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ABSTRACT: This review provides an overview of area-selective thin film
deposition (ASD) with a primary focus on vapor-phase thin film formation via
chemical vapor deposition (CVD) and atomic layer deposition (ALD). Area-
selective deposition has been successfully implemented in microelectronic
processes, but most approaches to date rely on high-temperature reactions to
achieve the desired substrate sensitivity. Continued size and performance scaling
of microelectronics, as well as new materials, patterning methods, and device
fabrication schemes are seeking solutions for new low-temperature (<400 °C)
ASD methods for dielectrics, metals, and organic thin films. To provide an
overview of the ASD field, this article critically reviews key challenges that must
be overcome for ASD to be successful in microelectronics and other fields,
including descriptions of current process application needs. We provide an
overview of basic mechanisms in film nucleation during CVD and ALD and summarize current known ASD approaches for
semiconductors, metals, dielectrics, and organic materials. For a few key materials, selectivity is quantitatively compared for different
reaction precursors, giving important insight into needs for favorable reactant and reaction design. We summarize current limitations
of ASD and future opportunities that could be achieved using advanced bottom-up atomic scale processes.

I. INTRODUCTION

I.A. Nanoscale Chemical Patterning. Nanoscale materi-
als, thin films, and patterning are important in electronics,
energy conversion and storage, catalysis, chemical separations,
environmental protection and health, and many other
technologies. Scientific and technological advances in these
fields require new capabilities to control chemical reactions that
determine material composition, dimensions, density, texture,
and structural shape with nanoscale or subnanoscale precision.
Nanoscale lines, spaces, and other complex features are routinely
patterned on surfaces using photolithography, using light to
transfer a physical mask pattern to a photoresist. Ultimately,
controlling chemical synthesis requires understanding and
manipulating reactions at the earliest steps inmaterial formation.
Insight is needed in mechanisms during thin film heterogeneous
nucleation, driven by the complex chemistry and thermody-
namics of molecule/surface and molecule/vapor interactions.
A most basic example of controlling deposition reactions is

the ability to achieve “area-selective deposition”, ASD, where a
process is adjusted to allow a desired film to form in one region
of a surface while simultaneously avoiding deposition in an
adjacent region. In place of a physical lithographic mask, ASD
utilizes chemical information available on a surface and in the
deposition source reactants to guide pattern growth on a surface.
The term “patterning” is commonly used to indicate control
over feature shape, size, and geometry. Indeed, feature
patterning often begins using a substrate that is uniform and

chemically homogeneous. Area-selective deposition, on the
other hand, starts on a prepatterned substrate. On this pattern,
ASD can work to selectively adjust surface composition, as well
as feature height and/or feature width. Therefore, ASD can be
considered as “chemical patterning” in the sense that, after ASD,
the surface features become chemically and physically distinct
from those present before ASD.
Area-selective deposition refers to any chemical or physical

process that controllably forms a desired material layer on a
desired “growth” region of an exposed surface without forming a
layer on other adjacent “nongrowth” areas of different
compositions or surface terminations.1−11 The growth and
nongrowth regions can be differentiated by material composi-
tion, surface termination, lattice structure, or physical top-
ography. When the film forms on all exposed surfaces, it is
referred to as uniform or “blanket” deposition. “Selectivity loss”
refers to a point or range in time when a process transitions from
selective to blanket deposition.
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The purpose of this review is to provide an overview of area-
selective deposition, with primary focus on vapor−solid reaction
processes. Vapor-based processes for ASD include chemical
vapor deposition, CVD, atomic layer deposition, ALD, and
molecular layer deposition, MLD, with most recent studies
addressing area-selective ALD. Several previous articles have
reviewed selective deposition by CVD3,5−7,9,12,13 and by
ALD.14−19 Also, many excellent articles describe basic ALD
reactions and applications,20−30 as well as how ALD impacts
outstanding challenges in semiconductor manufacturing.31,32

This article expands upon previous reviews to present a cohesive
examination of ASD, including discussion of metals, semi-
conductors, dielectrics, and organic thin films, as well as provide
a contrast between ALD, CVD, and related processes for ASD.
Interest also includes mechanisms in vapor−solid thin film
nucleation, as well as quantification and modeling of ASD.
Detailed needs and possible applications for ASD in electronic
device manufacturing are also presented. Recent ASD research is
also summarized, including ASD of metals, dielectrics, and other
materials on a range of desired growth and nongrowth
substrates.
The concept of “selective deposition” extends to other

processes beyond ASD. For example, “phase-selective deposi-
tion” could describe a process to isolate a specific phase of a
material or form different phases simultaneously in different
regions on a surface.5,9 The deposition of diamond thin films, for
example, is designed to selectively promote sp3 diamond bonds
while minimizing sp2 graphitic bonding. Facet-selective
deposition involves film formation on a preselected exposed
crystal face, without reaction on neighboring crystal planes.33 As
another example, “direction-selective deposition” could allow
growth to proceed only in one desired direction. Physical
deposition via sputtering or evaporation achieves directionality
via line-of-sight growth of impinging atoms or clusters. In this
sense, direction-selective chemical deposition could be an
anisotropic rate process, which is well-known in plasma-based
etching. Alternate selective deposition processes are interesting,
but area-selective deposition is a current primary concern,
particularly in electronics where it is rapidly becoming a required
tool to pattern and align nanometer-scale material elements in
large-wafer semiconductor manufacturing.
I.B. Top-Down and Bottom-Up Patterning. Significant

research in thin film materials has been directed to electronic
device systems, leading to rapid advances described by Moore’s
law.31,34 Photolithography is the key enabling step in feature
scale definition. Photolithography is described as a “top-down”
method because it starts with a uniform blanket dielectric and
metal films and uses a patterned photoresist to remove material
from regions where the blanket film is not wanted. The regions
to be removed are defined by a physical mask which allows only
part of the resist to be exposed to a lithography UV light source.
The pattern formed in the resist is then transferred to the
underlying film by chemical etching. Deep UV photolithography
using 193 nm light is highly reliable and economically robust,
even at sub-10 nm feature nodes. Achieving these feature sizes in
manufacturing relies on litho etch litho etch (LELE) multi-
patterning, where more than one exposure step is used in a single
patterning layer to produce features with size and pitch that are
much smaller than those imaged by a single mask.35,36 In
contrast, “bottom-up” or “additive” processes work to deposit or
create material only in regions where it is needed, avoiding the
need for material removal. Aspects of bottom-up processing are
employed in several alternatives to lithography, including

nanoimprinting or embossing, scanning probes, direct printing,
electrostatic self-assembly, directed self-assembly (DSA) of
block copolymers, and chemical assembly of organic elec-
tronics.37−45 “Bottom-up” methods can significantly reduce
material waste and energy consumption, so they remain an
important direction for research exploration.
As critical device dimensions approach 5 nm or less, new

problems are being encountered in photolithography, including
the high cost of transitioning from deep UV to extreme EUV
13.5 nm light sources and resists, and by fundamentals of
statistical variability. These problems are pushing industry to
find new reliable bottom-up methods. Area-selective deposition
is a promising approach for bottom-up “chemical patterning”. As
such, future ASD holds promise to allow molecular-scale
chemical sensitivity and reaction design to augment traditional
patterning methods.

I.C. Area-Selective Deposition via Vapor−Solid Re-
actions. Area-selective deposition uses the chemical informa-
tion available in the reactants and the exposed surface to guide
the creation of a desired material design. Figure 1 shows

schematic diagrams of an ideal vapor-source area-selective
deposition process where deposition occurs only in the desired
growth region, and a more realistic ASD process showing
unwanted nuclei in the targeted nongrowth region. The growth
and nongrowth regions for ASD are usually identified by how the
reactants adsorb and react on these regions. Surface preparation,
therefore, is a critical part of the overall ASD process. Materials
including metal oxides, nitrides, organics, and semiconductors
require terminal species, such as hydrogen, hydroxyl, amine, or
methyl groups to stabilize and maintain a “clean” surface. Many
metal surfaces are also terminated with oxygen or other species,
but “clean” metals often only have the metal atoms exposed.
Clean surfaces can be used directly for ASD or they can be
chemically or physically modified to enhance or inhibit
nucleation and deposition.
Deposition can be locally enhanced using patterned surface

excitation via electron, ion, or photon beams5,9,46,47 or locally
passivated by adsorbing molecule monolayers or nonreactive
polymers.48,49 Ideally, the process that enhances or inhibits
nucleation will be selective, so that it occurs only on regions
where it is desired without modifying other regions. As
described in detail below, localized enhancement and
passivation can substantially improve area-selective deposition,
but difficulties can arise in extending the preparation to features
with very small size or complex shapes, as well as in scaling the
surface preparation to large areas and high throughput.

Figure 1. (top) Ideal area-selective deposition producing a thin film
only on desired regions of the substrate and (bottom) more realistic
ASD producing thin films in desired regions with unwanted nuclei in
targeted nongrowth regions.
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Approaches for ASD of thin film semiconductors, metals,
dielectrics, organics, and other complex materials have been of
interest for several decades. An early motive for area-selective
deposition was to reduce the number of masking steps required
in device preparation. Epitaxial silicon and GaAs were observed
to grow on silicon at 700 °C without depositing on an adjacent
metal oxide.1,2,4,10,11 Area-selective epitaxy of silicon-based
materials by CVD at temperatures in the range of 700−1200 °C
is well developed and used in “front-end” processing, to form
source/drain contact in Fin-FET transistors, minimizing contact
resistance and improving device performance.50,51 The high
deposition temperature controls the local chemical termination
of the growing surface, helping to direct ASD. For silicon CVD
using SiH4,

52 desorption of the passivating Si-H species activates
the Si surface promoting area-selective silicon deposition.
Tungsten has also been used as a transistor contact material
and was an early target for ASD.8,53−57 Tungsten makes a good
ohmic contact to silicon, and W and Si have compatible thermal
expansion coefficients. Tungsten is also one of the metals that
can undergo an area-selective reaction with silicon to form a self-
aligned metal silicide, or “salicide”.58,59 In this approach,
lithography is used to open via holes in an oxide layer, exposing
silicon contact regions in the underlying transistors. A layer of
tungsten, or other metals such as Ti, Mo, Ta, or Co, is then
deposited on top and then heated to allow metal silicide to form
only in the exposed junction regions. The unreacted metal is
then removed, leaving the silicide, now covering the previously
open silicon vias.
After completing the “front-end” transistor structure,

hundreds of “back-end” process steps are needed to form
metal and dielectric lines that complete the device. The
transistors and interconnects are engineered with complex
dopant profiles and ultrathin metal diffusion barriers. Heating
above 400 °C can lead to unwanted metal diffusion which
degrades the device.60 Therefore, to extend into back-end
manufacturing, ASD processes are needed that work at T < 400
°C, where selective thermal activation is not as effective. This
low temperature limitation therefore adds significant complexity
to the problem of achieving reliable and scalable ASD. Atomic
layer deposition can generally proceed at lower temperatures
than CVD and the sequential reactant delivery in ALD provides
additional flexibility in processing, so recent attention has
pushed toward area-selective ALD24,26,33,61 and related
techniques such as molecular layer deposition, vapor infiltration,
and atomic layer etching.
I.D. Liquid−Solid Patterned Deposition and Other

Nanopatterning Approaches. When considering methods
for ASD for microelectronics, it is important to recognize that
the combination of small feature size, large-area, and high-
throughput manufacturing put extremely stringent demands on
ASD processes. Vapor phase reactants are usually preferred over
solution-based processes because solutions use a larger amount
of material, leading to concerns related to purity. A tactic to
overcome this may be to deliver reactants in microdroplets via a
microfluidic reaction scheme.62 Even so, large volume processes
can be feasible. A common example of a solution-based
manufacturing process is electroless copper plating, which uses
a self-catalyzed redox reaction scheme.63 A copper precursor is
reduced by a dissolved reducing agent, such as formaldehyde,
which in turn becomes oxidized. To start the process, a catalytic
metal seed layer is needed to dehydrogenate the oxidation
products, releasing hydrogen and allowing electron transfer
through the metal. Using accelerators, it is possible to enable

bottom-up filling of interconnect structures with Cu electro-
plating in order to avoid pinch-off, seams, and voids.64

Complementing work in ASD, another important example of
solution-based chemically driven patterning that has made
impacts in large-scale processing is directed self-assembly of
block copolymers.38,39 Assembling a diblock copolymer, such as
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA),
using predetermined lithographic features can create oriented
and registered polymer nanolines and other structures over large
wafer-scale areas. The patterns can then be transferred to
inorganic layers on the underlying substrate. One pattern
transfer method is selective vapor infiltration.28,65,66 Metal−
organic precursors such as trimethyl aluminum will diffuse into
the copolymer and preferentially adsorb and react in the PMMA
regions.67 Subsequent reaction with water produces metal oxide
layers that precisely duplicate the polymer pattern structure.
This method can also be extended to convert arbitrary shaped
polymers into patterned metal oxide films.68

Research is also ongoing in other solution-based ASD and
chemical-patterning processes. One example is spin dewetting
for area-selective deposition of polymer films. This method uses
a patterned grafted monolayer, such as an alkylsilane, to define
local hydrophilic and hydrophobic regions on a substrate
surface. A polymer film is then deposited on this surface by spin
coating. The localized hydrophobicity combined with the
centrifugal forces exerted during the spin coating leads to
surface-dependent polymer dewetting and accumulation.69 The
transition from polymer wetting to dewetting depends on details
of the materials and spin coating conditions. The resulting
polymer thickness and the thickness profile across a feature
depend on the feature size and the polymer being deposited and
result from complex interactions between the polymer, solvent,
and surface termination.69

Another means for self-directed pattern formation is vapor−
liquid−solid nanowire synthesis.70 Seed particles selectively
collect and direct synthesis of nanoscale crystals, and the
tunability of the chemical uptake within the particle allows axial
encoding of heterogeneous composition along the length of the
growing nanowires. Compositional changes can also be used for
selective growth and removal of passivating polymers, creating
patterns along the nanowire length.71 Colloidal assembly,72,73

DNA scaffolds,74 and other electrostatic processes also allow
patterned surface preparation. Tiles composed of geometrically
defined DNA strands can assemble on a surface and guide the
subsequent attachment of conductive or other structural
elements.75 Directed folding of designed biomaterials, such as
DNA origami, makes use of bottom-up assembly found in nature
to create 2D and 3D patterns.76

I.E. Review Outline. In the following text, Section II
presents background information regarding thin film nucleation
from the vapor phase, including discussion of well-known
models of nucleation energetics and the insight they provide into
current challenges in ASD and quantification of island growth.
Before discussing specific ASD processes and mechanisms,
Section III brings attention to the importance of considering
ASD as a reactive “system”, including elementary nucleation
reactions as well as effects due to the reaction scheme (i.e., ALD
vs CVD) and overall reactor design. Section IV describes
applications for ASD, including semiconductor device scaling,
catalysis, and other emerging areas. General experimental
approaches for ASD are summarized in Section V, and Section
VI presents a partial collection of ASD results published to date.
Instead of sorting the data based on the experimental approach
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or material deposited, we chose to sort based on the type of
deposited material (i.e., metal or dielectric) and the type of
receptive substrate. Because ASD is sensitive to surface reaction,
the results in Section VI are further classified by the ligands on
the deposition precursors. Section VII then presents a brief
summary of outstanding research challenges. The issue of ASD
metrology, including comparisons of available procedures to
measure and evaluate ASD process, is left for a future review.

II. THIN FILM NUCLEATION DURING VAPOR
DEPOSITION: DEFINITION AND MODELING OF
SELECTIVITY
II.A. Basics of Nucleation from the Vapor Phase.

Nucleation is any physical or chemical sequence that produces
stable nuclei. The rate of heterogeneous nucleation on a
substrate surface is determined by the kinetics of the reaction
sequence that yields thermodynamically stable nuclei. While
thin film nucleation has been extensively studied both
theoretically and experimentally, there remain several aspects
of nucleation that are not well understood. Most studies of thin
film nucleation describe steps that occur when there is a
continuous flux of reactants onto a surface, such as during PVD
or CVD.77−79 A benefit of ALD compared to CVD is that the
sequential reactant exposure steps can simplify the overall
deposition reaction chemistry. However, compared to steady-
state CVD, the ALD sequence can add complications to the
understanding and modeling of nucleation.80,81

When a deposition reactant impinges on a growth surface, it
can reflect or become captured into a physisorbed or
chemisorbed state through a sequence to minimize its overall
Gibbs free energy. Figure 2a shows the basic steps in reactant
adsorption and nucleation. Physisorbed molecules are relatively
weakly bound, where interactions are driven by dipoles within
the molecule or by induced dipoles, i.e., van der Waals or
London dispersion forces. Reactants often first become
physisorbed and then either desorb or transition into a
chemisorbed state. Chemisorbed molecules share electrons
with the surface through strong covalent bonds. Surface bonding
can also occur via two-electron coordinate or dative bonds
formed in Lewis acid/base interactions. These bonds are
generally stronger than dipole bonds but weaker than covalent
bonds. Many first-principles models show that Lewis acid/base
adduct states are important intermediates for covalent bond
formation. Therefore, these states can be considered as strongly
bound physisorption sites. Adsorbed reactants will diffuse on the
surface to find favorable binding sites.80 Diffusing adsorbates can
be energetically repelled or attracted to each other. When
multiple reactants are present, nucleus formation will be driven
by the adsorption energetics of each reactant on the surface as
well as interactive forces between like species and between
different species. Multiple substrates, such as during area-
selective deposition, will introduce different adsorption
energetics for each reactant. Moreover, interactions between
species may also be different on each surface. As discussed
below, species with different physisorption energies on different
surfaces can be used to block adsorption of deposition reactants,
thereby helping enable ASD.
Figure 2b shows the expected trend in energy vs nucleus size

in classical nucleation theory.79 When the attractive energy
within an adsorbate cluster exceeds the energy cost associated
with cluster surface formation, the cluster exceeds its “critical
nucleus size” and a stable nucleus is formed. On a stable nucleus,
the addition of more adsorbates will reduce the nucleus free

energy, and growth proceeds. This general description of
nucleation applies to many different deposition processes. For
example, during sputtering or evaporation, the impinging
deposition reactants could be metal atoms or clusters from a
single element source. In a CVD process, impinging species may
include multiple reactants with different compositions, such as a
metal-containing precursor and an oxygen source during metal
oxide CVD. Figure 2b also shows that when two different
substrates are available for nucleation and deposition, the
differences in Gibbs free energy change during nucleation can
describe and quantify the expected reaction selectivity.
Selectivity is achieved when the reactant chemical potentials
and the surface and interfacial free energies enable nuclei with
critical size to form rapidly on one surface and not on another.3,9

In addition to thermodynamic driving forces, kinetic rate
processes also strongly affect nucleation during CVD and ALD.
As depicted in Figure 2a, species adsorb, diffuse, and interact to
create a stable nucleus. The rate of critical nucleus formation is
determined by rates of species impingement and physisorption
and the rates of thermally activated diffusion and reaction. A
good example where both surface thermodynamics and reaction
kinetics are tuned to control film nucleation is high temperature
area-selective CVD of silicon using SiH4/H2/HCl mixtures,
where growth proceeds favorably on crystalline Si and not on
SiO2.

82 In this system, the surface coverage of physisorbed Cl on
each surface is determined by the HCl partial pressure and Cl
adsorption energy. Selectivity is achieved by controlling the Cl
surface coverage which thereby determines the rate of silicon
etching by Cl. The bonding between Si atoms in nuclei on SiO2
tends to be more disordered and therefore etch faster than the Si
atoms deposited into the more stable crystal lattice.82

Figure 2. (a) Adsorbate/surface interactions and mechanisms for
nuclei formation on a homogeneous surface during CVD using multiple
reactants, with a depositing film composition different from that of the
substrate. (b) Nucleus free energy vs nucleus radius for nuclei
formation on two different surfaces. Selective deposition is achieved
when nuclei are stable on the desired growth surface and unstable (i.e.,
less than the critical nucleus size) on the nongrowth surface.
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II.B. Nucleation during Low-Temperature CVD and
ALD. Like CVD, ALD uses multiple reactants, but the sequential
dose/purge sequence allows the depositing surface to contain
only one type of physisorbed reactant at any given time.
Therefore, the adsorption/diffusion/reaction pathway shown in
Figure 2 for nucleation involving two different physisorbed
species that proceeds during CVD will not be present during
ALD. This leads to a problem in some ALD processes where
desired nucleation can be relatively slow. However, for area-
selective ALD, elimination of a nucleation pathway provides an
overall benefit compared to CVD. In ALD, chemisorption and
reaction saturation occur rapidly on receptive growth regions.
Note that the nucleation mechanisms described above can

proceed on a homogeneous defect-free surface. Stable nuclei can
form without the need for strong bonding between the
adsorbates and the growth substrate. In this case, a “nucleation
site” is a random location on the uniform surface where
stochastic diffusion and interaction yield an energetically stable
cluster. Analysis of nuclei size distribution during ALD of Pt and
Ru has indicated that stable clusters are not necessarily bound to
the substrate, allowing nuclei to diffuse and agglomerate.83,84

Other processes, such as Ostwald ripening where atoms transfer
from one nucleus to another, can also affect nucleus size and
growth rate. When the deposition surface includes sites that
react strongly with impinging reactants, the overall process
describing nucleation must be adjusted to include additional
mechanisms associated with surface/adsorbate reaction ener-
getics and bonding reaction kinetics.
Figure 3 displays some possible mechanisms that may occur

during area-selective CVD or ALD to produce nuclei in regions
where deposition is not desired. Other mechanisms are also
likely. Those depicted are consistent with basic nucleation
models77−79,85 and with example experiments cited in the
specific descriptions below. Figure 3a depicts nucleus formation
at a defect site (unwanted hydroxyl group, impurity atom,
missing ligand, etc.) that exists on the starting surface before
deposition. This site could allow reactant chemisorption, or it
may promote strong physisorption and subsequent reaction
during the coreactant dose.86−89 An isolated reactant site
generally provides few reaction pathways for chemisorption, so
multiple cycles may be needed before growth begins. Not all
surface defects will act as nucleation sites, and defects that
promote nucleation during one ALD or CVD process may not
promote nucleation during a different process. It is also
important to note that defects may not always be undesired
sites for selective deposition. By exploiting defect or impurity
sites on a substrate, clusters or possibly single atoms can be
synthesized for catalytic or other applications.25,90 A good
example of this is targeted decoration of graphite facet edges
using Pt ASD.91

Surface impurity “defects” that provide sites for nucleation are
often thought to dominate the rate of unwanted nuclei
formation during low temperature area-selective ALD or
CVD.49,86,92 Also, in semiconductor manufacturing, unwanted
nuclei can degrade device performance, so researchers some-
times refer to the physical unwanted nuclei as “defects”, and the
term “defectivity” refers to mechanisms that produce unwanted
nuclei. Therefore, the definition of “defect” will depend on the
context of the discussion. In the analysis of ASD nucleation, it is
important to distinguish “defects” that may act as nucleation
sites from “defects” which are physical nuclei.
Figure 3b−f shows potential mechanisms for nuclei formation

on a clean surface with no impurity atoms initially present. The

schemes depict an ALD sequence, but the mechanisms may also
pertain to area-selective CVD. As shown in Figure 3b, if
physisorbed precursors become stabilized, for example, by
clustering, they can remain present after the reactant purge step
and be available for chemisorption during the next coreactant
dose.93 Figure 3c shows that, on nonplanar surfaces, feature
edges or boundaries between features can be sites for
nucleation94,95 and may also alter the desired growth.88 These
and other “feature” effects are discussed in Section III.A.
Further, as shown in Figure 3d, an impinging reactant or reactant
byproduct may perturb or otherwise modify a site on the
nonreactive surface, leading to favorable chemisorption at the
altered location.49,55,86,96 One example is the removal of surface-

Figure 3. Subset of potential mechanisms leading to unwanted nuclei
during area-selective ALD: (a) Chemisorption on a pre-existing surface
defect or impurity; (b) nucleus generation by adsorbate stabilization;
(c) preferential nucleation or growth inhibition at the feature corner or
edge; (d) reactant−surface interaction on the nongrowth surface
converting a passive site into a reactive chemisorption site; (e)
reactant−surface interaction on the growth surface yielding a reaction
byproduct that diffuses and adsorbs, becoming a reactive site in the
nongrowth region; and (f) etch product transport and adsorption
creating a reactive site. For cases c, e, and f, unwanted nuclei (or
inhibition of desired growth) can tend to form near the feature
boundaries, so such mechanisms are sometimes referred to as
“proximity” or “micro-loading” effects. Note that the mechanisms in
panels b−f depict nuclei formation at sites where impurities were not
originally present on the starting surface.
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passivating hydrogen from nonreactive Si-H surfaces creating
open sites for reactant chemisorption.49,86,96 Another mecha-
nism depicted in Figure 3e also involves reactant−surface
interactions.57,97 In this case, an incoming precursor reacts on
the growth surface yielding a byproduct that adsorbs on the
nongrowth surface, becoming a stable site for subsequent
growth. This process is believed to occur, for example, during
area-selective CVD and ALD of tungsten metal from WF6 on
silicon vs SiO2.

57,97 When WF6 impinges on the growing W
surface, it can transfer F to form volatile tungsten subfluorides
that then transport and adsorb onto SiO2, creating sites for
continued growth. When the desired deposited surface is
involved in creating active nucleating agents, the density of
unwanted nuclei will be largest near the growth feature
boundary and in regions where growth features are more
densely packed. Such mechanisms are sometimes called “edge-”
or “proximity effects”. “Loading effects” appear when the density
of unwanted nuclei depends on the density or ratio of growth vs
nongrowth surface presented on the starting substrate. These are
discussed in Section III.A. When ASD processes use combined
deposition and etching, the etchant species can also create sites
for nucleation, even when etching does not occur (Figure 3f).
For example, chlorinated reagents will react readily on clean
copper to form copper chloride which can be more favorable for
growth compared to the starting copper surface.
Desirable ALD reactions are selected to be highly favorable

energetically. Therefore, during ALD of a homogeneous
material (i.e., without strong effects due to crystal faceting),
nuclei or nonplanar surfaces are expected to grow uniformly in
all directions, including lateral growth extending over the
nongrowth region. As growth proceeds, the resulting shape of
the nuclei will be governed by the surface energies of the
nucleating substrate and the depositing material, as well as the
interfacial energy in the area where the deposited film covers the
substrate. A depositing film that does not form strong bonds to
the substrate leads to high interfacial free energy, favoring
growth of spherical-shaped nuclei. A good example is Pd or Pt
ALD on a metal oxide, where spherical metal nuclei can be
observed by electron microscopy.83 Strong interfacial bonding
promotes uniform layered growth, as expected during metal
oxide ALD on a receptive reactive surface.
II.C. Quantifying Selectivity in Film Deposition. A basic

quantified definition of selectivity in thin film deposition, S, can
be obtained from surface reaction thermodynamics, where the
driving force for any selective deposition is the ratio of the Gibbs
free energy change for species reacting on the desired growth

surface to that on the nongrowth surface.3,6,8,9 Unfortunately,
the reactions that lead to unwanted nucleation, such as reactant
chemisorption on an impurity site, are often not known, making
thermodynamic predictions difficult.7,8 Since more favorable
energetics often (but not always) leads to faster reaction kinetics,
an alternate definition of selectivity can be made from the
relative rate of nucleation on the growth vs nongrowth
surface.6,18 Nucleation rates are difficult to measure directly.
Because faster nucleation leads to more rapid surface coverage, a
reasonable estimate of the nucleation rate comes from
measurements of net surface coverage on the desired growth
and nongrowth surfaces, θ1 and θ2, respectively, or from the net
amount of material deposited, t1 and t2. Any selective process
seeks to maximize thickness in the desired growth region while
minimizing nuclei and film growth in the nongrowth region. The
selectivity, S, formally defined by nucleation rate can be
estimated as
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θ θ
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t t

( ) 1 2

1 2

1 2
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The equation indicates that the value of S will depend on n, the
number of ALD cycles (or time during a CVD process). Note
that the relation between surface coverage and amount of
material deposited depends on the nuclei shape and extent of
coalescence,18 which can be modeled under limiting assump-
tions as discussed below. Surface coverage gives a better estimate
of the nucleation rate because different nuclei with the same
surface coverages can contain different amounts of material
depending on the nuclei shape. It is usually easier to measure
film thickness than surface coverage, but as shown below, the
value for S determined using t1 and t2 will be systematically larger
(i.e., better) than the value obtained using θ1 and θ2.
In eq 1, the value for S ranges from 1 to 0, where S = 1 (i.e., θ1

= 1 and θ2 = 0) corresponds to “perfect” selectivity and S = 0
indicates full selectivity loss, i.e., θ1 = θ2. For good ASD, the goal
is to maintain a large value for S as the film thickness in the
desired growth region, t1, increases. To evaluate the selectivity of
any ASD process, the surface coverage or thickness values, θ1, θ2,
t1, and t2, can be measured or inferred by scanning electron
microscopy, ellipsometry, surface profilometry, Rutherford
backscattering, electron spectroscopy (e.g., Auger spectroscopy
or X-ray photoelectron spectroscopy), and other tools. After a
long deposition time, we expect θ1 = θ2 (i.e., S = 0), but t1 > t2
(i.e., S > 0). The systematic error for S is smallest, however, for
small values of θ2 and t2, i.e., when S is relatively large.

Table 1. ASD Materials and Example Selectivity

ASD
material growth/nongrowth surface

substrate
preparation ASD approach

thickness at S = 0.9
(nm) ref

metal on metal W Si/SiO2 inherent ALD 8 243
Pt Pt/SiO2 ASD-activated ALD 9 235

metal on dielectric TiN Si3N4/(a-C+H2 plasma) ASD-passivated ALD 9.5 95
dielectric on metal Ta2O5 TiN/SiO2 inherent supercycles: ALD + plasma etch ∼7 142

ZnO Cu/(Cu+photocross-linked
SAM)

ASD-passivated ALD >100 140

dielectric on dielectric Al2O3 SiO2/(Cu+ODPA SAM) ASD-passivated ALD 5.5 165
Al2O3 SiO2/(Cu+ODPA SAM) ASD-passivated ALD + postprocessing >10 165
Al2O3 SiO2/(W+ODPA SAM) ASD-passivated ALD 8 136
ZnO SiO2/(Cu+DDT SAM) ASD-passivated supercycles: ALD +

regeneration
>100 171

ZnO SiO2/(W+ODPA SAM) ASD-passivated ALD 32 136
TiO2 SiO2/Si-H inherent supercycles: ALD + ALE 15 96
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Equation 1 provides a method to estimate S for any ASD
process. For data comparison, a useful figure-of-merit is tS=0.9, the
film thickness in the desired growth region when the selectivity S
= 0.9. For manufacturing applications, S values exceeding 0.999
may be needed, but tS=0.9 is currently a reasonable value for
comparison because many published ASD processes show
selectivity in this range, as indicated in Table 1. An alternate
figure of merit is the selectivity of a process at a target thickness
value. If the target thickness is 10 nm, then St=10nm may be useful
to compare different processes.
Comparing different ASD methods requires results that

include both process capabilities and overall process limits. To
best understand the potential impact and performance of an
ASD approach, it is helpful to have data reporting the transition
to selectivity loss (θ2 > 0) as well as the amount of material
deposited in the desired growth region when selectivity loss
occurs. An example comparison of two different ASD data sets,

including selectivity loss and desired growth thickness values, is
shown in Figure 4.

II.D. Analytical Model for Nucleation, Growth Evolu-
tion, and Selectivity Quantification. Further insight into the
mechanisms for selectivity and selectivity loss can come by
comparing data for surface coverage, thickness, or number of
nuclei vs ALD cycle (or time for a CVD process) to quantitative
models for nucleation and film growth. Collecting and analyzing
experimental data for ASD is a significant challenge, particularly
over large wafer areas.18,98 During any deposition process
(without specific etch steps present) the net surface coverage in
the nongrowth region at any time will be determined by (1) the
number of nucleation sites initially present on the nongrowth
surface; (2) the rate of nucleation site generation during
deposition; and (3) the rate of film growth and surface coverage
extending from any stable nucleus. A number of empirical
models have described trends observed when growth proceeds
under limited nucleation conditions.18,85,99,100 A recent model

Figure 4. Example experimental thickness vs cycle for two different ASD processes: (a, b) TiO2 ALD on SiO2 vs Si-H (data from Song et al., ref 96) and
(c, d) electron-activated ZnOASD on SiO2 vs a-Si-H (fromMameli et al., ref 101). Panels a and c show data andmodel fits for thickness versus cycle on
the growth and nongrowth surface for each process, and panels b and d show values of S plotted vs thickness on the desired growth surface. The plots of
S include data points obtained from the thickness data [S = (t1 − t2)/(t1 + t2)] and the lines for S calculated from the thickness data fits (solid lines in
panels a and c). The model fits to the thickness data also give the expected surface coverage θ1 and θ2 vs cycle to determine values for S = (θ1− θ2)/(θ1
+ θ2) vs thickness on the growth surface. Highlighted on the plots are the values for tS=0.9, i.e., the thickness on the growth surface when S = 0.9. Note
that the values of S from t1 and t2 are systematically larger than those obtained using the surface coverage θ1 and θ2. The model parameters associated
with the fits, including an alternate fit shown as a dashed line in panel c, are given in the text.
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describes growth initiation during ALD or CVD on non-
receptive surfaces, combining a model for uniform ALD or CVD
film growth with the Avrami formalism for nuclei expansion and
coalescence. The uniform growth model presumes that on any
stable isolated nucleation site, growth proceeds uniformly in all
directions creating isolated hemispherical nuclei that expand
and eventually coalesce. The Avrami equation then correlates
the film growth with the extent of nuclei coalescence as a
function of n, the number of ALD cycles (or CVD time).
Parameters in the model are the number of nucleation sites
present on the starting surface, N̂ [nm−2], the generation rate of
nucleation sites per cycle (or time), Ṅ [nm−2 n−1], and the
steady growth rate on the desired surface and on available nuclei,
Ġ [nm ·n−1]. Note the distinction between a nucleus and a
nucleation site. A nucleation site is identified as a dimensionless
point on a surface that enables formation of a physical nucleus.
The model also considers that nuclei generation may proceed
after some incubation or delay time, vd, so that Ṅ = Ṅ(n). In the
Avrami approach, the parameters are first used to calculate the
extended covered surface area on the nongrowth surface, A2,ext,
which is the area that the nuclei would cover if nuclei did not
touch:

∫ ν ν= π ̇ · ̂ + ̇ − · ̇
Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

A n A G n N G n N( ) ( ) ( ) dext

n

2, 2,0
2 2

0

2 2

(2)

where A2,0 is the area of the starting nongrowth surface. When
nucleation sites are generated during the deposition period, n
(i.e., Ṅ > 0) the integral gives the surface area covered by nuclei
on those generated sites. Integrating eq 2 and putting A2,ext(n)
into the Avrami expression then gives the expected coverage
fraction on the nongrowth surface as a function of Ġ, N̂, Ṅ, and
n:
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This eq 3 corresponds to eq 8 in the article describing the
model.18 The surface coverage values can also be used to
determine t2(n), the average film thickness on the nongrowth
surface as a function of ALD cycles or time, which is solved as the
total deposited film volume per unit substrate area:

∫ θ̇ ̂ ̇ = − −
̇

t n G N N h h( , , , ) 1 exp( ( )) d
Gn

ext2
0

2, (4)

The integrand in eq 4 uses the Avrami formalism to convert
the extended surface coverage fraction θ2,ext = A2,ext/A2,0
determined at each n from eq 2, to the physical fractional
surface area A2/A2,0 subtended by a plane at arbitrary height h
parallel to the surface passing through the set of deposited
nuclei. By integrating the values ofA2/A2,0 with unit thickness dh
for each value of h between h = 0 and the maximum film
thickness, h = Ġ·n, eq 4 gives the total nucleus volume per unit
substrate area. This eq 4 is a combination of eqs 12−15 in the
model article.18

Results using eq 4 to fit published experimental ASD
data96,101 are shown in Figure 4. For TiO2 ALD on Si-H, the
model gives a good fit using Ġ = 0.037 nm cycle−1, N̂ = 0.01
nm−2, and Ṅ = 0.0 nm−2 cycle−1, so that tS=0.9 = 1.2 nm. For low
temperature electron activated ZnO deposition, the model fit
(line 1 in Figure 4c) corresponds to Ġ = 0.155 nm cycle−1 with N̂
= 0.0 nm−2, Ṅ = 4.2 × 10−4 nm−2 cycle−1, and νd = 150 cycles.
The value tS=0.9 = 12.6 nm shows the ZnO process has better

selectivity than the TiO2 ALD. Line 2 in Figure 4c shows an
alternate fit with Ġ = 0.155 nm cycle−1, N̂ = 2.5× 10−4 nm−2, and
Ṅ = 0. This fit with Ṅ = 0 is not as good as line 1 obtained with Ṅ
> 0. On the other hand, the TiO2 data shows a good fit with Ṅ =
0. Extracting thickness values from ellipsometry for very thin
films can be difficult, so this must be considered when fitting
ellipsometry data to the model.18 Also, the model assumes that
isolated nuclei are hemispherical until they agglomerate, so the
fits may be affected by differences in nuclei shape. The
differences in the fits may also be due to real differences in the
processes. A better fit with Ṅ > 0 during beam-enhanced ZnO
deposition suggests that nucleation on the nongrowth surface
occurs at nucleation sites generated during the process, whereas
during TiO2 ALD, a good fit with Ṅ = 0 points to nuclei that
predominantly form at nucleation sites present on the starting
growth surface.
Since the fit to the thickness data uses the number of

nucleation sites Ṅ and N̂ as an input parameter, the model fit can
also give the expected number of nuclei present on the
nongrowth surface as a function of cycle or time, n:

∫= ̂ + ̇N n N N n( ) d
n

2
0 (5)

The number of nuclei on a surface can be measured
independently of thickness. Therefore, two separate data sets
for N2(n) and t2(n) can be fit with a common set of input
parameters to gauge the quality of the fit and the accuracy of the
information that the model provides.
Some example fits to literature data, including simultaneous

fits toN2(n) and t2(n), are shown in ref 18. In addition, example
literature data sets were fit to the model and some representative
results are given in Table 1. The amounts and types of data were
different for each data set, so the quality of the fit was not
uniform. The results in Table 1 are presented to demonstrate
that the model and selectivity parameter, S(n), can be used to
quantitatively compare different ASD processes for different
materials from different laboratories, analyzed using different
analytical techniques.

III. SYSTEMS-LEVEL ISSUES IN ASD: FEATURE
DEPENDENCE, REACTORS, AND ALD VS CVD

Successful ASD chemistry is realized by a well-defined
deposition sequence that proceeds readily on one surface and
not on another. However, transfer from the lab into
manufacturing requires more than successful demonstration of
ASD reactions. Manufacturing requires a more systems-level
view to understand how the ASD process is affected by the
substrate pattern and features being deposited and how the
reactor design and reaction mode (i.e., ALD vs CVD) influence
the product output.

III.A. Surface Loading and Feature Dependence,
Including Shape, Edge, and Proximity Effects in ASD.
During area-selective deposition, the amount and resulting
shape of the selectively deposited film can be influenced by the
density and size of the features presented on the starting
patterned substrate. Near a feature edge, species adsorption and
reaction will be influenced by the local abrupt changes in surface
energy. Therefore, the lateral profile of a film growing on one
surface will be determined by complexities of the interfacial
energies in the adjacent surface.
Two primary pattern-dependent mechanisms in ASD are

“loading” effects, where the net amount of deposition depends
on the relative fraction of growth vs nongrowth surface on the
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substrate, and “feature” effects, when the extent of selectivity is
influenced by the patterned feature shape or size. Loading effects
are known and analyzed during plasma etching, where it was
noticed that the rate of etching decreased when the etch reactor
was loaded with more material to be etched. At low loading, the
etch rate is determined by the surface etch reaction rate, whereas
at high loading, the etch rate becomes limited by the generation
rate of etch reactants.102 This also leads to “micro-loading”when
the amount of material to be etched is not uniform within the
reactor or across a wafer surface.103 Etch experiments also show
aspect ratio dependent etching, with small features etching more
slowly than larger ones (known as “RIE lag”) and etch rate also
dependent on the feature profile.103 Feature-dependent etch
rates are ascribed to reactant transport effects producing gas
phase concentration gradients, surface charging, and byproduct
adsorption that alter the local etch rate.103

Surface loading and feature-dependent processes have been
observed and analyzed during area-selective tungsten CVD104

and selective silicon epitaxy.88,105,106 The chemical genesis of
loading and feature-dependence in ASD is analogous to that
observed in etching. That is, as the composition of the exposed
surface changes (i.e., as the desired growth area becomes
covered with the deposited material), reactive species
concentrations (and supersaturation ratios) in the gas phase
and adsorbed on the surface also change in response. For
example, for a case where deposition precursors do not
chemisorb on the nongrowth surface, the gas-phase reactant
concentration in the volume over the nongrowth region will be
larger than over the growth region. Resulting concentration
gradients affect the rates of lateral surface and gas-phase species
diffusion which will influence the local reactant supersaturation
and therefore the observed local deposition rate. These effects
can be avoided or minimized by using smaller and more uniform
features or working at lower pressures. Moreover, local
concentration gradients will be more pronounced in continuous
CVD as compared to ALD where reactant delivery is separated
in time or space. Steady-state gradients can develop during area-
selective CVD, whereas during ALD, feature dependent reactant
gradients will be transient. In both CVD- and ALD-based ASD,
gradients and related microloading effects can result from
spatially dependent consumption of deposition precursors and
from localized generation of surface reaction byproducts.
In addition to surface loading, several other related feature

dependent processes are known to occur during ASD. Feature-
dependent “edge” or “corner” effects can appear when surface
passivation is less effective at sharp features and feature
transitions. Lateral overgrowth or “mushrooming” appears
where selective growth extends over the nongrowth region.
“Edge” effects can also include the mechanism that causes
increased or decreased selective growth rates at feature
boundaries. One example is “faceting” during selective
epitaxy,107 leading to a thinner deposited film at the junction
edge. Another important feature-dependence in ASD, some-
times denoted as “proximity effects” or “local selectivity”, refers
to nonrandom generation of undesired nuclei, which may be
analogous to microloading. Proximity effects arise when
undesired nuclei appear preferentially in regions close to, or
away from, the desired growth region. Results can usually be
ascribed to local transport of depositing or surface passivating
species to locally enhance or deplete reactant concentrations. If
one of the deposited or exposed materials in ASD is catalytically
active, it could also lead to excess or diminished growth at the
feature edge. The mechanisms leading to ASD pattern

dependence will of course depend on the ASD materials and
substrates but will also be influenced by the specific reactants
and process conditions used in the ASD process. Understanding
and controlling loading and feature-dependent phenomena
presents a critical challenge for ASD in manufacturing.

III.B. Reaction Mode: Area-Selective Deposition Using
ALD vs CVD. ALD offers several known advantages compared
to CVD for low temperature thin film deposition, and these
advantages can also extend into ASD.79 Separated reactant
delivery and self-limiting surface reactions during ALD enables
simpler reactor design and avoids detrimental effects of
nonuniform reactant delivery to the depositing surface. Another
advantage of ALD is that self-limiting reactions allow large
reactant exposures, making ASD attractive for batch processing
and for conformal coverage in high aspect ratio nanostructures.
Separated reactant dose and purge steps makes ALD overall
slower than CVD, but this problem is offset by the improved
control and uniformity in ALD. As mentioned above in Section
II.B, separating the reactants inherently avoids an important
route for unwanted nuclei generation that occurs in CVD. Other
advantages may help favor CVD for area-selective deposition.
For example, since CVD processes often proceed at higher
temperatures, CVD films can have better purity and higher
density than those formed by ALD.
Control and uniformity achieved using self-limiting surface

reactions makes ALD a critical enabling tool in advanced
electronics manufacturing. For optimal ALD, reactants are often
selected so that each half reaction has a Gibbs free energy
change, −ΔG, that is as negative as possible, to energetically
promote deposition. However, ASDmust avoid deposition in the
nongrowth surface. Therefore, common ALD processes
developed for good blanket deposition will likely not be optimal
for ASD. For example, the highly exothermic reaction between
trimethylaluminum (TMA) and water makes an excellent ALD
process, but ASD of Al2O3 using TMA/water is notoriously
difficult. Another issue in ALD is that the reactant exposure
during each half-cycle is tuned for reaction saturation in the
growth region. Simultaneously, the nongrowth region also
receives a large reactant exposure, increasing the probability of
generating unwanted nuclei. The overall shorter reaction times
for CVD may therefore be advantageous for ASD. If the ALD
process includes nonideal CVD or other slow- or soft-saturation
effects, these effects may lead to unexpected outcomes due to the
different surface reaction rates at different locations during ASD.

III.C. Reactor Design. Typical ALD and CVD reactors for
“blanket” deposition are carefully designed to optimize favorable
deposition reactions. On the other hand, ASD also requires
control of desired deposition, but it must concurrently optimize
(i.e., limit) reactions that lead to unwanted nucleation.
Simultaneous optimization of multiple reactions will naturally
add complexity to reactor design and optimization. Indeed, the
optimum reactor design will depend on the material being
deposited and the specific approach being used for ASD, as well
as the scale of the deposited pattern features. Design of any thin
film deposition reactor must consider reactant and thermal
transport, as well as thermodynamics and chemical rate kinetics
in surface reaction and diffusion. For any general ASD process,
simple design issues can include choice of reactor volume and
substrate heating. For ASD, the reactor thermal configuration,
i.e., isothermal (hot wall) or nonisothermal (warm or cold wall),
can have significant impact. In this regard, for example, it is
important to consider if the reactor wall is designed to promote
or inhibit nucleation (i.e., is the reactor wall designed to be a
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“growth” or “nongrowth” surface?), and how the reactant/wall
interactions will influence species composition and flux. Types
of commercial ALD reactors include single-wafer, batch, and
spatial designs. Batch reactors usually have a large volume to
coat many wafers simultaneously. The large reactor volume
leads to long gas residence times and extended reactant exposure
times, making it difficult to inhibit unwanted nucleation.
Reactant partial pressure affects the reactant flux and
equilibrium surface concentration, so pressure must be
considered in any reactor configuration.

IV. MOTIVATION AND APPLICATIONS FOR
AREA-SELECTIVE DEPOSITION

IV.A. Current Uses of ASD in Microelectronics.
IV.A.1. Selective Epitaxial Growth. Selective epitaxial growth
(SEG) is perhaps the most widely used and studied example of
ASD in industrial semiconductor manufacturing. Si SEG was
first introduced in 1962 by Joyce and Baldrey as a high
temperature CVD semiconductor on semiconductor growth
process employing SiCl4 and H2 as coreactants and oxide masks
as the nongrowth area.1 This process was extended to lower
temperatures by employing silane in place of silicon
tetrachloride and to selective epitaxial growth of Ge and GaAs
over the next decade.4,10,11 The growth mechanisms and
thermodynamic driving factors associated with SEG have been
extensively studied and can provide important object lessons for
researchers currently developing new ASD processes.108,109 For
instance, the importance of surface-chemistry-driven reaction
mechanisms was recognized early in the development of SEG. In
addition, the advantages of incorporating an etching component
into the deposition process were also demonstrated in early SEG
research.109 More recently the advantages of cyclical deposition
and etch processes for SEG have been demonstrated.110

In its current form, SEG is an essential process in the
formation of leading-edge metal oxide semiconducting field
effect transistors (MOSFETs).111 SEG is utilized in forming the
source and drain of both N-type and P-type MOSFETs within
the complementary MOS process flows used for advanced logic
devices and SRAM memory. SiC and SiGe provide mobility-
enhancing tensile and compressive strain for NMOSFETs and
PMOSFETs, respectively, which boosts the drive current of the
resulting devices. In addition, N-type and P-type dopants are
incorporated in situ during the SEG in order to reach dopant
levels that can exceed the solid solubility limit of the respective
dopants after postgrowth implants are complete and, thus, drive
down the source/drain parasitic resistance after contact
formation. Figure 5 shows an example image of SEG of SiGe

on a silicon fin.112 In practice, selective SiC (NMOS) and
selective SiGe (PMOS) are deposited on Si in the presence of
nongrowth areas comprised of Si oxide and nitride, thereby
representing an example of semiconductor on semiconductor
ASD. Epitaxial and single crystalline SEG structures have
preferred growth directions that result in faceted shapes. This
gives rise to the diamond-shaped SiGe growth shown in Figure
5.

IV.A.2. Selective Co Capping of Copper. Selective cobalt
growth via CVD for Cu capping applications is a recent addition
to the semiconductor process toolbox.113,114 As line widths
continue to shrink, densities within the narrow vias contacting
the bottom-most interconnect levels have reached the point that
they provide enough resistive heat and electromotive force to
create significant migration of Cu atoms. This eventually results
in voiding within the via and ultimately failure of the circuit due
to loss of electrical connectivity. To combat this phenomenon,
device makers have begun cladding the exterior of the Cu lines
with metals that are less prone to electromigration in order to
meet the reliability needs for recent devices. State of the art
devices currently in manufacturing employ Co for this purpose.
Depositing a thin Co layer on top of the Cu metal lines, which is
the narrowest point of connection for the vias running between
metal layers, provides a significant reliability enhancement. To
accomplish this task, devices makers employ a selective CVDCo
taking advantage of the inherent selectivity that many metal on
metal deposition processes exhibit, as well as the hydrophobic
nature of the low k dielectrics surrounding the Cu metal lines.
Semiconductor manufacturing technology tends to advance

in evolutionary steps, and the use of selective Co caps represents
just such a step for the industry. As line widths continue to
narrow, Co capping is likely to reach a reliability limit, and could
be replaced by capping with another metal such as Ru that has
even higher electromigration resistance.Metal onmetal selective
CVD and ALD Ru processes are well-known and have been
demonstrated for this purpose.115 In fact, at a certain point it
becomes beneficial to replace the Cu lines entirely with less
diffusive metals to reduce the relative thickness of the liner seed
as well as the resistance due to surface and grain boundary
scattering. Co and Ru are leading candidates for this migration.
Intel has recently begun to employ Co lines for the tightest pitch
interconnect layers in their latest processor generation.116

Another potential path that future devices might employ is to
replace the TaN diffusion barriers currently used for Cu with
another, thinner material, that reduces the relative volume of the
barrier within the lines while still providing enough resistance to
Cu diffusion to maintain reliability of the circuits. Graphene has
recently been proposed for this purpose,34 and since selective
graphene deposition can be accomplished via Cu-catalyzed
CVD,261 ASD of graphene is the leading process candidate for
realizing this type of structure.

IV.B. Application Needs for ASD in Microelectronics.
SEG and Co capping layers represent prime examples of
functional films deposited using ASD in semiconductor
manufacturing. As the name implies, functional films serve a
purpose related to the operation, function, or structure of the
device. Functional materials are also called “leave-behind” films
to distinguish them from “sacrificial” films which are formed to
serve a temporary purpose during processing. An example
“sacrificial” film is a selective hard etch mask, which is formed to
transfer a pattern and then removed before the device is
completed. For microelectromechanical systems (MEMS),
functional films can frequently have a primarily physical

Figure 5. Selective epitaxy of SiGe on a silicon fin. Adapted with
permission from G. Wang et al., ref 112. Copyright 2016 Elsevier.
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purpose. For example, self-assembled monolayers (SAMs) can
be employed as functional films in MEMS devices in order to
reduce friction or stiction of a moving part.117,118 In addition,
the electrical circuits of a semiconductor device require a certain
amount of physical support in order to survive the stresses
inherent in the manufacturing and packaging processes.
Hardness is a key concern for materials such as interlayer
dielectrics, but generally the physical function of the films is a
secondary attribute for electronic devices.
A variety of sacrificial films are used during nanomanufactur-

ing processes, primarily for the purpose of patterning or forming
the device structures. The distinction between functional and
sacrificial films is important because sacrificial films, despite their
growing and ubiquitous usage, are rarely maintained in the final
product and, thus, can be essentially invisible in product
teardowns. Of course the exact identity, nature, and use of
sacrificial films employed by a particular device maker in
manufacturing are closely guarded secrets. In the case of
functional films there may be cases where a selective and a
nonselective process results in an indistinguishable structure.
Thus, we cannot necessarily say exactly if, when, or how many
selective processes might be currently employed by a given
manufacturer, even though some use of ASD can be confirmed
or at least inferred by device teardowns.
In this section we seek to provide examples of ASD processes

that are either currently needed or desired for device
manufacturing now or in the near future. These are illustrative
examples of known processes and process flows that may be
useful for nanomanufacturing of semiconductor devices
primarily, and while we are attempting to cover the full scope
of potential ASD uses, developing a comprehensive list is
impractical and potentially impossible.

IV.B.1. “Selective Deposition Toolbox”. Figure 6 is a
schematic representation of what we will refer to as the
“selective deposition toolbox”, designed to illustrate the types of
structures that ASD could provide given a generic incoming
structure with unspecified materials.119 Of course for real
processes the incoming material set should be known, and the
incoming structure is unlikely to match the generic example we
are using. But this toolbox should still be useful, along with a
fundamental understanding of the nanomanufacturing process
flow, for researchers seeking to understand the types of ASD
processes that could be useful if they can be developed.
Wherever possible we will seek to refer back to this toolbox in
the examples below in order to provide clarity as to how these
ASD processes might be employed for manufacturing.
For the discussion of ASD materials, it is useful to divide the

processes according to the material types being employed. The
material set used for semiconductor nanomanufacturing consists
of three classes of materials: metals (i.e., conductors), insulators
(including dielectrics and organics), and semiconductors. Since
most selective deposition processes are selective for a class of
materials it becomes useful to group ASD processes according to
the class of material being deposited as well as the class of target
growth surface material. To illustrate this point, Co capping of
Cu metal lines is an example of metal on metal (MoM) ASD in
that Co, a metal/conductor, is depositing on Cu, another metal/
conductor. The Co is also depositing on Co as the film is formed
as well as the conducting liner/seed layers exposed at the edges
of the Cu lines. Using this nomenclature we can therefore group
ASD processes according to the possible combinations of
material classes: dielectric on dielectric (DoD), metal on metal
(MoM), dielectric on metal (DoM), metal on dielectric (MoD),
semiconductor on semiconductor (SoS), metal on semi-
conductor (MoS), dielectric on semiconductor (DoS), etc.

Figure 6. Schematic representation of the “selective deposition toolbox” illustrating the types of structures that ASD could provide given a generic
incoming structure with four unspecified materials exposed. By selectively depositing on one or more materials (colors) a variety of structures can be
realized. For example, images a−d show ASD on only one color, and images e and f show ASD on two out of four colors. Likewise, images g−i show
ASD on three colors. Other color combinations can also be imagined.
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The nongrowth surfaces are essentially everything else that is
exposed during the growth processes. Of course this kind of
generalization breaks down in certain circumstances, but given
the current status of ASD it is quite useful for the purpose of this
discussion and we expect it will remain useful in the future.
Referring to Figure 6, one could envision that if the orange

lines represent copper filled interconnect lines, selectively
capping those lines with another metal, as in Figure 6a, could
provide electrical benefits or impart etch or corrosion resistance.
Likewise, if orange and blue lines represent N and P type metal
gates, and the other colors are dielectrics that can be selectively
blocked, then one might envision a bottom-up filling, as in
Figure 6e, of dielectric caps on recessed metal gate features using
a DoM ASD process enabled by a selective SAM blocking layer.
It should be apparent from Figure 6 that combinations of Figure
6a−d could be used to accomplish any of the other structures
pictured in Figure 6e−i, but it is useful to illustrate how targeting
different materials might create structures useful for 3D
integration. In addition, the use of ASD to realize bottom-up
gap filling, as illustrated in Figure 6d,e, provides potential
manufacturability benefits as well. By filling structures in this
way it is possible to avoid the formation of seams or voids which
can trap foreign material and result in etch rate variations.
IV.B.2. Contact over Gate Structure. The use of selective

deposition to cap recessed metal gates, mentioned above in
reference to Figure 6 and shown directly in Figure 7, allows
contact to be made to the gate metals within the active device
structure. Making contact on top of the transistor, instead of at
an adjacent pad, reduces the transistor footprint on the wafer,
thereby providing a critical process margin in the integration of
standard logic and SRAM cells. Traditionally, gate metal lines
are extended outside of the active device area in order to ensure
they can be contacted without shorting to the source or drain
contact. By employing a self-aligned gate contact scheme,120 it
becomes possible to safely contact the gates and sources and
drains of the transistors within the active area of the logic cell,
which results in additional area scaling in terms of cell/transistor
areal density. This type of scheme can be realized without the
use of selective deposition; however, the use of selective gate and
diffusion caps can provide a significant manufacturability
advantage.32 A selective process flow results in reduced CMP
overburden, creating a smaller starting stack height and the lack
of a seam or void from selective bottom-up processing can result
in reduced defectivity as well, increasing the overall process
margin and yield.
IV.B.3. Bottom-Up Filling. Eliminating seams and voids in

semiconductor processing is becoming more critical as scaling
continues. With the migration to three-dimensional device
structures and architectures the aspect ratios of features inside
semiconductor devices have begun to increase significantly. In
addition the actual widths of the structures themselves continue
to decrease and can be measured on atomic scales. Seams and
voids present multiple problems. For dielectric capping layers a
seam can result in a higher etch rate or chemical mechanical
planarization (CMP) rate at the center of the feature. In addition
seams and voids can trap foreign material during processing
which gets released in later steps and forms particles, which
impacts the yield of the finished devices. Selective DoM capping
layers have previously been proposed to provide relief from the
overburdens required for chemical mechanical planarization
during CMOS replacement gate integration.121 In this case
DoM capping on recessed contact and gate metal layers is
proposed to enable self-aligned gate contact integration with

minimal CMP. A key advantage of this style of process is that
when ASD is utilized the growth becomes bottom-up and the
resulting structure is therefore free of seams and voids.
For metals, especially in vias, the production of voids and

seams are important problems because they increase the
resistance of the metal feature, which also increases electro-
migration, thus causing a reliability issue. For example, buried
power rails and supervias, Figure 8, are proposed as scaling
boosters for use in future nodes. Buried power rails allow
designers to gain area by moving some of the metal lines that
normally travel just above the transistors to regions beneath the
transistors. In this way the power lines for the sources and drains,
which are typically wider than the signal lines, can be routed
below the devices providing relief from wire crowding at the
densest metal layers. Supervias would span two metal layers,
instead of the usual one metal layer, also in order to relieve wire
crowding in advanced nodes. Both of these structures require
high aspect ratio metal filling without seams or voids to be used
in manufacturing. Thus, bottom-up metal filling by MoM ASD
of appropriate materials becomes an enabling technology to
realize these structures.

IV.B.4. Selective Hard Mask and Etch Stop Depositions.
Current nanomanufacturing processes make extensive use of
selective etching processes; however, the etching processes
employed are rarely perfectly selective or completely damage
free with respect to the other materials exposed on the substrate.

Figure 7. (a) Schematic representation comparing contact over active
gate (COAG) versus contacting an isolated gate. The tighter spacing of
the gate and diffusion contacts requires the use of (b) gate caps for self-
aligned contacts and (c) diffusion caps during for self-aligned gate
contacts during transistor fabrication. Cross sections illustrate how
selective and nonselective process flows can be used for both structures;
however, the selective process flow results in greatly reduced CMP
overburden due to reduced overfilling. Adapted with permission from
Clark et al., ref 32. Copyright 2018 AIP Publishing.
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In the case of anisotropic etching, a hard mask is frequently
employed in order to define features in a single material or in
order to protect a functional material from damage during the
etching process. As feature sizes have scaled significantly below
the resolution limits of state of the art lithography processes, it
has become increasingly difficult to form and align hard masks
that are robust enough to survive the etching processes to which
they are exposed. Figure 9, which depicts a hypothetical selective
process flow for forming air gap structures in Cu interconnect
structures, can serve as an illustrative example for this discussion.
In this process flow MoM ASD is utilized to form a metal

capping layer over pre-existing metal lines. The selective metal
serves as a hard mask, and the well-known mushrooming effect

of selective deposition is used to overgrow the edges of the metal
lines in order to leave behind a thin layer of interlayer dielectric
(ILD) and protect any liner or barrier layers encapsulating the
metal lines. After etching, the air gap structure is formed by a
topographically selective PECVD process which is tuned to
pinch off the gaps between the metal lines. In this case the
advantage of the selective process is that a self-aligned hardmask
can be deposited with a defined overgrowth in order to protect
the sides of the metal lines from plasma and etching damage.
Another example of selective hardmask formation is the ASD-

enhanced self-aligned block (SAB) process for metal line and
space patterning, Figure 10, recently proposed by IMEC.115

Traditional SAB relies on recessing a nonselective blocking layer
during the first block formation (Figure 10c,d) to below the level
of the sidewall spacers, but because of nonuniformity across the
wafer, it is extremely difficult to realize this process in practice. If
the blocking layer is overetched, then the block is lost, and in the
case of under-etching, the block will interfere with the second
block patterning. Instead, the ASD-enhanced SAB process flow
uses a MoM ASD to form the first blocking layer by selective
growing Ru on top of the TiN hard mask used for pattern
transfer. Using this process flow it is not necessary to uniformly
recess a blocking layer to a controlled height. After forming the
second block and transferring the pattern into the TiN hard
mask, the Ru first block is removed along with the other
patterning layers, and the resulting line and space pattern can be
transferred into the underlying ILD.

IV.B.5. Fully Self-Aligned Vias. The fully self-aligned via
(FSAV) process flow has recently been proposed in order to
provide an additional edge placement error (EPE)margin for via
alignment from one level to another during interconnect
formation.122 The ASD enhanced FSAV process flow, Figure
11, provides significant advantages over the originally proposed
process flow by avoiding the need for a difficult metal recess etch
to form the topography needed for self-alignment at the bottom
of the via.115 In this process flow a selective DoD process is used
to create a dielectric scaffold that prevents the vias from coming
too close to the neighboring metal features, resulting in a greater
process margin for EPE during via formation. A conformal etch
stop layer is then deposited over the topography created by the
DoD layer (Figure 11c). After ILD and metal trench formation,
a traditional self-aligned via approach is used (Figure 11e−g)
where via holes are patterned over top of the trench hardmask so
that the vias are self-aligned to the trench sidewalls. The via etch
process then lands on the conformal ESL below, and after ESL
opening the via can be formed with self-alignment to the
underlying metal layers. The via is now “fully self-aligned”
because it is aligned both to the trenches above and to the metal
lines below. In this case, Figure 11 shows via filling by a MoM
ASD process. The MoM ASD realizes bottom-up filling and
increases the contact area through any subsequent diffusion
barrier or liner needed for trench metallization, just as with the
supervia described above (Figure 8). It is also worth noting that
the supervia integration described previously also benefits from
the FSAV bottom topography. Self-aligned hard masks and
process flows like the ones discussed above are expected to
become more ubiquitous in future manufacturing processes due
to the need for an additional EPE margin as well as reduced
variability as devices reach atomic scale dimensions.

IV.C. ASD for Catalysis, Nanostructures, and Large-
Area Devices. While most ASD research addressed problems
in patterning and size scaling in silicon-based logic and memory
manufacturing, exploration of ASD in other fields also shows

Figure 8. Supervia formation by bottom-up MoM ASD. (a) After
forming trenches for the top metal layer, a supervia hole is etched to
span down to a metal line two levels below. (b) MoM ASD is used for
bottom-up filling of the supervia to avoid seams or voids. (c) After
metallization.

Figure 9. Illustration of the interconnect air gap process utilizing
selective metal capping as a hard mask for etching. (a) Incoming metal
line and space structure within an interlayer dielectric (ILD) and
separated from the previous ILD layer by an SiN etch stop layer (ESL).
(b) Selective MoM deposition to form a selective hard mask. (c)
Straight ILD etching, stopping on the ESL. (d) Pinch-off PECVD oxide
deposition. (e) Final structure after chemical mechanical planarization.
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promise for important advances. Moreover, in fields outside of
nanoelectronics, the specifications and extent of selectivity may
be less demanding to achieve a significant advantage. In catalysis,
for example, ASD of very thin Al2O3 has been used where the
oxide forms on exposed regions of Pd nanoparticles but not on
regions where the particles are covered by remnant organic
ligands. The ASD Al2O3 film then contains nanoscale pores that
enable desired reactants to reach the active Pd catalyst sites
while blocking reactants that lead to undesired coke
formation.25,123,124 Other uses for ASD in catalysis have also
been explored25,125,126 including formation of tailored core−
shell catalysts125 and stabilization of desired catalytic function by
facet-selective coating of nanocatalyst particles.126 Area-
selective epitaxy of nanowires and related structures can be
useful for optical, thermal, sensing, and solid state light-
ing.70,127,128

Large area active matrix displays and solar cells129 can also
take advantage of ASD, for example, to reduce process steps and
improve the quality of electronic contacts and junctions. Low
temperature area-selective plasma enhanced CVD of silicon has
been demonstrated in thin film transistors to achieve advanced
device designs and reduce mask count.130,131 Advances in spatial
atomic layer deposition21,132,133 also hold promise for extension
of ASD processes to low-cost large-area device manufacturing.

V. EXPERIMENTAL APPROACHES TO ASD

This section describes current experimental approaches and
reaction schemes being explored for ASD. The two key steps in
ASD are the preparation of a starting patterned substrate surface
and exposure to deposition reactants.5−7,9,16 The surface
preparation and deposition reactions must complement each
other, and identifying surface preparation steps that favorably
pair with deposition is often the key challenge in ASD.

V.A. Inherent, Activation, and Passivation. Approaches
to ASD are usually classified by the method of surface
preparation, including inherent, activated and passivated.
These are shown schematically in Figure 12, and examples are
described in Section VI.
“Inherent” ASD describes a process where nucleation occurs

at different rates on growth and nongrowth surfaces in their
native clean state. The native clean state could include uniform
hydrogen, hydroxyl, or other native terminal groups on covalent
materials. Clean surfaces often result from previous steps used to
create the substrate pattern.
ASD by “surface passivation” uses additional reagents that

modify the clean surface and preferentially adsorb only onto part
of the starting patterned surface. Passivating species change the
exposed surface structure to aviod chemisorption and impede
physisorption of depositing species. Passivation can be done
using polymer films,134,135 covalently bound self-assembled
monolayers,40,93,136 or small molecules that preferentially adsorb
on one surface versus another.13,92,137,138 Passivating layers can
be patterned by selective adsorption and reaction from the liquid
or vapor phase or by photoactive patterning.139

A common challenge with passivation layers is inhibiting the
diffusion of deposition reactants into or beneath the passivating
layer. Cross-linking within a patterned polymer can help solve
this problem and substantially enhance inhibition.140,141

Molecular inhibitors in particular have drawn attention as a
means to promote film deposition uniformity142 and allow
bottom-up film growth143 during CVD.13 The extent of
passivation depends on how well the molecule covers and
stays bound to the surface during the process, which will depend
on the molecular surface binding energy, vapor pressure,
delivery dose, substrate temperature, deposition reactant
interactions, and other factors. Generally, lower substrate

Figure 10. ASD enhanced self-aligned block for metal line space patterning. (a) Si mandrel formation over SiN and TiN hard masks. (b) Conformal
oxide spacer and etch. (c) Spin on carbon (SOC) deposition, CMP, and first block patterning followed by SiN hard mask opening. (d) ASD MoM
deposition on TiN. (e) SOC removal. (f) SOC deposition, CMP, and second block patterning. (g) Mandrel etch followed by SOC removal and SiN
hard mask opening. (h) Transfer into TiN, removal of selective metal, and etch trenches with using the TiN hard mask.
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temperatures can favor inhibitor binding, so lower temperature
ALD may have advantages over higher temperature CVD. On
the other hand, because ALD is relatively slow, making it more
sensitive to inhibitor loss, molecular inhibitors may ultimately
work better with faster CVD than with ALD.
“Surface-activation” can proceed by local energy delivery or

using patterned catalytically active surfaces to locally promote
growth.101,144−147 When surface features partially shadow or
block incoming irradiation, the deposition can produce
“topographic selectivity” where growth regions are determined
by surface geometric structure.148,149 The distinctions within
this terminology are not always clear. For example, for ASD of
ruthenium on a patterned Ru/SiO2 surface, the process may be
considered “intrinsic” because it uses the original starting surface
and requires no passivation steps, but it is also “activated” since
the Ru substrate (and the desired film) are catalytically active for
dissociation of the O2 reactant.
V.B. Multistep and Supercycle Methods. Significant

improvements on common ASD methods can also be achieved
by integrating other processes within ALD or CVD, usually by

periodically stopping the deposition. “Supercycle” or “multi-
step” methods refer to ALD processes with periodic passivation
or etch steps coupled to the reactant exposure sequence.
Supercycles can be used to regenerate or repair passivation
layers,150 readsorb passivating molecules,92 or chemically etch
unwanted nuclei that form on nongrowth surfaces.96,151−153

Schemes for supercycle or multistep sequences used for ASD are
shown in Figure 13. For the case of small molecule inhibitors,
repeated delivery within each ALD cycle can more effectively
retain the passivation effect as the process proceeds. Intermittent
process modifications during CVD, such as periodic etch-
ing,154,155 have also shown good results. These have been
referred to as “alternating”, “cyclic”, or “pulsed” CVD.154,155

Because the growth reactions are not self-limiting, these
processes are distinct from ALD.

VI. ASD MATERIALS AND PROCESSES
Many materials and surface preparation methods have been
explored for ASD. Tables 2−5 provides a partial summary of
reports of substrate-dependent film nucleation and area-

Figure 11. ASD enhanced fully self-aligned via (FSAV) formation. (a) Incoming metal line and space pattern. (b) DoD ASD to create FSAV bottom
topography. (c) Conformal etch stop layer (ESL) formation. (d) ILD for via layer, followed by ESL for metal trenches, followed by ILD, capping, and
hard mask layers for metal lines. Metal lines and spaces are then patterned e.g. by using an SAB patterning flow (Figure 10). (e) Via holes are patterned
over the top of the line space hard mask and down to the metal trench ESL. (f) Open ESL for vias. (g) Removal of the patterning layer and etch via. (h)
Open conformal ESL. (i) MoM ASD for via fill. (j) After metallization with the inset showing the detail of the FSAV landing on the metal line below.
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selective deposition. Entries include results from area-selective
atomic layer deposition, as well as a few representative examples
from selective CVD and epitaxial selective deposition literature.
Most recent attention in area-selective ALD has focused on
metals for electronics (Cu, Co, Ru, W, etc.) and for catalysis (Pt,
Pd, Ir, etc.). Work on metal oxides has mostly focused on high-
dielectric-constant materials (TiO2, HfO2, ZrO2, Al2O3, etc.),
suitable for electronic applications and hard-mask materials.
Work has also explored lower-k materials and compounds.
Because ASD depends strongly on the precursor used for

deposition, the sections below are organized by material
deposited as well as precursor type. The types of precursors
studied for ASD are broadly distributed, including halides,
alkyls, amidinates, cyclopentadienyls, β-diketonates, propoxides,

and several heteroleptic precursor systems. The inhibition
approach to achieve area-selective ALD is probably the most
widely studied, followed by inherent selectivity. The sections
below first describe results for dielectric ASD, including
dielectric on dielectric (DoD) and dielectric on metal (DoM),
followed by metal ASD, including metal on metal (MoM) and
metal on dielectric (MoD). Figure 14 shows some images of
ASD adapted from the literature for DoD and DoM, and
examples of MoM and MoD are in Figure 15. We then describe
results of ASD of other materials, including semiconductors,
organic and biological materials, and metal−organic frame-
works.

VI.A. ASD of Dielectrics. For ASD of dielectrics, the
receptive growth surface is usually another dielectric material
(i.e., DoD) and the nongrowth surface is a nonoxidized metal, a
semiconductor such as hydrogen-terminated silicon, Si-H, or a
surface-passivating SAM, polymer, or molecule. The deposition
and passivation reactions often depend strongly on the metal
precursor ligand. Results to date for ASD of dielectrics on metal
(DoM) mostly use patterned passivating layers, where growth
occurs on exposed metal. Some examples of DoM ASD without
organic passivation layers are also reported and are discussed
below.

VI.A.1. DoD Using Alkyl Precursors: Al2O3 and ZnO. The
metal alkyls trimethyl aluminum (TMA) and dielthyl zinc
(DEZ) are widely used for ALD because they are easily delivered
to ALD reactors and their reaction with water provides a strong
thermodynamic driving force for oxide film formation. Their
metal centers are not fully screened by the ligands, making them
electrophilic Lewis acids (especially TMA) so they readily form
adducts with nucleophilic, i.e., oxy or oxo, or other polar surface
groups, leading to nucleophilic displacement, i.e., ligand
exchange reaction at the growth surface. Because TMA adsorbs
readily on many surfaces, area-selective ALD of Al2O3 from
TMA and water is challenging. Studies of TMA adsorption and
reaction on Si-H vs SiO2 show only a small tendency for
inhibition on Si-H.86 TMA can react on Si-H to form passivating
Si-CH3 groups, but extended exposure overcomes this
passivation allowing growth without significant nucleation
delay.156 Approaches for inherent selective patterning of Al2O3
or ZnO from alkyls are not common.157 Using local photo-
activation, patterned Al2O3 can be deposited using TMA/O2.

146

ASD using TMA and water can be locally activated by selectively
adsorbing reactive molecules, such as perylene-tetracarboxylic
dianhydride (PTCDA) onto otherwise nonreactive gra-
phene,158 and this approach can also extend to other metal
precursors.
Mos t o f the work on area - se l ec t i ve ALD of

Al2O3
129,136,159−165 and ZnO93,133,136,140,150,159,160,166−172

from alkyl precursors uses inhibition layers. A common issue
using TMA with SAMs is that TMA can adsorb within the SAM
leading to selectivity loss. The extent of adsorption can be
controlled to some extent, for example, by controlling the dose
pressure.162 For growth inhibition, DEZ is better than TMA
because it is a weaker Lewis acid, and therefore it physisorbs less
strongly. Moreover, the ethyl ligand on DEZ is bulkier than the
small methyl-ligand on TMA, decreasing reactant diffusion. In
one example showing the influence of precursor ligands on
adsorption, ZnO was selectively deposited inside a metal−
organic framework due to DEZ preferentially stabilizing within
smaller pores, ascribed to more favorable dispersion force
interactions.173

Figure 12. Common approaches for ASD during ALD and CVD: (a)
intrinsic ASD; (b) ASD by surface passivation (using, for example, a
patterned self-assembled monolayer, SAM); (c and d) surface
activation by local energy delivery (panel c) or by local catalytic
activation of a reactant (panel d).

Figure 13. Examples of multistep or supercycle methods for ASD: (a)
sequential deposition/etching; (b) surface passivation cleaning and
repair; and (c) molecular inhibitor readsorption.
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Table 2. ASD Dielectric on Dielectric

material
deposited reactants growth surface nongrowth Surface

temperature
(°C) ref

Al2O3 TMA H2O PTCDA SAM graphene 100 158
TMA H2O PMMA-block PS-block 85 65
TMA H2O SiO2 Si-H 150 86
TMA H2O Au, SiO2 Photoresist, PMMA 100−150 163
TMA H2O SiO2 PMMA, PVP and C4F8

polymers
200 159

TMA H2O SiO2 CFx 200 160
TMA H2O SiO2 PVP 161
TMA H2O SiO2 polystyrene 150 303
TMA H2O SiO2 ODTS, ODPA, DDPA, Si-H 150 162
DMAI SiO2 PVP 100−300 168
DMAI SiO2, ZnO, ZnO:Al PVP 200 133
AlCl3 H2O SiO2 PVP 250 161
TMA O2 SiO2 (light) SiO2 (dark) 60 146

ZnO DEZ H2O small MOF pore larger MOF pore 125 173
DEZ H2O SiO2 DTS 125 93
DEZ H2O SiO2 CFx 200 160
DEZ H2O SiO2, ZnO, ZnO:Al PVP 200 133
DEZ H2O SiO2 PMMA, PVP, and C4F8

polymers
200 159

DEZ H2O SiO2 ODT or DDT 120 171
DEZ H2O cicada wings – 172
DEZ H2O SiO2 DDT 90 166
DEZ H2O SiO2 PFOS 120 167
DEZ H2O SiO2 PVP 100−300 168
DEZ H2O SiO2 ODPA 150 169

TiO2 (EtCp)Ti(NMe2)3 H2O or O3 SiO2 SiO2 150−300 212
Ti(OCH3)4 H2O Si3N4 a-C 250 95
TDEAT H2O SiO2 copper 175 205
TDMAT H2O SiO2 Cu2O 200 206
TDMAT H2O SiO2 PMMA, PVP, and C4F8

polymers
150 159, 208

TiCl4 H2O SiO2 Si, Si-H 49
TiCl4 H2O SiO2 Si-H 100−150 49
TiCl4 H2O SiO2 Si-H 300 179
TiCl4 H2O SiO2 Si-H 100 174
TiCl4 H2O SiO2 Si-H 150 86
TiCl4 H2O SiO2 PMMA 160 135, 176,

177
TiCl4 H2O PMMA-block polystyrene-block 85−135 65
TiCl4 H2O SiO2 trimethylsilane/SiO2 100 178
Tii(PrO)4 H2O photoexposed PtBMA PtBMA 140 190
Tii(PrO)4 H2O SiO2 ODTS 150 197
Tii(PrO)4 H2O MOU SAM ODT SAM 100 198
Tii(PrO)4 H2O SiO2 ODT or DDT 120 171
Tii(PrO)4 H2O SiO2 PMMA 140 199
Tii(PrO)4 H2O SiO2 PMMA 160 176,177

Tii(PrO)4 H2O SiO2 PFTS SAM 225 200
HfO2 TDEAHf H2O PTCDA graphene 100 158

TDEAHf H2O SiO2 copper 200 207
TDEAHf H2O SiO2 Si-H 150 86
TEMAHf H2O SiO2 Si-H 250 304
HfCl4 H2O SiO2 Si-H 300 85, 181
Hf t(BuO)4 H2O SiO2 ODTS on S-layer protein 200 195
TDMAHf H2O Au, SiO2 photoresist, PMMA 100−150 163
TDMAHf H2O SiO2 PMMA, PVP, and C4F8 200 159
TDMAHf H2O SiO2 CFx 200 160
TDMAHf H2O SiO2 Si-H 200−325 305
HfCl4 H2O SiO2 ODTS SAM 300 182
HfCl4 H2O SiO2 ODTS and other SAMs 300 183

ZrO2 ZrCp(DMA)3 ethanol SiO2 copper 200 211
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Area-selective ALD of ZnO using DEZ and water has led to
some of the best-reported selectivity results, as shown in Table 1.
Solution-deposited octadecylphosphonic acid (ODPA) SAMs
on Cu can block more than 30 nm of ZnO ASD,169 and vapor-
regenerated dodecanethiol SAMs on Cu extended selectivity to
>80 nm on SiO2.

150 The addition of photocrossing groups
within the a SAM has also been shown to give high selectivity for
ZnO ALD on Cu vs the SAM layer.140

VI.A.2. DoD Using Halide Precursors: TiO2, HfO2, and ZrO2.
The most common halides studied for ASD are TiCl4 for
TiO2,

49,86,135,174−180 HfCl4 for HfO2,
85,181−183 and ZrCl4 for

ZrO2.
182 Between ∼100 and 250 °C, TiCl4 and water show

inherent selectivity for TiO2 ALD on SiO2 with slow nucleation
on Si-H, allowing 1−2 nm of selective growth on SiO2. The slow

nucleation on Si-H is attributed to weak physisorption of TiCl4
on Si-H vs SiO2.

49,184 Growth occurs on Si-H aftermultiple ALD
cycles, likely due to silicon oxidation by water followed by
adsorption and reaction with TiCl4. ALD using HfCl4/H2O
shows similar trends at 300 °C.85,181 To avoid silicon oxidation,
“water-free” ALD processes have been tested using TiCl4 with
titanium isopropoxide as the oxygen source,180,185 leading to
some improvement in selectivity. Water-free HfO2 ASD has also
been studied by pulsed CVD using hafnium tetra-tert-butoxide
as a single precursor source.186 At low deposition temperature
on SiO2, TiCl4 can react on single Si-OH sites, whereas reaction
at multiple neighboring sites is more favorable at higher
temperatures.187,188 Preselecting the type of hydroxyl sites
present on a surface may therefore provide the means to

Table 2. continued

material
deposited reactants growth surface nongrowth Surface

temperature
(°C) ref

Zr t(Bu)4 H2O SiO2 ODTS SAM – 201
TDMA-Zr H2O nitrogen-doped CNT oleylamine 250 209
ZrCl4 H2O SiO2 ODTS 300 182

SiO2 bis(diethylamino)silane O2 plasma/H
(acac)

GeO2, SiNx, SiO2, and
WO3

Al2O3, TiO2, and HfO2 150 92

TEOS TiO2 PVP 25 306
Co3O4 Co(NO3)2 O2 calcination PS-NH2, P2VP-NH2,

P2VP-SH
SiO2 350−450 307

CoCp2 O3 Al2O3 ODT 150 204
In2O3 InCp O2 + H2O SiO2 Si-H 100 308, 309
MnO Mn(CpEt)2 H2O porphyrin 130 310
MoO3 Si(CH3)3CpMo(CO)2(η

3-2-
methylallyl)

O3 MoO3 SiO2 250 87

Table 3. ASD Metal on Metal

material
deposited reactants growth surface nongrowth surface temperature ref

W WF6 H atoms Co, W SiO2, Al2O3, TiN 275 311
WF6 H2 Si-H SiO2 500−900 8
WF6 H2 Si-H SiO2 25−400 57
WF6 H2 Si-H SiO2 240−380 56
WF6 SiH4 Si-H SiO2 220 189, 243

Mo MoF6 Si2H6 Si-H SiO2, SiNx 120 312
Cu Cu(thd)2 H2 Cu SiO2 190 218

Cu(thd)2 H2 Pt, Cu SiO2, TaOx, TiN, NiOx, ITO, FeOx 190−260 217
(β-diketonate)CuLn -- Pt SiO2 100−400 216

Co Co (AMD)2 -- Cu SiO2, SiOCx, SAMs 165−265 223
(undefined) -- Cu organo-silicate glass 200 114
Co(DAD)2 tertbutylamine Pt, Cu Ru, SiO2, Si-H, SiOCx 160−220 248
Co(DAD)2 diethylamine Pt, Cu Ru, SiO2, Si-H, SiOCx 160−220 248
Co(DAD)2 formic acid Pt, Cu Ru, SiO2, Si-H, SiOCx 180 246
(tBu-allyl)Co(CO)3 dimethylhydrazine Si-H SiO2 140 313

Ru (ethylCp) (pyrrolyl)Ru(II) O2 Pt, RuOx SiO2 250−330 233
Ru(EtCp)2 O2 H2 Pt, Pd Al2O3, TiO2, ZrO2 200 219
RuO4 H2 Si-H SiO2 125 314

Pt MeCpPtMe3 O2 ebeam Pt Al2O3 300 145, 234−236
MeCpPtMe3 O2 Pd, Ru Al2O3, TiO2, ZrO2 150 219
MeCpPtMe3 O2 graphene edges graphene faces 300 91
MeCpPtMe3 O2 C49 TiSi; Si-, b plane C49 TiSi (other planes) 250 315
MeCpPtMe3 O2 SiO2, Pd ODTS SAM 300 125

Pd Pd(hfac)2 -- Cu SiO2, Si, Al, W, Ni, Co, Ag 200−425 220
Pd(hfac)2 H2 Pt, Ru Al2O3, TiO2, ZrO2 150 219
Pd(hfac)2 formalin SiO2, Pt ODTS SAM 200 125

Ir Ir(acac)3 O2 Cu, SiO2 DDT SAM 250 251
Ag Ag(hfac)2 -- Cu Si, Al, W, Ni, Co, Ag 200−425 220
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promote or impede reactant adsorption and growth. Halide
precursor adsorption on different types of hydroxyl sites was also
studied for the case of area-selective ALD of tungsten.189

Organic blocking layers are also used with Ti, Hf, and Zr
chlorides for ASD, where SiO2 is typically the favorable growth
surface.15,135,175−177,182,183,190−192 For SAM blocking layers

(e.g., octadecyltrichlorosilane on SiO2), a high packing density
of the SAM is critical.182,183,191 As with TMA, precursor
penetration into the blocking layer can be a problem, so
selectivity depends on the density of the packing and the
structure and physical length of the SAM molecules.15 Thicker
polymer films are also used as blocking layers,135,161,176,177,193

Table 4. ASD Dielectric on Metal

material deposited reactants growth surface nongrowth Surface temperature ref

Al2O3 TMA H2O Au dodecanethiol SAM 130 164
TMA H2O Cu ODPA SAM 150 165
TMA H2O Au, SiO2 photoresist, PMMA 100−150 163
TMA O3 Si screen printed polymer 125 129

ZnO DEZ H2O Au 1-dodecanethiol SAM on Au 105−200 170
DEZ H2O Cu dodecanethiol 120 150

TiO2 TiCl4 H2O Ge-Cl, Ge-Br 1-octadecanethiolate SAM 175
TDMAT H2O Au 1-dodecanethiol SAM on Au 105−200 170

HfO2 TDMAHf H2O Si-H octadecyltrichlorosilane SAM 183
TDMAHf H2O Au, SiO2 photoresist, PMMA 100−150 163

ZrO2 TDMAZr H2O Au, SiO2 photoresist, PMMA 100−150 163
Ta2O5 TBTDET O2/NF3 plasma TiN SiO2, Si-H 325 151
Si3N4 SiH2Cl2 NH3 Si-H Si3N4 375 215
Fe2O3 FeCp2 O3 Pt Al2O3 270 213

tBuFeCp O2 Pt SiO2 300 144

CeO2 Ce(thd)4 O3 Pt(111) Pt(100) 200 126
SnO2 TDMASn H2O Au 1-dodecanethiol SAM on Au 105−200 170

Table 5. ASD Metal on Dielectric

material deposited reactants growth surface nongrowth surface temperature ref

Al Al(iBu)3 Al2O3 SiO2 240−280 46, 47
Co Co(AMD) SiO2 ODTS SAM 340 245

Co(iPr-AMD)2 NH3, H2 SiO2 ODTS SAM 350 244
Cu CuI(hfac)(vtms) -- Al2O3, SiO2, TiO2, ITO alkoxysilane SAMs 150−200 249

Cu(dmap)2 DEZ SiO2 ODTS SAM 100 250
Cu(hfac)(vtms) vtms RuOx -- 100 316

Ir Ir(acac)3 O2 Cu, SiO2 DDT SAM 250 251
Ir(acac)3 O2 SiO2 ODTS SAM 225 225
Ir(acac)3 O2 SiO2 PVV 161
Ir(acac)3 O2 SiO2 PMMA 193
Ir(acac)3 O2 HfO2 ODTS SAM 224

Ni Ni(dmab)2 NH3 SiO2 ODTS SAM 300 252
Pd Pd(hfac)2 formalin SiO2 ODTS SAM 200 125

Pd(hfac)2 formalin TiO2 Al2O3 200 25
Pt MeCpPtMe3 O2 anatase TiO2 amorphous TiO2 300 317

MeCpPtMe3 O2 SiO2 ODTS/SiO2 280−300 318
MeCpPtMe3 O2 SiO2, Pd ODTS SAM 300 125
MeCpPtMe3 O2 SiO2 CFx implated SiO2 250 148
MeCpPtMe3 O2 SiO2 PAM 280−300 239
MeCpPtMe3 O2 SiO2 1-octadecene/Si -- 192

Ru (EBECH)Ru O2 SiCN, SiO2 a-C:H 325 240
(EtCp)(Py)Ru O2 Pt, RuOx SiO2 250−330 233

O2 ZrO2 Si-H, SiO2, TiN 275−325 238
Ru(DMPD)2 O2 HfO2, HfSiONx SiO2 210−300 254
Ru(DMPD)(EtCp) O2 HfO2, HfSiONx SiO2 210−300 254
Ru(EtCp)2 O2 SiNx SiO2 300 229

O2 HfO2:NH HfO2 350 237
RuCp2 O2 SiO2, HfO2 Si-H (100) 275−325 228

O2 SiO2 PVP 300 161
O2 SiO2 OTS SAM 275 230

TiN TiCl4 NH3 Si3N4 a-C 300 95
TDMATi NH3 HfO2 chlorosilane SAMS 250 94
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but diffusion can still occur. Diffusion problems can be improved
using larger, less-reactive precursors, such as alkoxides, as
discussed below.
Instead of reaction blocking, organics can be placed on a

surface to specifically promote adsorption of halide precursors.
Taking advantage of halide diffusion, TiCl4 can penetrate into a
polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA)
copolymer to react selectively in the bulk of the PMMA, while
avoiding reaction within the PS regions.65,66 Infiltrating and
reacting TMA in patterned PMMA can also create patterned
Al2O3 with uniform thickness across large-area wafers.68 Using
patterned SAMs, Zn2+ ions dissolved in ZnCl2 solution will react
with carboxylic acid-terminated SAMs to form ZnO without
reacting on methyl-terminated sites.194

VI.A.3. DoD Using Alkoxide and Amino Precursors: Al2O3,
SiO2, TiO2, HfO2, ZrO2, CeO2, and Cobalt Oxides. Alkoxides,
including diketonates and other related metal−organic com-
pounds, have been studied for area-selective ALD of
Al2O3,

133,168 SiO2,
92,195,196 TiO2,

95,171,176,177,190,197−200

HfO2,
195 ZrO2,

201 CeO2,
126 and cobalt oxide.202−204 For ASD

using organic blocking layers (e.g., SAM or polymer), the
relatively large size of the alkoxides make precursor diffusion less
favorable, allowing good results to be obtained for organic
inhibition layers formed, for example, by printing,197 lift-off
transfer,200 or photocatalytic lithography.201 Polymer films,
including PVP and PMMA, can also inhibit nucleation with
alkoxide precursors.133,161,168,176,177,193,199 Reactive SAMs can
locally promote growth; TiO2 ASD using titanium isopropoxide,
Ti(OiPr)4, has been achieved on patterned hydroxyl-terminated
SAMs relative to hydrophobic methyl-terminated SAMs.198

Amine-based precursors are attractive for ALD because they
show good volatility and liquid handling and reasonable stability.
For inherent ASD, the oxide-free Si-H surface tends to inhibit
precursor adsorption. For TiO2 ALD using TDEATi or
TDMATi at 175−200 °C, the precursors appear to have an
inherent preference for adsorption on SiO2 versus copper or
copper oxide surfaces.205,206 Inhibited growth on copper is also
observed for HfO2 ALD using TDEAHf and water at 200 °C.207

SAMs and polymer inhibitors have been tested with tetrakis-
dimethylamino hafnium (TDMAHf) and analogous TDMATi,
TDMAZr, and TDMASn.94,159,160,163,170,191,208,209 For some
polymer blocking layers, undesired growth can also occur on top
of the polymer.163 Octadecyltrichlorosilane (OTS) SAMs on
SiO2 can block TDMAHf adsorption, allowing several nanome-
ters of ASDHfO2 on Si-H.

191 Similarly, dodecane thoil SAMs on
Au170 can block adsorption of TDMATi and TDMASn. Surface
passivation by competitive adsorption of small molecules is an
area of growing interest for ASD.13,138 Acetylacetone vapor, for
example, can block adsorption of bis(diethylamino)silane
during plasma ALD of SiO2 by selectively adsorbing onto
Al2O3 and other materials, while not inhibiting deposition on
SiO2, GeO2, TiO2, HfO2, and others.92 To maintain good
blocking capacity and to counter the effects of plasma exposure
during the plasma ALD steps, the ASD process used repeated
exposures of the acetylacetone in a multistep “ABC” sequence.
The use of molecular inhibitors is a promising area for
advancement, but more work is needed to understand the
driving forces for selective adsorption and howmolecules can be
designed to achieve desired selective adsorptive properties.
One limitation of amidinates is that the ligands can undergo β-

hydride elimination at low temperatures,210 and surface-
adsorbed dissociation products promote adsorption and
unwanted growth. Also, dimers or tetramers in the gas phase

Figure 14. Images of dielectric ASD. (Upper left) TiO2 on Si3N4 vs a-
C:H, adapted with permission from Stevens et al., ref 95. Copyright
2018 American Chemical Society. (Upper right) Fe2O3 on Pt vs SiO2,
adapted fromwith permission from Singh et al., ref 144. Copyright 2018
American Chemical Society. (Lower left (two images)) TiO2 on SiO2
vs Si-H, adapted with permission from Song et al., ref 96. Copyright
2019 American Chemical Society; (Lower right (two images)) TiO2 on
TiN vs SiO2, adapted with permission from Vallat et al., ref 151.
Copyright 2019 AIP Publishing.

Figure 15. Images of metal ASD. (Upper left) Ru on Si-H vs SiO2,
adapted with permission from Minjauw et al., ref 314. Copyright 2019
American Chemical Society. (Upper right) Ru on Pt vs SiO2, adapted
with permission from Vos et al., ref 153. Copyright 2019 American
Chemical Society. (Lower left) Pt on Si vs CFx, adapted with
permission from Kim et al., ref 148. Copyright 2016 American
Chemical Society. (Lower right) TiN on Si3N4 vs a-C:H, adapted with
permission from Stevens et al., ref 95. Copyright 2018 American
Chemical Society.
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can retain their dimerization upon surface adsorption. Dimers
can accelerate selectivity loss because they can bind strongly on
the nongrowth surface via multiple nitrogen−metal dative
bonds.29 For cerium oxide using Ce(thd)4, growth proceeds via
ligand combustion with O3, where the Ce(thd)4 binds to Pt
particles preferentially on the Pt(111) facets, allowing selective
growth of CeO2 before growth occurs over the entire particle.

126

In another ASD scheme, amino precursors that react on metal
oxides can be inhibited using a surface reducing agent. Using
ethanol vapor to reduce copper oxide, for example, the
adsorption of tris(dimethylamino)cyclopentadienyl zirconium
can be impeded on copper while allowing growth on SiO2.

211

The effect of precursor structure and ligands on substrate-
dependent nucleation reactions is another area that needs more
investigation. In situ infrared spectroscopy shows that an amine-
based heteroleptic Ti precursor (EtCp)Ti(NMe2)3 will react at
150 °C with an −OH terminated SiO2 to form (O)3Ti−
(CpEt) surface units, maintaining the intact Cp unit.212

Reaction with O3 in an ALD cycle at 250 °C leads to products
consistent with combustion of the Cp ligand, and continued
ALD shows a few cycles of growth inhibition before reaching the
steady-growth regime. However, reaction with D2O (in place of
H2O) shows no reaction at 250 °C, consistent with the inertness
of the Cp ligand system.
VI.A.4. Dielectrics on Metals (DoM). ASD of dielectric on

metal versus a dielectric is inherently more challenging than
DoD. For DoM, the dielectric precursor must selectively
nucleate on the metal, but when the metal becomes covered,
the dielectric must selectively deposit on the desired dielectric
but not on the undesired dielectric. To avoid this difficulty,
schemes for DoM can use nucleation passivation layers adapted
from DoM, such as using a SAM pretreatment designed to bind
s t r o n g l y o n l y t o e x p o s e d m e t a l o x i d e r e -
gions.129,150,164,165,170,175,183 Catalytic activation is another
route to achieve DoM, for example, for ASD of iron or nickel
oxide on platinum or iridium.144,213 Catalytic metal particles on
a relatively nonreceptive surface such as Au, SiO2, or Al2O3
readily dissociate oxygen, and oxygen atoms react with ferrocene
precursors to form iron oxide predominantly on the catalyst
metal. Interestingly, results show that the selective deposition
reaction continues to proceed even after the catalytic metal is
completely covered by metal oxide. In one example, more than
20 nm of Fe2O3 was selectively deposited on Pt.

144 The observed
continued growth is ascribed to rapid diffusion of oxygen
molecules and atoms in the deposited iron oxide film. MoSiOx
has also been formed selectively on silicon vs SiO2 using the
highly favorable reactivity of MoF6 with silicon.214

Only a few studies show direct preferential growth of a
dielectric on noncatalytic conductive or metallic surfaces. For
silicon nitride deposition by hot-wire assisted ALD, a few
nanometers of silicon nitride will grow on hydrogen-terminated
silicon. However, on CVD silicon nitride formed at higher
temperatures, growth is impeded due to few available Si-H or N-
H reactive sites.215 Titanium oxide and tantalum oxide have
been grown selectively on TiN vs Si/SiO2 using plasma ALD,
with sequential plasma etch steps to remove unwanted oxide
nuclei.151,152 Growth inhibition is ascribed to surface fluorina-
tion that occurs during the plasma etch step, and TiO2
thicknesses of∼20 nm could be attained. Coupling of deposition
and etching offers significant opportunities for ASD, but more
work is needed to understand how etching reactions modify the
growth and nongrowth surfaces to affect subsequent deposi-
tion.96,151−153

VI.B. ASD of Metals. Nucleation and area-selective
deposition of metals, including W, Cu, Al, and others, have
received significant attention, and insights from area-selective
CVD continue to help guide the field. Most ASD of metals
proceeds on metals (MoM), with dielectrics as the nongrowth
surface. Also, unlike many ALD reactions for dielectrics that
proceed by acid/base ligand exchange, metal CVD and ALD
involve a redox reaction using a reducing agent. Therefore, a
substrate that selectively activates a reducing agent (i.e.,
dissociating H2 into two H surface atoms) can be a pathway
to area-selective deposition.6

VI.B.1. MoM Using β-Diketonate, Alkoxide, and Alkyl
Precursors: Cu, Al, Pd, Ag, and Ir. Copper is a common
interconnect material in microelectronics, and original work in
area-selective copper CVD was motivated by the need to create
Cu patterns while avoiding difficult copper etch steps. Copper is
also currently selectively deposited by electrochemical solution
p r o c e s s i n g . F o r C u CVD f r om c o p p e r ( I I ) -
hexafluoroacetylacetonate, Cu(hfac)2, kinetic studies indicate
growth proceeds through Cu species adsorbed on the clean
metal and reaction with surface H atoms from dissociated H2 at
∼350 °C. Alternate Cu(I) precursors use hfac in combination
with a two-electron donating ligand, allowing CVD at lower
temperature, and can also help enhance selective nucleation.216

These precursors are known to disproportionate to the
Cu(II)(hfac)2, which may promote selectivity loss. Area-
selective Cu ALD can proceed on Pd or Pt using another β-
d iketonate precursor , b is(2,2 ,6 ,6-tetramethyl -3 ,5-
heptadionato)copper(II), Cu(thd)2.

217,218 Selectivity is
achieved due to spatially localized activation of the H2 reductant
on catalytic growth substrates, such as Pt andCu, with no growth
on noncatalytic oxides or nitride surfaces. This mechanism also
works with Pd(hfac)2 in ALD at 150 °C, yielding Pd growth on
Pt or Ru but not on Al2O3, TiO2, or ZrO2.

219 In the absence of
H2, Pd(hfac)2 deposits on copper via a surface-selective redox
transmetalation reaction at 200−425 °C, leaving no deposit on
SiO2 and several other metal surfaces.220,221 The same trend is
reported for deposition of silver from Ag(hfac)2.

220

Aluminum CVD using Al alkyl precursors is also known to
proceed selectively on metals vs oxides.6,7,46,222 Surface
precursor decomposition is expected to proceed via β-hydride
elimination from the alkyl ligand through a four-center sp3-like
transition state. Ab initio modeling provides insight into the
mechanisms that drive preferential reaction onmetal vs oxide.222

When the precursor metal interacts with a metal surface, the
unoccupied out-of-plane p-states in Al remain relatively
accessible, allowing a relatively small reaction barrier through
the transition state. However, when the reactant adsorbs on an
oxide, the more electronegative surface withdraws charge,
making the p-state less energetically accessible, increasing the
transition state energy, and therefore substantially decreasing
the rate of surface decomposition.
Several metal on metal ASD schemes have used organic

blocking layers, including ASD of Co,223 Pt,125,161 Pd,125,219

Ru,161 and Ir.161,193,224,225 The Pd and Ir studies used β-
diketonate precursors, Pd(hfac)2 and Ir(acac)2, with H2 or
formalin (for Pd) or O2 (for Ir). Using the Ir(acac)2/O2 ALD
combustion process, metal deposition was inhibited on
poly(vinylpyrrolidone) polymer layers for up to 17 nm of Ir
growth161 and inhibited on OTS SAM layers for 23 nm of Ir
growth.224

VI.B.2. MoM from Cyclopentadienyls: Ru and Pt. Cyclo-
pentadienyl (Cp) precursors are used for metal ALD (often Ru
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or Pt), using an oxidizing coreactant to achieve ligand
combustion.226 Appendages on the Cp ligands and heteroleptic
ligand combinations (e.g., CH3CpPt(CH3)3 for Pt ALD

227) are
also used to tune volatility and precursor stability. For Ru ALD
from Cp precursors, growth is often inhibited on most surfaces,
with nitrided surfaces showing less inhibition and oxide-free
surfaces (i.e., hydrogen-terminated silicon, or organic layers)
showing more inhibition.161,192,228−230 Ultrahigh vacuum
studies of RuCp2 interactions on oxide surfaces show that
RuCp2 forms relatively stable clusters on clean amorphous
Al2O3, even at temperatures as high as 525 °C.231 For RuCp2, the
presence of oxidized Ru clusters led to ligand combustion and
Ru deposition atT∼ 225 °C.Other cyclopentadienyls also show
strong molecule/surface interactions, for example, FeCp2
adsorption on Ag(100) and Cu(100).232 The stability of the
Cp ligands during ALD nucleation is further reinforced by
studies using heteroleptic Cp/alkyl precursors. For Pt ALD
using CH3CpPt(CH3)3, in situ mass spectroscopy analysis of
methane production during precursor dosing indicates that
adsorption proceeds via methyl ligand elimination with surface
Pt-OH groups, and the Cp remains intact to combust during the
subsequent oxygen dose. Similarly, for the heteroleptic (EtCp)-
Ti(NMe2)3, infrared analysis showed surface reaction with the
methylamine ligands rather than the Cp group.212

Findings suggest that Cp based precursors will nucleate more
favorably on partially oxidized metals or metals with weakly
bound oxygen, compared to metal oxides with strong metal−
oxygen bonds. For example, Cp-based Ru or Pt nucleation tends
to be favored on noble metals145,219,233−236 or nitrided
surfaces229,237 and less favorable on oxide-free Si-H228,238 or
organic surfaces (i.e., SAM or polymer inhibition
layers).125,161,192,197,239,240 Area-selective ALD of Ru was also
improved using a three-step RuCp2/O2/H2 sequence.

219 For Pt
ASD, surface catalytic activation can also be used, for example,
where patterned Pt acts to activate O2 and promote localized
combustion of CH3CpPt(CH3)3 at 300 °C.

145,234−236

VI.B.3. MoM from Halides: W. Tungsten metal, generally
deposited from volatileWF6, is one of themost studiedmaterials
for area-selective CVD.6−8,53−57,241 Because of the relative
strength of Si−F vs W−F bonds, the reaction between WF6 and
silicon to form metallic W and volatile SiF4 is strongly
exothermic. Early studies found that, on patterned Si/SiO2
surfaces, WF6 reacts minimally with SiO2 but readily consumes
exposed silicon to locally deposit tungsten. The deposition rate
slows as the W film thickness increases, leading to an effective
self-limiting ASD process. Further deposition proceeds using a
reducing agent, such as H2 or SiH4 in a CVD or ALD reaction
scheme. As deposition proceeds,W eventually nucleates on SiO2
and selectivity is lost. The mechanisms for unwanted nucleation
are fairly well understood. A common conclusion is that WF6
impinging on the W surface undergoes ligand transfer, creating
reactive volatile tungsten subfluorides (e.g., WF4) that transport
from depositedW regions and adsorb and stick on SiO2, thereby
creating a stable nucleus for growth initiation.8,189,242,243 This
process is an important example of a “proximity effect”,
discussed above. Because the subfluoride is formed by WF6
impinging on the growth surface, the rate of nucleation of
unwanted W will not be random across the surface. Instead, it
will depend on the net surface area and local proximity of the W
that is deposited in the desired growth region. The trend to
produce unwanted nuclei close to deposited W was also noted
during area-selective W ALD studies. Under viscous flow
conditions, passing reactants over a stripe of deposited metal led

to unwanted nuclei being preferentially formed downstream
from the desiredW film.243 Recently, ASD of tungsten on cobalt
has been studied as a route for self-aligned gate contact for sub-7
nm transistors.241

VI.B.4. MoM Cobalt Using Amino and Carbonyl Precursors.
Metal on metal ASD using amine-based precursors has mostly
focused on Cu and Co amidinates. Using cobalt amidinate,
Co(AMD)2, the amidinate ligand is found to interact favorably
with copper allowing deposition at 200 °C with less growth on
SiO2.

223 In contrast, a related amidinate precursor, bis(N,N)-
diisopropyl acetamidinato cobalt, Co(iPr-AMD)2, was found to
grow readily on SiO2 at 340−350 °C but be blocked by an OTS
SAM,244,245 suggesting temperature-dependent metal surface
association. Cobalt ALD using Co(dialkyl-diazabutadiene) has
been studied using formic acid,246,247 tert-butylamine,247,248 and
diethylamine248 reducing agents, showing preferential Co
growth on Pt and Cu versus Ru, SiO2, Si-H, and SiOCx. While
the reaction mechanisms are not very clear, a reason for the
observed selectivity was hypothesized to involve Co−Pt and
Co−Cu alloy or interfacial layer formation driving selective
growth.
Area-selective CVD of cobalt on copper is of particular

interest for improved adhesion and electromigration perform-
ance of copper interconnects,113,114 and∼10 nm of ASD Co has
been shown on Cu vs SiO2.

114 Reports provide few details
regarding the precursors and reaction conditions required.

VI.B.5. ASD Metals on Dielectrics. Like the case of DoM,
ASD of metal on dielectric, without deposition on metal or
another dielectric, presents significant challenges compared to
DoD. Like DoM, approaches using SAM or polymer blocking
layers can extend toMoD, including ASD of Co,244,245 Cu,249,250

Ir,161,193,224,225,251 Ni,252 Ru,161,230 Rh,253 and TiN.94

Of the metals studied, ruthenium ASD, usually using a Cp-
based precursor at T ≳ 250 °C, has shown some propensity to
nucleate preferentially on a dielectric vs metal or another
dielectric.84,228,229,233,237,238,240,254 Because the Ru-Cp precur-
sors dissociate via combustion with oxygen, surfaces that more
readily provide oxygen are more likely to promote adsorption
and nucleation. Once the Ru nuclei reach a sufficient size, they
act to catalyze O2 decomposition and self-promote Ru
deposition.84 The concept of tuning availability of oxygen on a
starting surface to impede metal nucleation has also been used
for ASD of ALD TiN, where deposition occurred preferentially
on Si3N4, with the nongrowth surface being H2-plasma treated
hydrogenated amorphous carbon.95 The hydrogen plasma acted
to reduce the carbon by removing surface oxygen impurities,
thereby slowing the rate of TDMA-Ti adsorption and reaction.
On nanoscale carbon features, unwanted nuclei tended to
appear first on feature edges and corners, which was ascribed to
more difficult removal of defects that promote nucleation. This
is one example that highlights the important challenge of feature
size and shape dependence in controlling nucleation during
ASD, such as shown schematically in Figure 3c.

VI.C. ASD of Semiconductors. Selective area epitaxy of Si,
SiGe, GaAs, GaN, and other compounds typically proceeds at
relatively high temperatures (≥700 °C) using halides and
hydrides, including SiH4, SiCl4, SiH2Cl2, GeH4, AsH3, AsCl3,
and HCl.1,2,4,6,7,10,11,33,50,255−258 The receptive growth surface is
usually a semiconductor or metal, with a dielectric as the
nongrowth surface. Selective CVD of semiconducting nanowires
is also often performed using vapor−liquid−solid growth, where
growth occurs only at locations where a catalyst metal particle,
such as Au, Ni, or Fe, is available.259,260 Area-selective epitaxy of
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SiGe was reported near 500 °C using a mixture of Si2H6, GeH4,
and B2H6.

257 At high temperature, nucleation thermodynamics
promotes rapid formation of stable nuclei on more reactive
semiconductor surfaces, and the halogen species helps
volatilization of less stable adsorbates on dielectrics. Also at
high temperature, silicon deposited on SiO2 can react favorably
to form volatile silicon monoxide: Si + SiO2 → 2 SiO(g).
However, extensive SiO2 loss is not commonly observed,
consistent with nucleation on Si being faster than etching on
SiO2.
Several lower temperature processes (<400 °C) for ASD of

semiconductors have also been reported, including sili-
con,89,155,262 and ZnS.194 At T ≤ 250 °C, microcrystalline
silicon films were selectively deposited by plasma-enhanced
CVD using intermittent sequential doses of SiH4 into a
continuous H2 plasma. By varying the duration of the SiH4
andH2 plasma exposure times, silicon nuclei were found to grow
selectively on silicon and other receptive substrates without
deposition on silicon oxide, producing many nanometers of
selectively deposited silicon.89,155,262 This process also shows
feature-related phenomena in that nuclei tend to appear in the
nongrowth region preferentially at the edge of the desired
deposition region.
Two-dimensional semiconductors are an important research

area, and there are several reports of ASD of these materials
including tungsten disulfide263 and analogous molybdenum
disulfide,264−268 as well as metallic niobium disulfide269 and
several antimony chalcogenides.270,271 Surface ribbons of WS2
were created by reacting lithographically patterned silicon lines
with WF6, forming W, followed by sulfidation under H2S gas
yielding randomly oriented crystals at 450 °C. Basal plane
alignment occurred upon annealing at 900 °Cunder inert gas.263

Selective CVD ofMoS2 can proceed on patterned seeds or other
templates at temperatures above 650 °C.264−266,268 In the case of
antimony compounds, selective deposition at T = 200 °C was
believed to result from selective passivation of the nongrowth
surface by adsorption of Sb.270

VI.D. ASD of Organic, Biological, and Metal−Organic
Framework Materials. Patterned synthesis of organic
materials and organic/inorganic compounds by vapor or
solution-based deposition is an important area for continued
research. Beyond formation of nucleation inhibitors and resists
for selective deposition or etching, other uses for area-selective
deposited organics include patterned biofunctional surfaces for
medical diagnostics and separations,272,273 direct patterning of
organic light emitting diodes or other organic electronic
systems,274−276 and bottom-up synthesis of de novo heteroge-
neous catalysts.277−280 These applications drive the need for
improved fundamental understanding of how organic species
adsorb, transport, interact, and grow on surfaces. New insight
will help understand how surface composition and structure can
be tailored to promote desired outcomes and overcome
unknown problems of translating organic materials from the
lab into large-scale nanomanufacturing.
VI.D.1. Vapor-Delivered ASD of SAMs and Polymers. For

SAM-based inhibition layers, preparing a well-defined patterned
SAM is a critical step in ASD. SAM patterning can proceed by
lift-off or by selective adsorption/reaction from either solution
or vapor phases. While some processes require solution-based
SAMs to achieve good selective inhibition, SAM vapor delivery
is advantageous for simplified processing. Several monolayer
materials show the capacity for ASD when delivered in the gas
phase, including alkanethiols on metals,150,164,170,171,251 organo-

silanes on metal oxide,167,225 and conjugated carbons on
silicon.48 Careful surface preparation before SAM vapor delivery
is important to achieve good coverage and inhibition.164 Some
vapor-delivered monolayers show more favorable inhibition
than those formed from solution and allow sequential
regeneration of the resist layer.150 The improved performance
for SAMs formed from the vapor phase relative to solution
deposition is ascribed to improved surface assembly kinetics for
the solvent-free vapor process.
Approaches to remove the SAM or polymer inhibition layers

are also important, and solution-based electrochemical reduc-
tion281 and weak acid treatment165,282 have been used in
conjunction with AS-ALD or AS-MLD. In these cases, the SAM
removal step functions as a “lift-off” to remove unwanted nuclei
or film from the inhibited region. Ideally, vapor-based SAM
removal and vapor-surface cleaning processes need to be
identified that integrate well with selective deposition.
Area-selective deposition of polymer films is another active

research area. Dodecanethiol SAMs that are useful for blocking
ALD of iridium can also function to block MLD of polyimide
thin films.251 Interestingly, results showed that good selectivity
for the MLD process requires better SAM quality than for the
selective inorganic film. Several variations of area-selectiveMLD
of polyurea thin films has also been explored using SAMs as
growth inhibition layers,281−284 resulting in >6 nm of area-
selective polymer deposition. SAM removal by weak acid
etching could improve the MLD selectivity by eliminating the
polymer formed in or on the SAM blocking layer.282

Patterned polymer growth has also been studied by surface-
initiated polymerization285,286 and by direct CVD of passivating
and chemically active polymers.12,272−276 During initiated
polymerization, metallic surfaces tend to inhibit polymer
growth,274,275 and the mechanism is ascribed to deactivation
of the impinging monomer by charge available on the transition
metal surface. As with inorganics, patterned monolayers can act
to block or selectively promote polymer CVD nucleation and
growth.273,274,276,285 Oxidative- and initiated-CVD12 are two
important processes for polymer film formation, and they allow
several approaches for direct patterned deposition. The o-CVD
and i-CVD methods use oxidative coreactants and vapor
initiators (commonly excited via a hot wire), respectively, to
achieve surface polymerization of an impinging vapor monomer.
Patterned deposition during o-CVD can be controlled by
predepositing, for example, by printing, an amount of the
oxidizing metal salt species. The surface polymerization and
deposition then proceed only in the regions where the oxidant is
present.287,288 A similar strategy can be used during i-CVD. In
this case, a prepatterned transition metal salt, such as FeCl3, acts
to locally quench the impinging radicals and thereby inhibit
surface polymerization.289,290 An interesting observation is that
in o-CVD the growth occurs only on the metal salt, whereas in i-
CVD growth is impeded by the metal salt.
In another approach, patterned polynorbornene thin films

have been grown from surface-bound initiators, and the resulting
polymers were found to successfully impede nucleation of ZnO
and TiO2 during subsequent ALD.291 To achieve patterned
growth, the initiators were designed to selectively bind onto
patterned oxide layers. In contrast to o-CVD, this attachment
strategy enables selective deposition of the polymer on the
insulator rather than on a metal.

VI.D.2. Biological Materials. Area-selective deposition of
biological materials, including viruses,292 DNA,293 and
dopamine-melanin pigments,294 is also an interesting area of
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research. Biomaterial surface patterns can be generated from
solution using self-assembled monolayers to promote local
adsorption.294 For example, surface adsorption of dopamine-
melanin molecular films occur via dissociation of catechol
groups within the molecules, which is inhibited on negatively
charged SiO2 but favored on SAMs with neutral or positively
charged terminating groups. In another case, using patterned
polymers, genetically engineered M13 viruses were shown to
selectively assemble onto polyelectrolyte multilayers, where the
polyelectrolyte was first patterned on silica via solvent-assisted
capillary molding using a polydimethylsiloxane (PDMS)
template.292 Surface patterns can also be generated using
inherent differences in chemical adsorption on different exposed
surfaces. An illustration of this is that 2-deoxythymidine-5-
monophosphate, a chemical model for DNA, has been shown to
preferentially adsorb on Al2O3 vs SiO2.

293 The specific
mechanisms that produce the preference for selective adsorption
remain unclear.
VI.D.3. Metal−Organic Frameworks.Metal−organic frame-

works (MOFs) are porous coordination polymers consisting of a
crystalline topological network of well-defined nanoscale
inorganic (e.g., metal-oxo/hydroxy) clusters interconnected by
organic linker molecules.295 MOFs have high surface area and
large ordered pore volume, and the chemical tunability of the
metal nodes and linkers make them interesting for catalysis, gas
storage and separation, hazardous gas adsorption, heat transfer
agents, and many other uses. MOFs are commonly synthesized
in powder form by solution methods, although surface-bound
MOF thin films are finding unique uses, including applications
in microelectronics,296 requiring better understanding of MOF
heterogeneous nucleation and growth.
For area-selective MOF deposition from solution, surfaces

prepared with patterned functional SAMs can promote localized
MOF nucleation. For example, a carboxylic-acid terminated
SAM will promote solution deposition of MOF-5 (i.e.,
Zn4O(benzodicarboxylate)3) through favorable bonding with
the linker terminal groups, whereas MOFs avoid growth on
SAMs with fluorocarbon termination.280 For solution-based
MOF thin film growth onmetal oxides, ALDAl2O3 was found to
be favorable for MOF growth, whereas SiO2 was less
receptive.277 This difference was ascribed to the stronger
basicity (i.e., larger isoelectric point) of the Al2O3, making it
more likely to bond to the more acidic end groups of the
dicarboxylate linker.277 In other studies of solution-based MOF
nucleation, different metal oxides formed by ALD showed
markedly different propensity for growth of copper benzene-
tricarboxylate MOF, Cu3(BTC)2. In this case the MOF was
found to preferentially grow on ALD ZnO, with slower
nucleation on ALD Al2O3 or TiO2. This trend did not follow
differences in the oxide isoelectric point.297 The rapid nucleation
of Cu3(BTC)2 on ALD ZnO was found to result from the rapid
reaction between the ZnO and the copper nitrate reactant,
forming a layered hydroxy double-salt compound that allowed
rapid linker infusion and conversion to theMOF,297,298 which in
turn promoted further MOF growth. The broad versatility in
MOFs, along with new advances in vapor-phase routes for MOF
thin film growth,299−301 makes vapor−surface ASD of MOFs an
interesting area for further study.

VII. RESEARCH CHALLENGES AND OUTLOOK
This article has provided an overview of basic surface processes
in nucleation and summarized the current understanding and
status of substrate-dependent nucleation and area-selective thin

film deposition. The primary motive driving research is the
emerging need for chemically driven material patterning to
supplement current physically based photolithography used for
thin film material patterning in high-performance semi-
conductor devices. Beyond the specific examples described in
Section IV above, bottom-up area-selective deposition will
accelerate new process design schemes to reduce process
complexity, cut material waste, and improve overall energy
efficiency in semiconductor manufacturing. As described also
above, ASD research is exploring other applications, and it is
likely that successful ASD processes will be useful in areas not yet
identified. However, to facilitate widespread use, many problems
must be overcome and new understanding is needed to enable
robust and reliable ASD. For example, following the concepts
introduced in Section II, better insight is needed into elementary
reaction sequences during low-temperature reactant adsorption
and nucleation. As described in Section III, key problems during
deposition include feature-dependent phenomena, choice of
reaction mode, and detailed reactor design. Process engineering
must also consider overall process throughput, material and
energy utilization and efficiency, and system reliability.
There are significant opportunities for whole new approaches

to ASD, beyond the common CVD, ALD, and etching methods
currently studied. Perhaps unwanted nucleation could be
avoided, for example, if a reactant acted as a depositing species
on one surface but simultaneously operated as an etchant on
another. True “bottom-up” processing will also require multiple
cooperative ASD processes to work synergistically and
sequentially, so that different ASD materials can be stacked on
top of each other or side-by-side. Such “dual” or “orthogonal”
ASD processes have been described302 but are not yet
demonstrated. It is also expected that advances in modeling,
new approaches for in situ analysis and data collection, and
innovations in data analysis will be important. Ultimately, more
fundamental surface science investigations, likely coupled with
targeted precursor design, will be needed to define preferred
elementary reaction kinetics to achieve desired material reaction
selectivity with true atomic-scale lateral and vertical precision.
A significant challenge not discussed in this article is the

problem of ASDmetrology. The unwanted nuclei formed during
ASD in the desired nongrowth regions can lead to significant loss
of semiconductor device yield and performance. This is
particularly acute in metal ASD where excess metal leads to
electrical shorting. The impact of unwanted nuclei on the device
performance will depend on the ASD material and the layout
and placement of the ASD step within the device architecture.
Understanding this impact requires means to quantify and
characterize the surface densities and size distributions of
unwanted nuclei. However, at present, experimental tools are
not available that can observe and quantify small nuclei defects
stochastically dispersed across a large-area, nonuniform
patterned surface. Research teams are now diligently working
to identify approaches to overcome this obstacle.
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■ ABBREVIATION

AMD amidinato ligand
Cp cyclopentadienyl ligand
DAD diazadienyl ligand
DDPA dodecylphosphonic acid SAM
DDT dodecanethiol SAM
DMAB dimethylaminopropoxo
DMAP dimethylamino-propoxo ligand
DTS docosyltrichlorosilane SAM
EBECH ethylbenzyl, ethylcyclohexadienyl ligand system
EtCpPy ethylcyclopentadienyl, pyrrolyl ligand system
iBu isobutyl ligand
iPr2-Me-AMD diisopropylacetamidinato ligand
MOU mercaptoundecanol SAM
ODPA octadecylphosphonic acid SAM
ODT octadecanethiol SAM
ODTS octadecyltrichlorosilane SAM
P2VP poly-2-vinyl pyridine polymer
PAM polymethacrylamide polymer
PFOS perfluorooctylsilane SAM
PFTS perfluorodecyltrichlorosilane SAM
PMMA poly(methyl methacralate)
b-PMMA block-poly(methyl methacralate) polymer
PS polystyrene polymer
b-PS block-polystyrene polymer
PtBMA poly(tertbutyl methacrylate) polymer
PTCDA perylene-tetracarboxylic dianhydride SAM
PVP poly(vinyl pyrrolidone) polymer
TDEA tetrakisdiethylamino ligand system
THD tetramethyl-heptadionato ligand
VTMS vinyltrimethylsilane ligand
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