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Abstract. Effects of spatial ordering of molecules on surfaces are commonly utilized to deposit ultra-thin
films with a thickness of a few nm. In this review paper, several methods are discussed, that are distin-
guished from other thin film deposition processes by exactly these effects that lead to self-assembling and
self-limiting layer growth and eventually to coatings with unique and fascinating properties and applications
in micro-electronics, optics, chemistry, or biology. Traditional methods for the formation of self-assembled
films of ordered organic molecules, such as the Langmuir-Blodgett technique along with thermal atomic
layer deposition (ALD) of inorganic molecules are evaluated. The overview is complemented by more re-
cent developments for the deposition of organic or hybrid films by molecular layer deposition. Particular
attention is given to plasma assisted techniques, either as a preparative, supplementary step or as inherent
part of the deposition as in plasma enhanced ALD or plasma assisted, repeated grafting deposition. The
different methods are compared and their film formation mechanisms along with their advantages are pre-
sented from the perspective of a plasma scientist. The paper contains lists of established film compounds

and a collection of the relevant literature is provided for further reading.

1 Introduction

Thin films have a broad field of applications. On the one
hand they constitute the frontier between bulk material
and environment as they protect the material, e.g., from
abrasion or corrosion, or serve as decorative coating. On
the other hand they maintain specific functions between
two materials (e.g. promote adhesion and release, provide
the lubricant, or generate biocompatibility to name a few).
In other cases, their benefit can be related to the film itself,
such as films in semiconductor devices, solar cells, or thin
film optics like optical filters. The thickness of these layers
varies from a fraction of nm for monolayers up to some
micrometers achieved by repeated process cycles. Thin
films can be deposited on a vast variety of substrates; the
spectrum of film materials covers very different material
classes, from solids to soft matter. The chemistry of thin
film material covers both worlds, the inorganic and the or-
ganic. Well-established substances include pure metals, in-
organic compounds like oxides, nitrides, sulphides, halides
or organic compounds. The latter are deposited as layers
of organic molecules, as crosslinked polymers with tune-
able functionalities [1], and also as metal-organic com-
posite layers. Biocompatible ultra-thin films on implants
are advantageous because the introduction of foreign sub-
stances into the body is minimized [2]. Furthermore, thin
films constitute valuable accessories for studying the in-
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teraction of single atoms and molecules with surfaces as
well as with each other on surfaces.

Multitude techniques for the deposition of thin films
have been developed in the past [3]. Chemical solution
deposition transfers the coating solution onto substrates
by spin-, dip-, and spray-coating. Chemical electric (elec-
trolytic) procedures operating in liquids are common.
Next to these, gas phase procedures which often require
vacuum environment are widespread. Classic examples
comprise pulsed laser deposition, sputtering and molec-
ular beam epitaxial procedures or evaporation methods.
For instance, chemical vapour deposition (CVD) is de-
scribed by dissociation and chemical reaction of gaseous
reactants in an activated environment, followed by hetero-
geneous chemical reactions at the surface leading to forma-
tion of solid films on the substrate. The gaseous raw mate-
rial is activated by thermal energy or photons. Activation
by plasmas leads to plasma assisted or enhanced chemi-
cal vapour deposition (PE-CVD). An essential advantage
of PE-CVD with respect to CVD is the lower substrate
temperature and hence the minimized thermal stress of
the substrate. CVD allows the formation of various thin
films differentiated by their chemical composition, result-
ing in diverse chemical, mechanical, optical and electrical
properties.

Several experimental methods are successfully applied
for investigation of thin films and surfaces concerning,
e.g., chemical composition, morphology, thickness, crystal
structure and mechanical, chemical, optical, and electrical
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properties. Scattering techniques are used applying beams
of electrons (Auger Electron Spectroscopy), electromag-
netic radiation (X-ray Photo-electron Spectroscopy) and
ions (Secondary Ion Mass Spectrometry) and detecting
the response after the interaction with the sample [4]. Mi-
croscopic methods may include scattering effects as Trans-
mission Electron Microscopy, or using other effects by
Scanning Probe Microscopy [5] as Scanning Tunneling Mi-
croscopy or Atomic Force Microscopy. Reviews concerning
surface investigations of self-assembled monolayers in par-
ticular Langmuir-Blodgett films [6] and self-assembled or-
ganic monolayers [7,8] have been published recently.

The demand for coatings with a high degree of confor-
mity arose particularly from the development of electronic
devices to higher integration degree with decreasing linear
dimensions. Here, 3-D structures, especially trenches with
high aspect ratio, have to be coated with the requirement
of equal film thickness on the side wall (1:1 conformity).

The aim of this paper is to give a survey on the de-
position of ultra-thin films, with particular consideration
of films with excellent conformity even in structures with
high aspect ratio. Bottom-up methods are discussed for
the formation of self-assembled monolayers (SAM) of or-
ganic molecules using self-assembly techniques such as the
Langmuir-Blodgett technique [9,10]. Inorganic film forma-
tion by atomic layer deposition (ALD) and enhanced by
plasma (Plasma ALD, PE-ALD) is reported [11]. Closely
related to ALD, molecular layer deposition (MLD) al-
lows the formation of organic and inorganic-organic hybrid
films [12]. Surface coating by plasma enhanced repeated
grafting deposition (PE-RGD) enables the formation of
ultra-thin organic plasma polymers [2]. The role of plas-
mas is diverse: while several methods rely on plasmas as
an inherent part of the process (e.g. PE-ALD, PE-RGD),
in other cases additional plasma steps are included merely
as preparative step for a subsequent film modification.

Principles of the above deposition methods are pre-
sented, their advantages and disadvantages as well as typ-
ical applications are discussed.

2 Films of ordered molecules

The preparation of monomolecular organic thin films with
a high degree of order and orientation on solid substrates
using self-assembly mechanisms can be performed in lig-
uids, in the gas phase or on the liquid-gas interface. The
latter is applied for formation of Langmuir-Blodgett films.

2.1 SAM

2.1.1 Formation on liquid-air interface (Langmuir-Blodgett
films)

By the Langmuir-Blodgett (LB) technique mono- or
multilayers also multilayered hetero-structures are trans-
ferred from a liquid-gas interface onto a plane solid sub-
strate [13—-17]. This technique mostly uses water as lig-
uid. Langmuir-Blodgett molecules are amphiphilic, i.e.
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Fig. 1. Surface of a prototypical Langmuir-Blodgett film
(12-layer arachidic acid, atomic force micrograph). Reprinted
with permission from reference [18] (© 1996, American Chem-
ical Society).

distinguished by hydrophilic and hydrophobic groups that
are spatially separated. Examples of organic compounds
used for LB films are fatty acids, derivates of porphyrins,
phthalocyanines, and diacetylenes [16]. A representative
film is shown in Figure 1. The material is spreading on a
water surface with only the hydrophilic group establish-
ing contact to the water (subphase). If the arrangement
of molecules is compressed e.g. in a trough by a movable
barrier as shown in Figure 2, a so called Langmuir film is
formed at the liquid-to-air-interface.

During the movement of the barrier the surface ten-
sion increases (Surface tension isotherm). The molecular
arrangement with comparably large separation between
the molecules is referred to as “gas” phase. Accordingly,
the re-organization initiating after the compression of the
Langmuir film by the barrier movement has started is com-
parable to a “liquid” phase with smaller molecule separa-
tion length and commencing, yet marginal alignment. The
final state with higher surface pressure and tight packag-
ing of aligned molecules is denoted “solid” state on ac-
count of the apparent long-range order (Fig. 3, [16]).

The film is transferred to a solid target by slowly mov-
ing of the substrate across the air-water interface (Fig. 4).
Beside water, other liquids, e.g., mercury, glycerol are cus-
tom as subphase [16]. A hydrophilic substrate had to be
moved out of the liquid to ensure the contact of the hy-
drophilic groups of the Langmuir film with the substrate
surface. Inversely, a hydrophobic substrate must be im-
mersed into the liquid, so that the hydrophobic ends of
the molecules make contact with the substrate surface.
Typical substrate materials involve silicon wafers, glass
and quartz, or oxidized aluminium, chromium, and tin.
Multilayers can be formed by multiple back and forth
movement. LB films are generated in the thickness range
from ultra-thin in the order of 1 nm up to films of 1 um
with a thickness precision of 1% over large areas and low
defect density. Drawbacks are the mechanical softness, the
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Fig. 2. Formation of Langmuir film on a liquid phase (left: beginning of compression, right: aligned molecules). Reprinted with

permission from reference [16] (© IOP Publishing Ltd, 2001).
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Fig. 3. Schematic tension—area isotherm (surface tension over
area per molecule). With pressure increasing, the molecules
traverse phases that are denoted in analogy to phase transi-
tions from gaseous via liquid to solid. (Representative example
for fatty acid.) Reprinted with permission from reference [16]
(© IOP Publishing Ltd, 2001).

limited temperature stability of the films, and the low de-
position rate [19].

According to the multitude of customary chemical
compounds for the formation of LB films a broad spectrum
of applications is studied in the fields of e.g. molecular
electronics (organic conductors, magnets, rectifiers) and
optics (non-linear optics) [17,20], permeable membranes
and lubrication [13] or gas sensor techniques [21]. A sub-
sequent plasma treatment of LB films to enhance their
resistance against thermal, chemical or mechanical strain
is reported [22—-24].

2.1.2 SAM formation on liquid-solid
and vapor-solid interface

The ability for spontaneous formation of molecular
blocks of regular arrangements up to completely or-
dered monolayers of molecules is denoted as molecular

£
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Fig. 4. Deposition of Langmuir-Blodgett film on substrate
(left: monolayer, right: multilayer). Reprinted with permission
from reference [16] (© IOP Publishing Ltd, 2001).

Fig. 5. Scanning tunneling microscopy image (15 nm x 15 nm)
of Self-Assembled Monolayer of n-decanethiolate on Au {111}.
Courtesy P S Weiss University of California, Los Angeles.

self-assembly [10]. Self-assembled monolayers (SAMs) (see
Fig. 5), consisting of molecules containing a surface active
binding group (headgroup) are widely investigated. The
headgroup is accountable for chemisorption e.g. by cova-
lent bonds on the substrate surface.

Typically, methylene groups form the spacer chain and
the functional interface group determine the properties of
the monolayer surface [25,26]. A schematic representation


http://www.epj.org

Page 4 of 22

functional
interface groups

spacer chains

J
>
Chemisarption .
at the surface I/’V\,I :;_IFEC? active
\\_ / inding groups

(head groups)

f/_l\.\
-

- N\

r/-\ /—‘\
& Q W

Substrate

a: tilt of chain axis from
surface normal

Fig. 6. Orientation of linear molecules on a metal surface,
according to reference [27].

is shown in Figure 6. Moreover, spacer chains consist-
ing of other organic groups, e.g., biphenyl, phenylene
ethylene, anthracene are applied [27]. SAMs are formed
by immersing a substrate into a uniform dilute solution
of surface active material in an organic solvent (typi-
cally 1 uM—-10 mM) [6,16,27]. Usually, ethanol serves as
solvent, but also other solvents with sufficient solubil-
ity for the surface active material are common. The in-
fluence of the solvent type on the quality of the layer
is small [14]. The surface active material adsorbs spon-
taneously and particularly on surfaces with low intrin-
sic roughness. Moreover, vapourized substances are de-
posited on the substrate out of the gas phase at low
pressure [10,28]. The film formation process comprises
the deposition followed by a rinsing or evacuation for re-
moving excess material. Chemisorption leads to covalent
or ionic bonding of the binding headgroup on a site of
the substrate surface. Assuming some surface mobility by
the chemisorption exothermicity the molecules are pushed
close together on the surface [14]. The initially deposited
monolayer becomes well-ordered as “crystalline” molec-
ular assemblies after an assembly time of ~1 day [26].
Substrates of various shapes can be coated [29]. Gener-
ally, the orientation of the linearly elongated molecules
deviates from the surface normal by a tilt angle that de-
pends on surface material and molecule. N-alkanethiols
on gold show tilt angles (see Fig. 6) near 30°, on sil-
ver near 10° [27]. Thiolates are approved for formation of
SAMs on metals as Au, Pd, Ag, or Cu (see also Fig. 5). The
sulphur surface active headgroup is attached to the metal
surface. The structure of assembly of organic molecules
on a surface is determined by the structure of the target
surface which defines the distance between the individ-
ually deposited molecules. The interaction between the
adsorbed molecules minimizes the free energy of the or-
ganic layer by van der Waals forces, hydrogen bonds and
electrostatic interactions [10].

The formation of self-assembled monolayers on na-
tive silicon oxide and on bare Si surfaces for molecular
electronics is reviewed by Aswal et al. [30]. A compila-
tion of commonly deployed headgroups and substrates
for the formation of SAMs on metals, oxides and semi-
conductors is given by Love et al. [27]; examples are
presented in Table 1. The deposition of multilayered
organic-inorganic hybrid films is feasible. Films containing
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Table 1. Headgroups of molecules for SAM and the corre-
sponding substrates. Reprinted with permission from refer-
ence [27] (© 2005, American Chemical Society).

Headgroup Substrate Reference
Si-H (31,32]
-OH Si [33]
SiOx [30]
-CO0O-/-COOH Ti/TiOq [34]
FeSz [35]
-NH, Mica [36]
-C=N Ag, Au [37]
Ag, Au, Cu  [38]
-SH Pt 39]
Zn [40]
-CSSH Au [41]
Ag [42]
-SeH Au [43]
=P FeSz [35]
-N=C Pt [44]
SiXs HfO, [45]

X = H, Cl, OCH,CHj

alternating silicon oxide and alkyl chains are formed based
on 15-hexadecenyltrichlorsilane (HTS) [46].

It is noteworthy that commonly self-assembled mono-
layers consist of molecules in upright positions. How-
ever, they can be assembled from molecules attached flat
to the surface, too [47-49] (Fig. 7). Thus, also planar
molecules with extended m-systems [10] physisorbed at
surfaces can built two-dimensional supramolecular sys-
tems. Such molecular architectonics are systematically in-
vestigated both, on metal surfaces [50] and on thin in-
sulating films [51]. Yet, the distribution of molecules on
dielectric surfaces is much less investigated, although the
functionalization of dielectric surfaces e.g. glass, polymers
etc. holds many applications [47,49].

The variety of functional head groups opens up oppor-
tunities for a huge number of applications for SAMs. The
list includes films that control the surface wettability, pro-
tective coatings (corrosion protection), tribological coat-
ings, adhesion promotion, surface passivation, and inter-
face engineering. SAMs serve as model systems for surface
chemistry or as surfaces for biomedical purposes, e.g., to
provide interaction with biological cells. Moreover, SAMs
allow lateral structuring, e.g., to control the surface prop-
erties of electrodes for electrochemistry, cell interactions
and molecular electronics [25-28,30,52]. Some examples
shall be listed here: a gate dielectric of a 2.6 nm thick self-
assembled monolayer of docosyltrichlorosilanes was used
in polymer-thin-film transistors [53]. Organic SAMs are
applied also for gate dielectrics on AlO, and HfOqy [54].
SAMs can serve as surfaces of biosensors [55]. For instance,
ferrocenyl hexadecane thiol and aminoethanethiol SAMs
are sensitive for the detection of glucose oxidase [56] and
DNA [57].

SAMs can be modified by various methods: X-ray pho-
tons, UV-photons, ions, electrons, neutrals, and plasmas
have been reported [58] and references therein or [59-61].
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Table 2. SAM technique and Langmuir-Blodgett technique (see also [55]).

SAM

Surface Near equilibrium process,

bonding chemisorption

Substrate Only selected substrates
chemical bond necessary

Precursor Specific }}eadgl‘roups, su‘itable
for chemisorption required
SAM formation restricted

Solubility to solubility of precursor
molecules in the solvents
Densely packed and oriented

Stability films are thermodynamically

stable and robust due to

LB

Nonequilibrium process,
physisorption

No requirements

on substrate surface

Any long chain

amphiphilic molecules

No solubility of

precursor in

the subphase

Transfer of the Langmuir film
to the solid surface may change

the structure of the monolayer

chemisorption
Interface for Solid-liquid or

solid-air interface

molecular alignment

H.Pc SAM

S

Fig. 7. Exemplary SAM film of HzPc molecules deposited
flat on a Pb(111) surface (Scanning tunnel microscope image,
shown dimension: 28 nm x 27 nm). From reference [48] (© IOP
Publishing. Reproduced by permission of IOP Publishing. All
rights reserved.)

The treatment of n-dodecanethiol films on Au substrate
is investigated in a low density (~10° electrons/cm?)
downstream Ar or Ny plasma (p ~ 10? Pa) containing
a low Og concentration. The oxygen-derived radicals re-
act faster with the S-Au interface than by oxidation of
the alkyl chains [62]. Functionalization of highly ordered

due to weak physiosorption

Liquid-air interface

monomolecular Cig aliphatic layers occurs in Os low pres-
sure (6 Pa) DC plasma pulses between 0.1 and 2 s [60].

Self-assembling of diblock copolymers on surfaces may
lead to well-defined patterned structures [63—65]. For ex-
ample, Mansky et al. [66] reported the formation of
hexagonally packed arrays of hollow polybutatien cylin-
ders in a polysterne matrix using polysterene-butadiene
diblock copolymer. An oxidative treatment by ozone cre-
ates a thin polysterene film with a periodic array of cylin-
drical holes with size of 13 nm. Such polymer patterned
surfaces can be used as nanolithography masks (diblock-
copolymer nanolithography).

A comparison between self-assembly and Langmuir-
Blodgett techniques for thin film deposition is given
by Vijayamohanan and Aslam [55] and summarized in
Table 2.

3 Self-limiting deposition procedures
3.1 Atomic layer deposition (ALD)

A key method for the conformal deposition of defect free!,
ultra-thin films is atomic layer deposition (ALD), that has
been derived from atomic layer epitaxy, (ALE) [67]. Ex-
tensive reviews on this topic are given by [68] and updated
in [69], or [11,70]. ALD has been developed to create in-
organic films with excellent step coverage and conformal
coating of structured surfaces. The need for those thin,
conformal films has been triggered largely by the semicon-
ductor industry to fill trenches and other 3-D structures of
high aspect ratios. The reactions between precursor and
reactant are initiated by thermal energy (thermal ALD)
as in conventional chemical vapour deposition. However,

L' T. Billow, H. Gargouri, R. Rudolph, S. Hamwi,
W. Kowalsky, 7. ThGOT Thementage Grenz- und
Oberflachentechnik, September 2011.
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Fig. 8. Sequence of process steps as indicated by time depen-
dent flows of purge gas P or evacuation and reactants A, B in
a conventional ALD reactor. The position of the target is fixed
in relation to the gas inlet. See also [71].
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Fig. 9. ALD cycle using TMA and water vapour: 1 — TMA
chemisorption, 2 — Purging step, 3 — Water chemisorption, 4 —
Purging step.

different from CVD, the ALD technique uses sequential
self-terminating surface reactions. Chemical volume reac-
tions between the precursor molecules are excluded.

An accustomed process is the thermal deposition
of Al,O3 layers described in detail by [68]. The four
characteristic process steps of one reaction cycle to de-
posit Al O3 using trimethyl-aluminium (TMA: Al(CHg)s)
and water vapour (H20) as precursors are the following
(Figs. 8 and 9):

1. In a first step, the gaseous precursor Al(CHs)s, the first
reactant, is pulsed into the reactor chamber. The polar
precursor molecules are chemisorbed on an OH-group
terminated surface and cover the whole surface, also
in trenches or other 3-D structures. The chemisorption
terminates if all sites are occupied.

2. In a second step, all remaining, non-bonded precursor
molecules and volatile reaction products are removed
from the process by purging or evacuation.

Eur. Phys. J. D (2014) 68: 23

3. By a third step, the second reactant (HoO vapour in
this case) is pulsed into the reactor and similarly covers
the substrate surface in a self-terminating way.

4. A forth step again removes excess reactant along with
volatile reaction byproducts by purging or evacuation,
leaving an OH terminated surface ready for the next
cycle.

Repeated reaction cycles lead (in an ideal case) to a film
growth monolayer by monolayer.
The gross reaction for thermal ALD of Al;O3 is [68,70]

2A1(CH3)3 + 3H,0 — Al,O3 + 6CH,4 (1)

consisting of two self-limiting half reactions at the surface
(* indicates surface sites)

Al-OH" + Al(CH,)3 (gas) — Al-O-Al-CHj + CHy4 (gas)
(2)
Al-CH; + H2O (gas) — Al-OH™ + CHy4 (gas).  (3)

Note that the above reactions (2) and (3) are written not
balanced [72]. Figure 9 illustrates the surface processes for
one cycle of Al,O3-ALD.

Provided that the precursor dose (given by pulse du-
ration and partial pressure) in each half reaction is above
the saturation dose, the growth per cycle (GPC) is inde-
pendent on the dose (Figs. 10 and 11, [73,74]), as well as
on the corresponding purging times. In the example for
TMA described there, a few ten milliseconds precursor
pulse time provides sufficient molecules to saturate the
substrate surface. The same is valid for the dependence
on the vapour pressures of both reactants as shown for
the deposition per cycle for the Al(CHs)s/H204 process
in Figure 11. The self-terminating nature of the process
effectuates that each reactant molecule occupies only one
active surface site.

The self-terminating half reactions at the surface along
with the absence of volume chemical reactions result in
excellent uniformities over large areas and produce nearly
one-to-one conformity of ALD films, even for aspect ra-
tios (AR) of 1000 and beyond [11]. These problems are
treated in detail by Elam [75]. Starting with a discus-
sion of models considering the reaction time of surface
processes and Knudsen diffusion inside the holes, Monte
Carlo simulation examples are presented of ALD in struc-
tures with high aspect ratio: trenches, micromechanical
systems (MEMS) (AR 10), membranes AR 100, silica gel
AR > 1000.

The thickness uniformity (deviation from the mean
value of the film thickness) of AloOs films, e.g., on 8"
silicon wafers is well below 1.5%. Figure 12 depicts the
thickness distribution for such an Al;Og3 layer as measured
by spectroscopic ellipsometry?.

Representative values of the GPC for Aly,O3
are 0.8 A /cycle with cycle times of only 2 s to attain uni-
form films (Fig. 10).

2 H. Gargouri, F. Naumann, R. Rudolph, M. Arens, Atomic
Layer Deposition (ALD) of ultra-thin and high conformal lay-
ers. 8. ThGOT Thementage Grenz- und Oberflachentechnik,
September 2012.
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Reprinted from reference [73] (© 2002, with permission from Elsevier).
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Fig. 11. Deposition per cycle of the Al(CHs)3/H202 process in
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In reality, the assumption of an ideal monolayer growth
can be violated. One main reason for that is the size of
the precursor molecules. For instance, the number of TMA
molecules necessary to cover a surface is smaller than the
number of Al atoms to occupy all Al sites in a monolyer
of A12 03.

Thus, after replacing the CHs groups by O the forma-
tion of a monolayer will remain incomplete [68]. Detailed
investigations also show that the growth rate per cycle is
not constant, especially for the first cycles. This growth
inhibition depends on the reactants, the surface and the
reaction temperature. Some observations were explained
by island growth of the atomic layer [76,77].

A multitude of precursors have been developed to de-
posit ALD films from different materials. Requirements
for precursor candidates are [78]:

1. Precursors must be volatile in the relevant temperature
range.

Yimm)

Fig. 12. Thickness uniformity of an ALD Al>,O3 film on 8”
Si substrate (substrate temperature 200 °C, cycle time 4 s,
GPC 0.8 A/s, refractive index at 632.8 nm: 1.631).

2. They must be stable, must not decompose or undergo
chemical reactions with other molecules of the same
compound in the relevant temperature region.

3. The gas-solid reactions have to be self-terminating,

4. Good adsorption or reactivity with surface sites is a
prerequisite.

5. The reactivity against the counterpart precursor must
be sufficient.

6. The substrate must not be etched by the precursor.

The precursor is introduced into the reactor as vapour
or as liquid injection of the precursor in an appropri-
ate solvent (Liquid injection atomic layer deposition,
LIALD) [79,80]. Typical applied precursors are summa-
rized in Table 3 [68]. A compilation of ALD processes is
listed in Table 4.

ALD is applied in microelectronics, for coating of
nanoparticles, soft materials such as polymers, and bio-
materials and for the generation of biocompatible sur-
faces [11]. The usage of Al;O3 as passivation layer is
reported in [99] where the film prevents oxidation and
aging of slanted columnar thin Co films. The deposition
of high-k dielectrics as HfO2 [100], Al;O3-Ta205 [101],
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Table 3. Typical ligands L of reactants ML, used in ALD. M indicates the central atom, usually metal. Organometallic
compounds are distinguished by direct metal-carbon bonds. Reprinted with permission from reference [68] (© 2005, AIP
Publishing LLC).

Inorganic

F Cl Br | _H -0
M M - M/ M P M - M M
(no ligand) Fluoride Chloride Bromide Todide Hydride Oxo
Organic
Organometallic

J\ /
M - M PN M M N M N
Methyl Ethyl Isopropyl Allyl n-Butyl
(Me) (EY) (Pr) (Ay) ("Bu)
J\/ J< M \>< /@
M M M M
Isobutyl Tert-butyl Neopentyl Cyclopenta- Methylcyclo-
dienyl pentadienyl
(Bu) (‘Bu) (Np) (Cp) (CpMe)
~N
si<_

Pentamethyl- Ethylcyclo- Tri-isopropylcyclo- Trimethylsilylcyclo-
cyclopentadienyl pentadienyl pentadienyl pentadienyl
(CpMe) (CpEt) (CpiPrs) [Cp(SiMe;)]

Complex-organic compounds

M\ J\ J\/ M\*
M ~ M/O\/ o M\O o

pe;
Methoxy Ethoxy Isopropoxy Isobutoxy Tert-butoxy
(OMe) (OEt) (OPr) (OBu) (OBu)

(o o=

T N L v v

0 \ o) S0
1-Methoxy-2-methyl- Dimethylamino- Acetylacet- 2,2,6,6-Tetramethyl-
2-propoxy ethoxy (dmae) onato 3,5-heptanedionato

(mmp) (acac) (thd)
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Table 3. Continued.

Organic

Complex-organic compounds

F
F o o
F
o= o= O/ N/
I JF r / A/
M\ F M\ M\ M\
) 0] O
F
1,1,1,5,5,5-Hexa- Octan-2,4-dionato -(2-Methoxyethoxy)- 2-Amino-pent-2-
fluoroacetylace- (od) 2 2 6,6-tetramethyl- en-4-onato
tonato (hfac) 3,5-heptanedionato (apo)
(methd)
\Si<
0 K _N
M J\ rL rL N M ;Si/ N)V
o MU M NS | M~
Acetoxy Dimethyl-  Ethylmethyl- Diethyl- Bis(trimethyl-  Tert-butylimido
(OAc) amido amido amido silyl)Jamido (N!Bu)
(NMe,) (NEtMe) (NEt,) [N(SiMe;),]
N
NNy P
M—N S N
M—
N \ Lj N2
7/ M/N = M/ M
N,N'-diisopropyl- N,N'-ditertbutyl-  1,10-phenan- Dimethyl- Diethyldithio-
acetamidinato acetamidinato throline glyoximato carbamato
(PrAMD) (BUAMD) (phen) (dmg) (dedtc)

Zr0O2-Gd2 03 [102] allows the formation of capacitors with
high capacitance and low leak currents.

Moreover, ALD receives growing attention in applica-
tions such as for the deposition of passivation layers on
solar cells, for diffusion barriers for OLEDS and thin film
photovoltaics. These applications require high-throughput
and low-cost techniques which are preferably suitable for
in-line processes [71]. One instructive technical develop-
ment towards the requirements above represents the so-
called spatial ALD. Opposed to conventional ALD, where
the substrate remains at a fixed position and the flow of
reactants is time dependent, spatial ALD exposes the sub-
strate subsequently to the appropriate reactant or purge
flow by controlled back and forth movement of the sub-
strate. The flows are each constant over time as demon-
strated in Figure 13. Several constructive solutions are
reviewed by Poodt et al. [71]. A technical approach to

an atomic layer deposition system for the production of
ZnO thin film transistors is shown in Figure 14 [103].
In particular, this system operates under normal pressure
conditions.

For spatial ALD, the process is based on relative move-
ment of the gas supply device against the target. By
repetitive movement each target region is alternatively ex-
posed to reactant A, followed by the purge gas flow P and
subsequently with reactant B. Without lateral motion no
chemical reaction can proceed and hence no film develops.

The main advantage of spatial ALD is the reduction
of the purge time because the idle volume is considerably
smaller than in conventional ALD. The tight construc-
tion dispenses with otherwise larger reactor wall areas.
Hence, the target itself represents the major part of the
surface and the reactor wall area which is ineffective for
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Table 4. Examples of ALD processes, see also [68,69].

Compound Reactant A Reactant B Reference
Mg MgO MgCpa2 H>0 [81]
Al ALO; Al(CHs)s H,0 [82]
Ir Ir Ir(acac)s (o2 83]
1IrO- Ir(acac)s O3
Mo Mo MOF(; SiQHG [84]
CO 00304 COIQ 02 [85]
TiO2 TiCls H20 [86]
Ti TiN TiCly NH; (87]
TiN Ti(NC2H6)4 NH3 [88]
Cu Cu Cu(OCHMeCH3zNMes)2 Et2Zn [89]
Ru RuO Ru(CpEt) C4Ha N (pyrrolyl) 02 [90]
RuO» Ru(CpEt)z 0o [91]
Taz 05 Ta (OEt)s H20O [92]
Ta TaN Ta (dmae)s NHj [93]
Ta3N5 CH3 (NH)NHQ
NbTaO, TaFs and NbF5 H20 or H,O/O3 [94]
Pt Pt Pt(CpMe)(Me)s Air [95]
w o WS WFs HaS [96]
W WFg SioHg [97]
Zr ZI‘02 ZI‘[N(CH3)02H5]4 O3 [98]

Coating Head

.

c
=]
= j— .
=]
(=5
N C
B
1 cycle
time

Fig. 13. Spatial ALD. Z: position of a target area in relation
to the corresponding gas inflow channel in dependence on time.
A: flow of reactant A, B: flow of reactant B, P: flow of purge
gas (after [71]).

the process is minimized. This leads also to a significantly
reduced consumption of often expensive reactants.

Along with the unrivalled advantages of ALD men-
tioned already at the beginning of this section, like low
defect density, excellent conformity and thickness control
that allow the deposition of uniform films over large and
3D substrates, there are some drawbacks. The chemistry
of the selected precursor and reactants limits the pro-
cess to a small parameter window. In particular, the pro-
cesses often require temperatures above 200 °C or even
above 300 °C, thus hampering the usage of most poly-
meric substrates. Moreover, the growth rates are compa-
rably small and the process requires two process steps.
The required precursor vapor pressure restricts the reac-

ﬂ Gas flow —

Fig. 14. Coating scheme of spatial ALD at atmospheric pres-
sure (after [103]). During operation, the substrate is moved
directly below the coating head. In this sketch, for better visi-
bility of the gas channels, the substrate is drawn in a lowered
position.

tants and the usage of metal organic precursors may result
in carbon impurities.

A notable combination of ALD and self-assembling
thin film deposition is the technique for nano-patterning
by area-selective atomic layer deposition [104-106].
Combination of SAMs and ALD can generate organic-
inorganic composite films. The tail group of the SAM gov-
erns the chemistry of the surface. Hence, a hydrophilic
substrate surface can be changed into a hydrophobic sur-
face by, e.g., the CHgs tail groups of the SAM molecules
or vice versa. ALD precursors with different reactivity
to various tail groups can be utilized for surface pat-
terning. SAMs can enhance the growth of inorganic films
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Tpm WD 7.9mm

Fig. 15. Conformal deposition of AlsO3 on photoresist. Left: thermal ALD, right: PA-ALD. To obtain a clear contrast the
resist was removed thus creating hollow Al2Os structures. The seemingly higher thickness on top of all structures originates
from subsequent Pt sputter deposition (with courtesy of IPHT Jena, Germany).

or can block the growth of such films, i.e. they act as
mask. For instance, trimethylaluminum used as precur-
sor for AloOs ALD exhibits a higher chemical reactivity
on a hydrophilic surface than on a hydrophobic [107].
Therefore, a structured SAM surface can generate and
control patterned ALD. SAMs are patterned using vari-
ous methods, e.g. applying microcontact printing (uCP),
photolithography, electron beam, ion bombardment, scan-
ning probe microscopy [108,109].

3.2 Plasma enhanced atomic layer deposition
(PE-ALD)

As in conventional chemical vapour deposition, the in-
put of thermal energy is necessary to induce the chemical
reactions required for thin film growth in conventional,
thermal ALD. In contrast, during plasma assisted or en-
hanced plasma ALD (PE-ALD) this energy input is de-
livered by electrical discharges and the thermal processes
are replaced by plasma activation. In the electrical dis-
charges of relevance here, the primary energy transfer
necessary to activate the gaseous species is provided by
inelastic collisions with electrons. In these typically non-
thermal plasmas the collision rate remains too low to at-
tain thermal equilibrium and the gas possesses much less
mean energy (1072-10~! eV range) as the electrons (with
mean energies typically between 1 and 3 eV). The gas and
substrate therefore remain at comparably low tempera-
tures. Non-equilibrium processes are predominant, the col-
lisions produce electronically excited atoms and molecules
or unsaturated radicals by dissociation and ions by ion-
ization [110,111]. Whereas ions play only a secondary role
for the volume chemistry due to normally prevailing small
ionization degrees of typically 103 or less, even a small
number of energetic ions can influence the surface pro-
cesses significantly. Detailed reviews of PE-ALD are pro-
vided by references [112,113].

The plasma activation of the reactants allows the re-
placement of chemically active reactants by non-reactive

gases or vapours which are activated by formation of
radicals, e.g., O atoms in Os plasmas. PE-ALD allows
the decrease of process temperature, opens the process
window and extents the choice of precursors. Moreover,
decreased impurities and enhanced deposition quality is
reported [114]. Another advantage is the deposition of
materials in elementary form, which is difficult by ther-
mal ALD [69,70]. The most notable disadvantage may
be a reduced conformity for high aspect ratios, because
radicals of the reactant gas generated by plasma may
suffer loss processes during their transport towards the
surface, which can lead to inhomogeneous deposition par-
ticularly in deeper trenches. However, for intermediate as-
pect ratios no significant difference is observed compar-
ing the conformity of a thermal ALD Al,O3 film with a
PE-ALD film on similar geometry as shown in Figures 15
and 16. The PE-ALD of Al;O3 in a macropore structure
by 700 ALD cycles is presented in Figure 16 [115]. The
pores have a diameter of 2-2.5 pm and a depth of 19 pm,
and an aspect ratio of ~8. The film thickness on the top
surface was 83 nm, and on the sidewall and the bottom
of the pores 80 + 3 nm. This picture demonstrates the
conformality of PE-ALD.

Another critical issue is related to a possible plasma
induced damage of the deposited film [116]. Such damage
is circumvented by usage of plasma sources which deliver a
flux of neutral radicals and diminish detrimental exposure
to ions or UV radiation (remote or true remote plasmas).

PE-ALD usually operates under vacuum conditions.
Apart from the items common for plasma vacuum de-
vices like appropriate plasma source, vacuum chamber,
pumping unit valves, and pressure control, the reactor
systems (see Fig. 17) for PE-ALD are equipped with a
heated substrate holder and gas management systems for
(1) precursor and (2) reactant and/or purge gas that al-
low specifically for a fast and controlled, pulsed gas inlet
and exhaust. Additional facilities for control of thin film
growth, gas phase composition, and temperature control
ensure reproducible operation conditions.
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Fig. 16. SEM images of macropores coated with AloOs by 700 plasma assisted ALD cycles. Aspect of ratio the pores ~8,
diameter 2-2.5 um, depth 19 pum. Reprinted from reference [115] (reproduced by permission of The Electrochemical Society).

Gasinlet
Power supply
Plasma +
source \ matching network
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Carrier gas
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/

Precursors %\ Heated target
inlet l

Pump

Fig. 17. PA-ALD reactor for deposition of TiN with remote
plasma source.

TiCl,

Schemes of reactor types are shown in Figure 18. The
discharge can be operated as dc, ac, rf or MW plasma
and generated either directly in contact with the substrate
(Fig. 18a) or remotely (Figs. 18b and 18c), with the
plasma source placed upstream in some distance from the
substrate. Moreover, an interaction of the precursor with
the discharge directly in the volume can be suppressed by
the time regime of the process. In both cases (Figs. 18b
and 18c¢), the influence of energetic ions is suppressed and
the species that react with the surface are predominantly
free radicals and excited neutral atoms or molecules. If
the plasma region is in direct line of sight to the target,
than also the influence of photons should be considered
(Fig. 18Db).

The type illustrated in Figures 18c and 19 is referred to
as true remote plasma source. It could be shown for such
a plasma source (Fig. 18b) that for typical flow conditions
and metal organic PE-ALD, apparent transport of precur-
sor into the excitation region is blocked by reducing the
diameter of the gas inlet to 5 mm, ® thus leading to a metal

3 H. Gargouri, K. Wandel, F. Naumann, H.E. Porteanu, R.
Gesche, R. Rudolph, M. Arens, Microwave Microplasma Source
For Plasma Enhanced Atomic Layer Deposition, Pt-16. 16.
Fachtagung Fiir Plasmatechnologie Greifswald, February 2013.

PE-ALD process with enhanced purity of the coating. A
specific version of the plasma source shown in Figure 18b
is equipped with an additional screen between the plasma
and the substrate to protect the substrate against UV and
ions, transforming this source into a true remote plasma
(Fig. 19).

The PA-ALD process is conducted in coordinated
steps:

1. Precursor is introduced temporally controlled into the
reactor and is absorbed at the substrate.

2. Precursor flow is stopped; non-absorbed, excess pre-
cursor is removed from vessel by purging with purge
gas/carrier gas.

3. After introducing reactant gas (e.g. O2), gaseous reac-
tants are generated by the discharge. These react with
adsorbed precursor.

4. Plasma is turned-off.

5. Volatile reaction products are removed by purging.

Each cycle leads to the deposition of one monolayer.

Such cycles are demonstrated in Figure 20 for PE-ALD
of TiN formation [118].

The plasma enhanced TiN deposition using TiCly as
precursor and a No/Hs plasma for generating the reac-
tants represents a prime example for a process that is
not feasible by conventional thermal ALD. H and N rad-
icals are considered the key reactive species generated by
the discharge. The chlorine is removed from the absorbed
TiCly molecules by H atoms by formation of HCl. The N
radicals react with the Ti surface forming TiN. According
to the sequence above, the substrate is initially exposed
to the precursor TiCly with the reaction chamber being
separated by closed valves from plasma source and pump.
Ar flow dilutes the TiCly vapour to avoid corrosion of re-
actor and lines. Furthermore, Ar purges the non-adsorbed
part of TiCly from the chamber after the exhaust valve
is opened. In the next step, the valve that connects the
N3 /Hj plasma source with the chamber is opened and al-
lows the plasma to interact with the target. After a short
period, the plasma is switched off and the reaction gas
acts as purge gas finishing one cycle.
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Fig. 18. PE-ALD reactors with different positions of plasma and target. Plasma in contact with target (a), remote plasma in
contact with target (b), target in contact only with plasma generated radicals (c) (according to [117]).
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Fig. 19. PE-ALD reactor with a true remote plasma source
equipped with additional screen.

Plasma
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time

Fig. 20. PE-ALD cycle for TiN-deposition from TiCly as pre-
cursor. Ar: precursor carrier and purge gas. Reprinted from ref-
erence [118] (reproduced by permission of The Electrochemical
Society).

Another exemplary PE-ALD process is the formation
of Al,O3 using a plasma process with AI(CHs)s and Oa.
The surface chemistry of this process is described by [119]

AIOH" + Al(CH,)3 (gas) — AIOAI(CH,)5 + CHy (gas)
(4)
AICHS + 40 (gas) — AIOH™ + CO2 (gas) + H2O (gas).
(5)

It is noteworthy that PE-ALD of Al;Og3 films has been
achieved already with plasma generated O atoms at
temperatures as low as 25 °C [120]. Figure 21 shows some
properties of PE-ALD Al;Oj3 films at reduced substrate
temperatures and typical plasma pulses of 5 s. The de-
creasing refractive index when lowering the temperature
is interpreted as lower film density. Moreover, an increased
carbon content could be observed using energy dispersive
X-ray measurements (EDX).

The requirements of the precursors for PE-ALD are
practically the same as for ALD. They must by volatile at
an experimentally easy to handle temperature. Thermal
stability in the processing temperature range is necessary.
Polar molecules are required, which in addition should
possess a sufficient reactivity with the surface. Another
mandatory prerequisite of the molecules is their property
of self-termination [68].

Metal halogenes and metal organic compounds serve
as precursors for the deposition of metals, metal oxides
and inorganic metal compounds. The deposited materials
and the applied precursors are compiled in Table 5 along
with the reactant gases and the field of application.

Two types for transport of precursors into the reactor
are discussed [70], direct transport by throttled pump-
ing [121-123] or transport by a carrier gas [124-126]. De-
pending on the vapour pressure of the precursor a heating
of the source may be required.

As listed in Table 5, applications of PE-ALD films can
be found in micro- and nano-electronics. Pure metal films
with low resistivity, acting as diffusion barriers and also as
contact films for adhesion of other materials are reported.
Metal oxide films forming high-%k dielectric films are es-
sential in micro-electronic devices as they allow dielectric
films in capacitors with lower leak currents. Concerning
the combination of ALD and SAM, as mentioned above,
the application of PE-ALD has to take into account the
modification of the SAM by the plasma [59,60,106].

3.3 Molecular layer deposition (MLD)

Whereas ALD techniques are restricted to the deposition
of inorganic compounds or metals, in contrast, MLD al-
lows also the deposition of organic, metal-organic, and
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Fig. 21. Influence of the substrate temperature on the film properties of PE-ALD Al;Og: left — refractive index at 632.8 nm;

right — normalized EDX intensity ratios.

hybrid organic-inorganic polymer materials. A representa-
tive list is given in Table 6 [171-173]. Like thermal ALD,
thermal MLD is based on sequential, self-limiting ther-
mally initiated surface reactions. For instance, the depo-
sition of a polyamide as nylon 66 is described by a repeti-
tive sequence of the surface condensation reactions A and
B [171,174].

A : SNH; + CICO(CH,),COCl — SNH-CO(CH,)4
COCI* + HC1 (6)
B : SNHCO(CH,),COCI* + HyN(CH,)6NHy —
SNHCO(CH,)4sCO-NH(CH,)¢NH} + HCl,  (7)

where S denotes the substrate and * denotes surface
species.

Furthermore, polymers like polyimide, polyimide-
polyamide, polyurea and polyurethane are deposited by
MLD procedures [171]. The use of three different precur-
sors in a three step reaction opens up new possibilities of
polymer deposition with new functionalities [171].

Examples of hybrid organic-inorganic film coating are
“alucone” [175] and “zincone” [12] resulting from the re-
action of diols as ethylene glycol with metal alkyles as
trimethyl-aluminium and diethylzinc, respectively.

The MLD process is carried out by separately intro-
ducing the flow of carrier gas e.g. Ny (pressure ~10? Pa)
and of the reactants (~10 Pa) into the reactor. A longer
purge time after each exposure cleans the volume from
the non-absorbed reactants and purges volatile reaction
products. One MLD cycle is given by the exposure time of
each reactant and the purge process. Common deposition
temperatures are in the region ~100 °C up to 200 °C.
Observed growth rates per cycle are in the range of
some 0.1 nm [171].

3.4 Plasma enhanced molecular layer deposition

Surface coating by repeated plasma-enhanced grafting and
cross linking of molecular precursors [2] can be under-

1% step {2™step!  3"step 4"step | 5"step
Plasma Plasma
Carrier gas flow Carrier gas flow
1cycle -
155 30s 60s 85s 100s 1155 time

Fig. 22. Timing scheme of PE-RDG procedure of processing
control parameters plasma power, precursor flow (PF), and
carrier gas flow (according to [2]).

stood as a technique of plasma assisted molecular layer
deposition.

The process of plasma enhanced repeated grafting de-
position (PE-RGD) is characterized by chronologically
controlled precursor flow and surface activation by plasma.
The sequence starts by exposing the substrate surface by a
plasma for cleaning and to initiate a surface activation. No
thin film producing agents are transported to the surface
during this phase, the plasma is just ignited in the car-
rier gas. The activation of the substrate surface generates
metastable surface radicals or active sites which provide
reaction partners for subsequent surface grafting reactions
with monomer molecules.

The usual timing scheme of control parameters during
PE-RGD is given in Figure 22. One cycle is described by
five steps:

1. The first step comprises the plasma activation.

2. In the second step, after having switched off the dis-
charge, the thin film producing agent (precursor) is
mixed to the carrier gas flow.

3. At the beginning of the third step, the exhaust valve
is closed, and the gas flow is stopped, thus allowing
surface grafting reactions to proceed.
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Table 5. PE-ALD of metals and metal compounds: Deposited materials, precursors, plasma process gases, and applications.

Material
Ag

Co

Ti

Al; O3

Ga.2 03
Gas03-TiO2

HfO,

La203

SiO2
SHOQ

TaN,

TasOs

TiO-

TiN
Va2 05
Zn0O

7ZrO2

Precursor

(2,2-dimethylpropionato)silver(I)triethylphosphine
cyclopentadienyl isopropyl acetamidinato-cobalt
(bis(N,N’-diisopropylacetamidinato)cobalt(1T)

CoCp2
CoCp(CO)2

copper(II)acetylacetonate
Cu-II(tetramethyl-3,5-heptanedionate)2

Ir(EtCp)(COD)

bis(dimethylamino-2-methyl-2-butoxo)nickel

palladium (IT)hexafluoroacetylacetonate
[Pd-TI(hfac)s]

Ru[EtCp]2

CpRu(CO)2Et

(eta 6-1-Isopropyl-4-MethylBenzene)
(etad-CycloHexal,3-diene) Ruthenium (0)

TaCl5

TiCly

Al(CHs)s

[(CHS)QG&NHQ}E}

HfCly

tetrakis(dimethylamino)hafnium
Tetraethylmethyl amino hafnium

Hf(OH) 3NH,

Tetraethylmethyl amino hafnium
tris(isopropyl-cyclopentadionyl)lanthanium
La(Eth) 3

bis-diethylamino-silane

Dibutyltindiacetate

Ta[N(CHg)Q}g)

Pentakis(dimethylamino)tantalum

TiCly

Tetrakis(dimethylamino)titanium
Ti((OPr)-Pr-i)4, Ti(Cp-Me)((OPr)-Pr-i)s,
TiCp*(OMe)s

Ti{OCH(CHs3)2}4

TiCly

Vanadyl-tri-isopropoxide

(CHg)z 7n

ZrCp2(NMez)2;
ZrCpa(7*-MeNCH2CHsNMe)
Zirconium tertiary butoxide
Tetrakis(ethylmethylamino)zirconium

Gas
Ho

NH;3

Ho

NH;

NH3 or H2

H,/Ns

Ng/Hz
O3
NHj3

Ho

Ho

O2

O2

02 /N2
H»
Ar/O3 or
H>0 O
O2

O2

O3

O2

Ho
O3

Application
Low resistivity film

Low resistivity
films,

Low resistivity
film,

Film with excellent

thermal and morphological

stability at 850 °C
Low resistivity film
Film on polymer
substrate 80 °C
Contact film for Cu
deposition on TaN

Cu diffusion barrier

Cu diffusion barrier

Cu diffusion barrier

Corrosion protection,
passivation layer,
diffusion barrier,
gate dielectric

Gate dielectrics

High-k
dielectric film

Gate oxide

Dielectrics

Gas sensor

Dielectrics

Photocatalytic,
superhydrophilic

Dielectrics

TFT on flexible
plastic substrate

Gate dielectrics TFT

Reference
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Table 7. Deposition conditions for various precursors and substrate materials (allyltrimethylsilane ATMS, hexamethyldisilazane
HMDSN, dimethylaminotrimethylsilane, DMADMS, bis(dimethylamino)dimethylsilane BDMADMS); PEEK Polyetheretherke-

tonen, PS polystyrol [2].

Precursor Precursor Substrate  Carrier gas
gas flow

ATMS Silicone

HMDSN 0.3 scem Glass Ar

DMATMS ’ PEEK N,

BDMADMS PS

Plasma cycl. time [s]

0 10 20 30 40
0.8 : : ; : . : : 0.8
E . | &
= 0.6+ 2 106 o
= o
2 0.4- T ..---§-————-_______ 04 2
2 % §"“f--§ v (-
Q ! 4 0
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£ 021 | ; 102 2
| ’ -
E 1] % £
i [ it
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Precursor flow cycle [s]

Fig. 23. Growth rate per cycle in as function of the precursor
dosing time (open symbols, lower z-axis) and as function of
plasma pulse length (solid symbols, upper z-axis), according
to reference [2].

4. In the fourth step, after grafting has ceased, the ex-
cess molecules, which haven’t been grafted, are flushed
away by opening the exhaust valve and engaging the
carrier gas flow.

5. During the fifth step the discharge is switched on
again, to initiate a cross-linking of the attached
molecules and form active surface sites anew, thus
preparing the surface for another sequence.

This process sequence ensures that the precursor
molecules are not exposed to the plasma during their tran-
sit between inlet and target. Hence, critical volume reac-
tions cannot occur and only surface processes develop. The
characteristic self-limiting nature is demonstrated by the
self-termination of the precursor absorption on the surface
as shown in Figure 23 by the constant growth rate per
cycle as a function of precursor dosing time. Also, the de-
pendence on the pulse duration of the applied power can
be explained by the self-limiting property of the process.
After a threshold to provide the necessary minimum en-
ergy to initiate the cross-linking, a further increase of pulse
duration produces no additional film growth due to the
lack of additional precursor. In contrast, the growth rate
can even decrease at longer plasma-on times due to ero-
sion. For a larger number of deposition cycles, the inte-

Carrier gas Growth rate

pressure/gas flow Plasma nm/cycle
13.56 MHz  0.59
5 Pa, inductive 0.35
100 sccm coupling 0.62
50 Watt 0.45
Vv polymer T

- > Si 1 %
£ | A glass
£ 100 "
. >
wn
Qo
£ a
L 50
£ K3
£
= A
i -

0+———— — —

0 200 400 600

Number of cvcles

Fig. 24. Integral film thickness related to the number of depo-
sition cycles for different substrates, according to reference [2].

gral film thickness grows linearly as shown for different
substrates in Figure 24.

The deposition of thin polymer films by application of
various precursors on different substrates and the preva-
lent experimental conditions are summarized in Table 7.
The chemical composition of the deposited films has been
characterized. It was found that after PE-RGD the chem-
ical structure retention was stronger than in the case of
conventional PE-CVD process.

4 Conclusion

In this paper coating methods are summarized distin-
guished by self-assembling or self-limiting formation pro-
cesses resulting in the deposition of ultra-thin films of
homogeneous thickness and partly high conformity. The
presented methods are summarized in Table 8. The in-
clusion of plasmas can expand the process window and
sometimes improve the quality of the ultra-thin films.
The development of ultra-thin films is strongly related
to the transition from microelectronics to nanoelectron-
ics. On one side the single elements become smaller and
the demand for high quality dielectrics, such as high-k di-
electrics, is growing, on the other side organic transistors
may fulfill the demand of smaller active elements. The de-
velopment of organic elements as organic light emitting
diodes or organic solar cells are parts of global considera-
tions towards effective energy consumption and renewable
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Table 8. Compilation of the discussed ultra thin film deposition techniques.

Atomic layer Molecular layer

Method Self-assembling deposition ALD deposition MLD
Thermal activated Plasma Thermal Plasma
assisted activated Enhanced
Repeated
Grafting
PE-RGD
Process Spontaneous formation Two sequential self -terminating chemical surface reactions
of well ordered molecular
assemblies by adsorption
of surfactant molecules
on a substrate
Film type Organic self-assembled Inorganic Organic, Polymer,
monolayer (SAM) monolayer, organic- organic
multilayer inorganic mono-
hybrid, and
mono- and multilayer
multilayer
Environment Air-liquid Solution-solid Vapor, atmospheric ~ Vapor, Vapor, Vapor,
of film (Langmuir- vapor-solid till low pressure, low low low
formation Blodgett solid pressure, pressure, pressure,
technique) solid solid solid
Precursor Organic, Organic, Metal-organics, Organic, Organic
long chain surface active metal-halogenides metal- vapors
amphiphilic headgroup, organic
functional compounds
interface group
Substrates Plane and Smooth, Patterned, holes, Patterned, Inorganics,
smooth, chemical bond trenches inorganics, polymers
mostly necessary polymers
hydrophilic
Surface Physisorption Chemisorption Chemisorption Chemisorption
bonding
Applications [13,19,65] [26,27,30,55] [170] [173] 2]
Diblock [108] [182] [178] Ultra thin
nanolithography Molecular Conformal coating of [176] polymer
Molecular electronics nanostructures Conformal films with
electronics Tribology Microelectronics coating of tailored
Membranes Surface High-£ dielectric films nanostructures surface
Chemical/ wettability Gate dielectrics Flexible chemistry
biological Anti fouling Corrosion protection displays Biomedical
sensors Electro- Passivation layers (transparent applications
Lubrication chemistry Diffusion barriers conducting
Optical Surface Low resistivity film films)
applications passivation Gas sensors Organic
(wave Corrosion Encapsulation based
guides, resistance TFT Gas magnets
optoelectronics) Protein separation
binding Diffusion
Surface barriers
patterning
Etch resists
Biochemistry

Nanostructures
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energy technologies. The sensitivity of organic structures
against environmental influences calls for an effective en-
capsulation. For all these tasks, ultra-thin films can pro-
vide solutions.
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