eq. (5) and illustrated in Figure 9.

AW =Wt + Wielax = constyyd® — constakE*d? )

k = bulk modulus, & = strain

Considering films of the same volume content, the increased surface energy for the
island growth Figure 8b, is proportional to the island arca, d* , whereas the energy
released by relaxation of the lattice is proportional to the island volume, & . A 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-
dicts a critical value, d_;,. where the island growth is finally more favourable and a fast
decrease of the energy for larger sizes. However, the limits of the model are reached in
this region as the simple relaxation mode is obviously no longer valid for large sizes.

2.4  Strain Relaxation in Continuous Films

Along with film growth, the islands will overlap and a closed film will form, which can
no longer relax by the mechanism discussed above. A possible mechanism for strain
relaxation is the formation of misfit dislocations as schematically shown in Figure 11.
As long as the film is rather thin, there is perfect epitaxy on the substrate, however, the
unit cell is tetragonally distorted; as the in-plane lattice parameter is forced to smaller
values, an expansion, according to Poisson's ratio, is observed in the direction perpen-
dicular to the film. This tetragonal structure is manifested by the different in-plane and
out-of-plane lattice parameters and by a tilt of the crystallographic angles, e.g., a devia-
tion of the [110] direction from 45 °. This strain is relaxed by the formation of disloca-
tions as indicated in Figure 11b, and the film returns, in principle, to the cubic structure,
however, the interface is only semi-coherent.

3 Physical Deposition Methods

In this Section, we will give a short introduction to the basic principles of the different
physical deposition methods and some comments on their advantages and drawbacks.
Some special features of the different techniques will be demonstrated by examples
which are selected to additionally demonstrate the wide field of thin-film applications in
microelectronics and the wide spectrum of analytical tools for the characterization of
thin films.

3.1 Thermal Evaporation / Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) has evolved from simple thermal evaporation tech-
niques by the application of UHV techniques to avoid disturbances by residual gases,
and additionally includes many different sources. A schematic view of a system is
shown in Figure 12 including several different sources which allow the controlled depo-
sition of multi-element compounds. The main components and their use are summarized
in Table 3: these are the different beam sources, the shutters, which are very important
for controlling the growth of dopant profiles or multi-layers, the process environment
and, very specific for MBE, the in-situ process control. Due to the UHV environment all
UHYV surface techniques might be applied, but only reflection high energy electron dif-
fraction (RHEED) is included here as an example.
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tetragonal distortion of the film. By misfit disloca-
tions this strain can be relaxed and the film can
re-approach its cubic structure.

Figure 11: Strain relaxation by misfit dislocations
for the example of two initially cubic crystals. As
the film has a larger lattice constant than the sub-
strate the forced matching at the interface vields a
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Figure 9: Energy contributions as a function
of the island size [5].
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Figure 10: Strain relaxation in pseudo-
morphic (dislocation - free) islands.
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Figure 12: Schematic view of a
MBE system for the growth of
multi-element compound films.
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Figure 13: Schematics of a Knudsen cell and
the distribution of the vapour beam intensity [7].
The distribution depends on the ratio Ly/d,, and
consequently on the filling level of the cell.
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Figure 14: Schematics of a ¢lectron beam
evaporator for $i evaporation {7]; B: Si guard
ring, C: catcher for backscattered electrons.
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Figure 15: Overview of an MBE system [7].
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preparaticn
chamnper

aralyticol B
facidity
(ALS, XPS5)

Facilities Components Functions
Beamn Knudsen cells To provide stable, high-purity, atomic or mole-
cnerators € beant evaporators  cular bcams impinging onto substrate surface
& " Gas or vapour cells = MOMBE
To completely close or open line of sight between
Beam Fast-action shutters source and substrate. Action should be rapid
interruptors (< 0.1 s} and should cause minimal thermal dis-
ruption of source
. To provide ultraclean growth environment, with
Process  Multichamber residual gas species (e.g. 0,,C0, H,0,C0,)
environment UHY system "
< 107" mbar
RHEED To provide dynamic information
Beam and _ h .
cowth _chm monitoring on the surface structure
groy ionization gauge on heam intensities and
momtors

mass spectrometer on compositional information

Table 3: Principle operative systems in MBE and their [unction (after Parker [6]).

3.1.1 Sources
The schematic of the classical MBE source, the Knudsen cell, is illustrated in Figure 13,
The evapoeration rate, ¥, is described by the Hertz-Knudsen (or Langmuir) equation:

V. — Pede

o N 2rmkgT

P, is the cquilibrium vapour pressure and 4, the area of the aperture [7]. Therefore, the
source can be precisely controlled by a single parameter, the temperature. However, the
technical details arc very complex and involve more parameters than shown in Eq. (6} .

Figurc 14 shows the principle of an electron beam evaporator. The electron beam is
magnetically deflected by 270° and is centred on the source 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.

(&)

3.1.2 Process Environment

Larger MBE systems arc composed of modular stainless steel building blocks and
Figure I35 gives an example: the deposition chamber, the wafer or substrate preparation
chamber and often an additional analytical chamber. All operative components arc
attached by flanges for service access. All materials used within the system need special
consideration in terms of low gas desorption and high resistance to heating during
out-gasing af elevated temperatures. Parts with high heat load are liquid-nitrogen-cooled
(‘eryo panel’) . Pumping systems include turbomolecular pumps, especially in parts with
larger gas load, cryopumps and ion getier pumps.
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Figure 16: Control of the oxygen partial
pressure by differential pumping [8].
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