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Atomic layer deposition (ALD) is a method that allows for the deposition of thin films with atomic level control of the thickness
and an excellent conformality on 3-dimensional surfaces. In recent years, ALD has been implemented in many applications
in microelectronics, for which often a patterned film instead of a full area coverage is required. This article reviews several
approaches for the patterning of ALD-grown films. In addition to conventional methods relying on etching, there has been
much interest in nanopatterning by area-selective ALD. Area-selective approaches can eliminate compatibility issues associated
with the use of etchants, lift-off chemicals, or resist films. Moreover, the use of ALD as an enabling technology in advanced
nanopatterning methods such as spacer defined double patterning or block copolymer lithography is discussed, as well as the

application of selective ALD in self-aligned fabrication schemes.

1. Introduction

Atomic layer deposition (ALD) is a vapor phase thin film de-
position technique that enables the deposition of films with a
high material quality, good uniformity, high conformality, and
accurate thickness control. "> ALD relies on the alternate puls-
ing of precursor and reactant gases, separated by purge steps,
resulting in self-limiting surface reactions. Due to the cyclic
nature of the process, the material is deposited layer-by-layer,
which gives an unparalleled control of the film thickness on
the atomic level. For most applications in microelectronics
however, it is also required to control the lateral dimensions of
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the film by patterning. Patterned films are for example ubiq-
uitous in transistor and interconnect technology, in which the
basic building blocks typically consist of a stack of several pat-
terned films of different materials. Since ALD has no intrinsic
ability to control the lateral dimensions of the growth, pattern-
ing techniques need to be used to structure a blanket deposited
film, or to limit the ALD growth to specific surface areas. The
conventional approach for film structuring consists of the pat-
terning of a resist layer by photolithography, followed by the
transfer of the pattern by etching.

ALD offers opportunities for nanopatterning, for example,
when working with the sensitive materials that are considered
for future nanoelectronics such as organic layers, graphene,
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carbon nanotubes, or nanowires. Photolithography involves
many processing steps, such as resist spinning, light exposure,
resist development, and etching, and some of these steps may
lead to compatibility issues with sensitive materials. In or-
der to avoid etching, a lift-off approach can be employed in
which the resist film is patterned prior to the film deposition.
This requires the deposition of films at relatively low substrate
temperatures to prevent damage to the resist layer, and this can
be achieved by ALD.?

Since ALD depends critically on surface chemistry, it is
also possible to chemically modify a surface to enable area-
selective ALD.*3 Local modification of the surface properties
opens up new approaches in which there is also lateral con-
trol of ALD film growth in addition to the thickness control of
ALD. So far, most studies about area-selective ALD deal with
the deactivation of areas of the surface by certain molecules,
allowing for selective ALD on those areas that are not deacti-
vated. 0 Recently, also a few methods have been introduced
relying on local activation of the ALD growth.”8

Moreover, ALD starts to play an important role in several
advanced nanopatterning schemes. It is for example used to
reduce the number of processing steps in lithographic process
flows, or to modify the properties of resist films. These meth-
ods can be described as ALD-enabled nanopatterning. An
important example is the application of ALD in spacer de-
fined double patterning (SDDP), i.e. one of the resolution en-
hancement technologies that are currently under development
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Fig. 1 Process flow of conventional patterning based on etching.
The patterning of the resist layer typically involves three additional
processing steps as illustrated in Fig. 2.

2) Resist patterning

~ 3 steps

4) Resist strip

now that the semiconductor industry is facing challenges with
the implementation of EUV lithography.® ALD allows for the
elimination of several processing steps because it is able to
deposit ultrathin conformal layers at low substrate tempera-
tures. 1011

In this article, the use of ALD in advanced nanopatterning
is reviewed. First, conventional patterning based on etching is
presented as background information. Section III. deals with
ALD-enabled nanopatterning, and describes the use of ALD in
SDDP, as well as the modification of resist properties by ALD.
In Sec. IV., the different methods for patterning of ALD-grown
films are described: (i) patterning based on lithography and
lift-off; (i) area-selective ALD by area-deactivation; and (iif)
area-selective ALD by area-activation. The benefits and draw-
backs of these approaches are discussed. Sec. V. describes re-
cent developments in the use of selective ALD in self-aligned
fabrication schemes. The work on area-selective ALD has in-
spired new approaches for the synthesis of complex nanoscale
structures. In Sec. VL, it is illustrated how knowledge ob-
tained in studies on area-selective ALD has been exploited for
the deposition of nanoparticles, nanotubes, and nanowires.

II. Conventional patterning

In this section, methods used in conventional patterning ap-
proaches are briefly described, which serves as background in-
formation for the following sections. The application of ALD
in conventional nanopatterning is discussed at the end of the
section.

Conventional patterning relies on the patterning of a resist
film, followed by etching. Figure 1 schematically illustrates
the typical process flow of a basic lithographic process. First,
the material that needs to be structured is blanket-deposited
on the substrate. Next, a resist layer is patterned on the film,
by using for example photolithography, e-beam lithography
(EBL), soft lithography or imprint lithography, as discussed
in more detail below. This pattern subsequently needs to be
transferred to the underlying film via an etching process. In
wet etching, the sample is immersed in a chemical solution,
which attacks the regions of the film that are not covered with
the resist layer. In general, wet etching is isotropic, and cannot
be used to fabricate fine features. Dry etching by plasma expo-
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Pattern definition
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Fig. 2 A resist film can be patterned by for example (a)
photolithography, (b) e-beam lithography (EBL), (c) nanoimprint
lithography, or (d) soft lithography (also known as microcontact
printing). Note that during soft lithography, the substrate is only
involved in one step.

3) Develop resist

3) Release mold +
remove residue

=

2) Stamp resist

{

sure on the other hand, can be used to create anisotropic etch
profiles, and is therefore applied during high resolution pat-
terning. !> Typically, the substrate potential is lower than the
plasma potential, such that the positively charged ions in the
plasma accelerate towards the substrate in a directional man-
ner, which ensures the anisotropic nature of the etch process.
For reactive plasmas this anisotropic nature is ruled by the so-
called ion-radical synergism.'> The remaining resist layer is
stripped during the last step of the patterning process, e.g. by
plasma ashing or wet chemistry.

As mentioned, there are several patterning techniques that
can be used to define the pattern in the resist layer (See Fig. 2).
In photolithography, 14 a resist layer is first spin-coated on the
substrate using a solution containing the resist molecules in a
solvent. After drying and/or baking to remove the solvent, the
resist film is exposed to light through a mask with the desired
pattern. The exposed regions undergo a chemical change that
affects the solubility in a developing solvent. Depending on
the photoresist tone, the exposed or unexposed regions are se-
lectively washed away during the development step. For pos-
itive tone resists, the exposed regions are more soluble in the
resist development solution, while the unexposed regions are
more soluble for negative tone resists.

In EBL, an electron beam is scanned over a surface covered
with a resist film according to a predefined pattern, instead of
exposing it through a mask. !> The local exposure to the elec-
tron beam causes a chemical change of the resist film. For the
rest, it consists of the same steps for resist coating and resist
development as employed during photolithography, although
with different resist and development chemicals.

Nanoimprint lithography (originally known as hot emboss-

ing) involves a hard mold shaped in the preferred pattern that
is imprinted in a polymer film. '® The polymer film is first spin-
coated on the substrate and heated. The hard mold is subse-
quently pressed into the polymer film. When heated above
the glass transition temperature of the polymer, the material
flows into the structures of the mold. The substrate is then
cooled, which causes the polymer to solidify and replicate the
pattern of the mold. Finally, the mold is released, and the re-
sist residue is removed in a short etching treatment. Instead
of heating the substrate, certain polymers can alternatively be
cured when the mold is applied using ultraviolet (UV) light.

Soft lithography (also known as microcontact printing) re-
lies on the stamping of molecules on the substrate.!” In the
first step, an elastomeric stamp is created from a hard mas-
ter. Subsequently, the elastomeric stamp is put into contact
with the molecules. The ‘inked’ stamp is then placed on the
substrate, and the molecules are transferred to the substrate
surface by applying a force on the stamp.

Photolithography and etching are well-established process-
ing techniques in the microelectronics industry, while EBL,
soft lithography and imprint lithography are frequently em-
ployed in research environments. The technique used for film
deposition does normally not affect the subsequent pattern
definition and etching processes. Therefore, there is no lit-
erature specifically about the patterning of ALD-grown films
with conventional methods. It can however safely be stated
that patterning based on etching is the most adopted way of
structuring these films for various applications.

Conventional patterning can be classified as subtractive,
top-down, processing, in which blanket films are deposited
first, and the structuring is performed by etching. For cer-
tain applications, etch steps are unacceptable since they may
damage sensitive elements of the structure. For example etch-
ing needs to be avoided on organic semiconductors, %! or on
carbon-based materials such as carbon nanotubes or graphene.
Another limitation is that some metals such as Cu, Pd, Pt, Ag,
and Au are difficult to etch by dry etching.?® The alternative
is to deposit the material only on those areas where it is de-
sired, using lift-off approaches or area-selective deposition, as
explained in Sec. IV.

The resolution that can be achieved with photolithography
is limited by the wavelength of the light that is used. The
resolution of photolithography has been improved during the
past few decades by using light of increasingly shorter wave-
lengths (from 436 nm in 1980 to 193 nm currently), with ex-
treme ultraviolet (EUV) light (13.6 nm) as the future candidate
for high-volume manufacturing in microelectronics. The next
section describes how the lithography process can be adapted
to fabricate features with a higher resolution without using
light of a shorter wavelength.
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III. ALD-enabled nanopatterning

A. Spacer defined double patterning

Lithography tools currently use UV light with a wavelength
of 193 nm. By immersion of the gap between the lens and
the wafer surface in purified water (i.e. in immersion lithog-
raphy),?! these tools allow for the patterning with a critical
dimension around 40 nm.!' To increase the resolution fur-
ther, light of a shorter wavelength has to be used, or alterna-
tively, new resolution enhancement technologies must be em-
ployed. Since the transition to EUV lithography turns out to
be challenging for high-volume manufacturing, several dou-
ble exposure and double patterning approaches are currently
being developed and implemented.?> These approaches allow
for the use of the current lithography tools for a few more
years, which is beneficial from a cost-of-ownership point-of-
view.

The most straightforward way to increase the resolution is
to perform two lithography steps on the same resist, referred
to as double exposure (See Fig. 3a).?® Standard resist films
suffer however from a memory effect: the sum of two times
a subthreshold dose at locations in proximity to the exposed
regions may be higher than the threshold for making the re-
sist soluble,?* which widens the dimensions of the patterned
features. The implementation of double exposure therefore re-
quires the use of a new class of resist films with a nonlinear
response to the exposure dose.

Alternatively, a double patterning approach can be used in
which both exposure steps are followed by separate resist de-
velopment and etching steps.’* However, the limitations of
double patterning are that it involves many processing steps,
and that the wafer has to be removed from the lithography tool
for the additional resist development, etching, and resist coat-
ing steps, which causes loss of overlay registration.

A modified double patterning approach that involves only
one lithography step, and therefore no additional challenges
with respect to overlay, is spacer defined double patterning
(SDDP). % Because photolithography is normally the limiting
step in integrated circuit manufacturing (due to the high capital
expenditure of lithography equipment), it is a major improve-
ment when a higher patterning resolution can be achieved
without performing two exposures. As illustrated in Fig. 3b,
SDDP starts with the deposition of a hard mask and a resist
film on top of the film that needs to be structured. The resist
film is patterned by photolithography, which is followed by the
development of the resist. The pattern is then transferred into
the hard mask using anisotropic etching. After the removal
of the resist, a spacer layer is deposited on the patterned hard
mask by using for example plasma-enhanced chemical vapor
deposition (PECVD) or ALD. It is important that a uniform
and conformal spacer layer is deposited in this step, especially

(a) Double | (b) SDDP (c) D-SDDP (d) SDQP
exposure
1l 1
Light or e-beam
exposure
21l
Light or e-beam
exposure 2
3. 2.
Resist
development
3.
Anisotropic
etching
4.
Resist strip H
5, S;}acer . 8or6
Spacer
deposition H -DW
6. X 9or7
Anisotropic
etching
7. 5. 100r8
Resist / hard mask
removal
4. 8. 6. 110r9
Anisotropic
etching
5. 9. 7. 120r 10
Resist strip I I I I I I I I I I I I "”””

Fig. 3 Overview of the process flows of different resolution
enhancement approaches: (a) double exposure, (b) spacer defined
double patterning (SDDP), (c) direct spacer defined double
patterning (D-SDDP), and (d) spacer defined quadruple patterning
(SDQP). The first steps of SDQP are the same as the first 7 steps of
SDDP or the first 5 steps of D-SDDP.

when increasingly small features need to be patterned. This
motivates the implementation of ALD in SDDP fabrication
schemes, since ALD is a technique with unparalleled capa-
bilities for the deposition of conformal films on demanding
surfaces.? The thickness of the spacer layer needs to equal to
the targeted critical dimension.!! Subsequently, a second etch
is performed to remove the spacer layer covering the top of the
hard mask. This needs to be done such that the sidewalls of
the spacer layer remain intact; for example using reactive ion
etching (RIE). In addition, also the rest of the hard mask needs
to be etched away, using a etching process that is selective to-
wards the hard mask material. This leaves the sidewalls of the
spacer layer behind. The half-pitch is now reduced because
both sidewalls define a feature. The pattern is subsequently
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Fig. 4 Scanning electron microscopy (SEM) image of a patterned
photoresist covered with a SiO, spacer layer deposited by
plasma-assisted ALD at 50 °C. Courtesy of ASM International N.V.

transferred to the target film by anisotropic etching, in which
the spacer layer sidewalls function as the mask. In the last
step, the spacer layer is also removed by etching. The final
result is a pattern with twice as much features and a smaller
critical dimension as compared to the pattern defined by pho-
tolithography in the resist film during step 1.

The procedure of SDDP includes the deposition and pat-
terning of the hard mask layer, because typical polymer re-
sists cannot withstand the temperature required for the depo-
sition of the spacer layer by conventional techniques such as
plasma-enhanced chemical vapor deposition (PECVD). This
implies that when the spacer layer could be deposited directly
on the patterned photoresist (referred to as direct spacer de-
fined double patterning, D-SDDP), several processing steps
can be eliminated as illustrated in Fig. 3¢.92027 ALD, and in
particular plasma-assisted ALD, allows for the deposition of
a high-quality spacer layer at low substrate temperatures. %11
There are several low temperature ALD processes that could
be suitable for the deposition of the spacer.?®?° It is important
that the spacer layer is coated conformally on the patterned
resist film in the D-SDDP approach (See Fig. 4), which is a
second reason to use ALD instead of PECVD.

The patterning of 32 nm half-pitch polysilicon lines by D-
SDDP with a SiO, spacer layer deposited by plasma-assisted
ALD has been achieved by Beynet et al.® Some other stud-
ies also report the use of ALD-grown SiO; as spacer layer
in SDDP,3%32 while there is also interest in Si-containing
ternary compounds.®? In addition, ALD-enabled SSDP has
been used by Dhuey et al. to fabricate nanoimprint template
gratings with 10 nm half-pitch.3* In that work, EBL was em-
ployed to define the initial features, and D-SDDP involving
plasma-assisted ALD of Al,O3 subsequently allowed for dou-
bling of the spatial frequency of the gratings. In earlier work
of the same group, ALD was used to tune the dimensions of
nanoprint lithography templates to sub-10 nm resolution,
which can also be referred to as ALD-enabled nanopatterning.

The next resolution enhancement technology that may be

applied is quadruple patterning.3%-3! After step 7 of SDDP or
step 5 of D-SDDP, a second spacer deposition step may be per-
formed, in order to double the resolution once more. Spacer
defined quadruple patterning (SDQP) requires a different ma-
terial for the second spacer layer, such that the first spacer
layer can be etched selectively without affecting the second
spacer layer material. '!

B. Resist modification

Another form of ALD-enabled nanopatterning is the use of
ALD to modify the properties of resist films. The thick-
ness of resist films for high resolution patterning is limited in
photolithography due to the depth-of-focus of the lithography
tool, and in EBL because of lateral scattering of electrons. 30
In addition, a thin resist film is also required to avoid pattern
collapse during resist development and drying (known as “wet
collapse”). On the other hand, a high etch resistance is needed
during subsequent etching, which in principle motivates the
use of relatively thick resist films. Since it is difficult to sat-
isfy all these requirements, it is often essential to transfer the
pattern to a hard mask with a higher etch resistance. Several
studies investigated the use of ALD and the related method of
sequential infiltration synthesis (SIS) for the enhancement of
the etch resistance of various resist films. A first study in this
direction was reported by Sinha et al., in which the etch re-
sistance of poly(fert-butyl methacrylate) (PtBMA) resist films
was enhanced by ALD of a thin TiO; layer on top of the resist
film.37

Tseng et al. improved this approach by using long precur-
sor and reactant exposure steps such that the deposited ma-
terial infiltrates in the porous resist film. In this way, Al,O3
was deposited in the bulk of the e-beam resists PMMA and
ZEP520A.%8 The ALD technique was referred to in the work
as sequential infiltration synthesis (SIS), to stress that long
pulse times were chosen. The long pulse times, together with
elevated process pressures, enable SIS at low substrate tem-
peratures, which is beneficial for the deposition in polymers.3°
Tseng et al. reported an improvement of the etch resistance by
a factor of 37 for PMMA and 5 for ZEP520A, and it was dis-
cussed that this improved etch resistance eliminates the need
for using a hard mask.3® It was further demonstrated that when
SIS is applied to PMMA resist, the aspect-ratio of the resist
structures can be decreased below the limit for which wet col-
lapse starts to occur.?® This SIS-modified PMMA resist al-
ready meets the requirements of the International Technology
Roadmap for Semiconductors of 2022.36

In subsequent work, SIS was also applied to block copoly-
mer (BCP) lithography.*>*! Block copolymers consist of
two chemically different homopolymers connected together
through covalent bonds. These BCPs can self-assemble in pe-
riodic nanostructures of various shapes (e.g. pillars, sphere,

This journal is © The Royal Society of Chemistry [year]
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lamellae) through microphase separation. The shape and size
of BCPs can be tuned by selecting homopolymers with spe-
cific chemical composition and molecular weight.*> The ap-
plication of SIS to BCP lithography builds upon earlier work
in which area-selective ALD was performed on BCPs to fab-
ricate a hard mask.%? Moreover, similar methods have been
used extensively to synthesize various nanostructures as dis-
cussed in more detail in Sec. VL.LE. BCP lithography relies
on etching with the periodic structure of a BCP acting as a
nanopatterned resist. The main challenge of BCP lithography
is that the thickness of a BCP film is on the order of the domain
size, which is too thin for an effective etch resist. BCP lithog-
raphy is therefore limited to the etching of low aspect-ratio
structures. A workaround is to transfer the BCP pattern to an
intermediate hard mask, but this offers additional complexity
and costs. Tseng et al. showed that the etch contrast between
the PS and PMMA blocks of a PS-b-PMMA BCP can be en-
hanced by Al,O3 SIS. The Al,O3 is selectively deposited in
the PMMA, which increases the etch resistance of the PMMA
domains. Various BCP patterns were successfully transferred
via plasma etching to the substrate materials Si (See Fig. 5),
indium tin oxide (ITO) and permalloy (NiggFeq2).

Due to its ability to synthesize small nanoscale features of
of 5 - 30 nm, BCP lithography schemes have the potential
to enable further downscaling of microelectronic devices. 344
However, the use of BCP lithography to make a large num-
ber of devices is challenging because of the absence of long-
range order in BCPs.*? Therefore, an external driving force is
required to change the random morphology of BCPs into an
oriented pattern that could be useful for semiconductor pro-
cessing. For example, in an approach called graphoepitaxy, a
nanostructured surface with aligned features (e.g. trenches or
bars) is used to orient the BCP formation.*?> See Fig. 5c for
an example of a structure created using graphoepitaxy. Al-
ternatively, a chemical pattern on a flat surface can be used
to align BCPs. The main BCP scheme that is considered for
integrated circuit manufacturing, referred to as directed self-
assembly (DSA) lithography, consists of the patterning of fea-
tures with at large pitch with conventional lithography, fol-
lowed by the reduction of the pitch by self-assembly of BCPs
in between the features. DSA lithography can be described as
a combination of top-down (i.e. conventional lithography) and
bottom-up (i.e. self-assembly) processing.

Ruiz et al. evaluated the processing compatibility of SIS
with DSA.* EBL and RIE were employed to make a sample
with patterned stripes at a pitch of 54 nm providing the chem-
ical contrast for aligned BCP formation.*® The DSA process
was characterized by a density multiplication factor of 2x,
meaning that the BCPs aligned in registration to the chemical
contrast stripes with a spacing of 27 nm between the lamellae.
Three Al,O3 SIS cycles were carried out, as this was found to
result in an effective hard mask, and well-defined patterns.45

Fig. 5 SEM images of several nanostructures fabricated by plasma
etching using SIS-enhanced PS-b-PMMA as the etch mask. The
PMMA regions were shaped in the form of: (a) standing cylinders,
(b) in-plane cylinders, and (c) in-plane cylinders aligned using
graphoepitaxy. Reprinted (adapted) with permission from (Y.-C.
Tseng et al., J. Phys. Chem. C, 2011, 115, 17725). Copyright
(2011) American Chemical Society.

Structures of ~12 nm size and 27 nm pitch were created, and it
was found that these structures have a low line edge roughness
of 36 =2.9 nm. %

IV. Nanopatterning of ALD-grown films

This section reviews the different methods that have been re-
ported for the patterning of ALD-grown films: (i) pattern-
ing based on lithography and lift-off, (ii) area-selective ALD
by area-deactivation, and (iii) area-selective ALD by area-
activation.

A. Patterning based on lithography and lift-off

In lift-off methods, the material is deposited after the pattern-
ing of the resist. As illustrated in Fig. 6b, the process flow for
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Fig. 6 Schematic representations of the typical process flows in (a) conventional patterning based on lithography and etching, (b) patterning
based on lithography and lift-off, (c) area-selective ALD by area-deactivation, and (d) area-selective ALD by area-activation. Approaches
(b,c,d) can be classified as ALD-enabled nanopatterning. Approaches (a,b,c) include several additional processing steps for the patterning of

the resist film or SAM (See Fig. 2).

lift-off patterning is very similar to the conventional patterning
scheme illustrated in Fig. 6a. However, the main difference is
that the etching step is eliminated. The first few steps con-
sist of the patterning of a resist film using for example one
of the patterning techniques described in Sec. II. The resist is
thereby applied in the areas, where the deposition of material
needs to be prevented. Subsequently, the film is deposited on
the entire surface of the substrate. The deposited film covers
the parts of the substrate where no resist is present as well as
the top of the resist layer. In the actual lift-off step, the resist
layer is dissolved and washed away together with the material
that was covering the resist. The targeted material stays only
on those areas where the material is in direct contact with the
substrate.

As discussed in Sec. II., lift-off patterning is typically ap-
plied when etching would damage parts of the device struc-
tures, or when processing materials that are difficult to etch.
Similar to lithography and etching, lift-off patterning is a
widely used approach in the microelectronics industry. Con-
sequently, for most resist films and materials, information is
available in the literature about how to perform a successful
lift-off.

A general limitation of lift-off approaches is that the mate-
rial needs to be deposited at a relatively low temperature such
that the resist film stays intact.> The deposition of films by
ALD is interesting for lift-off patterning, because it typically
allows for the deposition at substrate temperatures lower than

the temperature that is required for chemical vapor deposition
(CVD) processes.

Several articles in the literature deal with the use of lift-off
patterning for the structuring of ALD-grown films as listed
in Table 1. Biercuk et al. reported on the fabrication of di-
electric structures of Al,O3, HfO, and ZrO,.3 Patterning was
performed by photolithography using Shipley photoresist and
by EBL using PMMA resist. The films were deposited at low
substrate temperature (100 - 150 °C), to prevent significant
outgassing or hardbaking of the resist layers. The lift-off step
was performed by immersing the samples in acetone. Struc-
tures with film thicknesses in the range 2.5 - 100 nm and sub-
micron lateral resolution were fabricated.

In a study by Suresh er al., illustrated in Fig. 7, patterned
ZnO was prepared in a lift-off approach using nanoimprint
lithography (Fig. 2c) as the patterning technique.”® A mold
with a periodic pattern of Si nanopillars of 65 nm in diame-
ter was used in a standard nanoimprint lithography process in
which PMMA was patterned on the substrate. After removal
of the residual layer by an O, plasma, ALD of ZnO was car-
ried out at a substrate temperature of 70 °C. Finally, a lift-off
step was conducted using acetone. This procedure resulted
in a periodic array of ZnO structures of which metal-oxide-
semiconductor (MOS) capacitors were fabricated.

Although referred to as area-selective ALD, the work of
Sinha et al. about TiO, deposition from TiCly and H,O can
be classified as a lift-off patterning since also deposition on

This journal is © The Royal Society of Chemistry [year]
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Table 1 Overview of studies reported in the literature about nanopatterning based on lithography and lift-off. The material deposited, the
precursors used for ALD, the temperature during ALD, the resist film, the patterning technique, and the thickness and the lateral size of the
final pattern are given. The smallest reported lateral dimension of a patterned structure is listed as a measure for the resolution. A tilde
indicates that a value is not presented in the article but is estimated from the reported data instead, and a dash means ‘not reported’. Me =
methyl, Et = ethyl, CpAMD = cyclopentadienyl isopropyl acetamidinato, PMMA = poly(methylmethacrylate), PVP = poly(vinyl pyrrolidone).

Material Precursors Temp. Resist Patterning Thickness Lateral Refs.
(°O) (nm) (fm)
Al O3 Al(Me)s + H,O 100 - 150 PMMA EBL - - 3
250 PMMA Photolitho. 50-380 60 47
PVP Photolitho. - ~50 48
AlICl; + H,O 250 PMMA Photolitho. 40 55 47
PVP Photolitho. 39 ~50 48
TiO, TiCly + H,O 160 PMMA Photolitho. ~11 ~50 49
ZnO ZnEt; + H,O 70 PMMA Imprint 13 55 50
200 PMMA Photolitho. 98 ~20 51
ZrO, Zr(NMe;)4 + H,O 100 - 150 PMMA EBL - - 3
ZrCly + H,O 250 PVP Photolitho. 80 ~50 48
HfO, Hf(NMe;)4 + H,O 100 - 150 - Photolitho. - - 3
PMMA EBL 15 80 nm 3
CeO, Ce(thd)4 + O3 200 Ag EBL - 0.6 52
Co Co(CpAMD) + NHj3 plasma 100 AZ-5214 Photolitho. - ~50 53

the top of the PMMA resist was obtained.*’ The deposition
on the resist was reduced as much as possible by prolonging
the purge times. The reduced growth of TiO, on the PMMA
resist facilitates the lift-off step. In an another study, Sinha
et al. observed that when titanium isopropoxide (Ti(O'Pr)y4) is
used as the precursor for TiO, deposition instead, no growth
on the PMMA resist occurs.>* That study is listed as area-
selective ALD by area-deactivation in Table 3. To explain the
difference between the two TiO, ALD processes, the transport
behavior of water, TiCly, and Ti(O'Pr)4 through various poly-
mer resist films was investigated in a follow-up study.>> It was
observed that a negligible amount of water adsorbs in polymer
masking layers, while a significant difference between the dif-
fusion coefficients of TiCly, and Ti(ipr)4 was measured.

Férm et al. demonstrated successful lift-off patterning of
Al,O3 and TiO; with 100 nm thick PMMA at 250 °C.*’ This
temperature is well above the glass transition temperature of
PMMA, i.e. 85 - 165 °C (depending on the exact properties of
the PMMA used). The use of temperatures above this range
leads to hardening of the resist, which makes the lift-off step
difficult. Note however, that only structures with dimensions
larger than ~50 um were successfully synthesized. Patterning
nanoscale structures was also attempted, but failed for temper-
atures above 150 °C.*8

A complicated lift-off procedure was employed by Coll ef
al. to enable the patterning of CeO, structures.’> CeO, ALD
from Ce(thd), precursor requires ozone as the reactant and a
substrate temperature above 200 °C, which is not compatible
with the use of organic polymers. Therefore, a Ag layer was
patterned as a lift-off layer using EBL, which was followed by

CeO, ALD. Subsequently, the Ag was etched away in HNO3
solution, leaving the CeO; structures behind.

Kim e al. reported the only study in which plasma-assisted
ALD was used in lift-off patterning.”> Microscale struc-
tures of Co were fabricated using an ALD process involv-
ing Co(CpAMD) precursor and NH3 plasma. Plasma-assisted
ALD was required to allow for the deposition of Co at a low
substrate temperature such that the resist film stays intact dur-
ing ALD.

In principle, the lift-off step for an ALD-grown film should
be similar to the lift-off step for films deposited by other
means. However, due to the excellent conformality of ALD,
growth in porous polymers can be obtained,** which makes
the lift-off step more challenging. For the same reason, it may
be more difficult to avoid the deposition on the sidewalls of
the resist. These issues lower the device yield when a wafer
with a large multitude of devices needs to be fabricated, and
make it extremely challenging to pattern with a high resolu-
tion. To date, the patterning of fine features of <100 nm in
a lift-off approach using ALD has not been demonstrated. A
solution to these issues is to modify the method such that the
growth on the patterned resist film is avoided, as is the case
for area-selective ALD by area-deactivation.

B. Area-selective ALD by area-deactivation

As mentioned in the Introduction, ALD depends strongly on
surface chemistry, and can therefore be limited to a part of
the substrate by locally modifying the surface properties. For
metal-oxides for example, the nucleation starts in most cases

8| Journal Name, 2010, [vol] 1-22
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Fig. 7 The method developed by Suresh ez al. for the fabrication of
a periodic pattern of ZnO: (i) Mold fabrication from Si; (ii)
Nanoimprint lithography; (iii) Removal of the residual layer; (iv)
ALD of ZnO; and (v) Lift-off. The SEM images in (a) and (c) show
the mold and the surface after steps (i) and (iv), respectively. The
AFM images (b) and (d) show the surface after steps (iii) and (v),
respectively. Reprinted (adapted) with permission from (V. Suresh et
al., J. Phys, Chem. C, 2012, 116, 23729). Copyright (2012)
American Chemical Society.

readily on a hydrophilic OH-terminated surface, while there
is a short nucleation delay of a few cycles on hydrogen-
terminated %>’ or metal surfaces.>® On the other hand, it has
been reported that the (‘Bu-Allyl)Co(CO); precursor for Co
ALD is more reactive with H-terminated surfaces than OH-
terminated surfaces.> This suggests that area-selective ALD
can for example be obtained by patterning OH-terminated
areas on a hydrogen-terminated surface prior to the ALD
growth. However, due to the small difference in nucleation
delay, the growth remains selective to the OH-terminated ar-
eas for only a few cycles, and only an extremely thin pattern
can be fabricated that way. In practice, it is required to deacti-
vate specific areas of the substrate by molecules that are more
effective in preventing ALD growth.

The majority of approaches for achieving area-selective
ALD reported in the literature rely on the deactivation of the
surface by self-assembled monolayers (SAMs). Typically,
these SAMs are made of long organic molecules with reactive
groups at both ends of the molecules. Figure 8§ illustrates that
such a molecule consists of three elements: the head group,
an alkane chain as the backbone, and a tail group. The head
group facilitates the binding of the molecule to the surface.
Van der Waals interactions between the alkane chains con-
tribute to the formation of an ordered monolayer of molecules.
The surface is terminated with tail groups, when a nicely or-
dered monolayer is formed. The surface properties can there-
fore be modified by using molecules with an appropriate tail
group. For example, adsorption of octadecyltrichlorosilane

T (D)

group Hydrophobic

surface

Hydrophilic
surface

Fig. 8 Schematic representation of (a) an octadecyltrichlorosilane
(ODTS) molecule, and (b) a SiO, surface covered with an ODTS
SAM. The SAM transforms the hydrophilic SiO, surface to a
hydrophobic surface terminated with -CH3 groups. From Ref. 4.
Copyright (© 2012 Wiley-VCH Verlag GmbH & Co. KGaA.

(ODTS) molecules with methyl (-CH3) tail groups on an ox-
ide substrate transforms the surface from an OH-terminated
hydrophilic surface to a CHz-terminated hydrophobic surface
(Fig. 8). Area-selective ALD is obtained by partly covering
the surface with a SAM and subsequently performing ALD.
The ALD growth then selectively takes place on those areas
that are not covered with the SAM-molecules. Figure 9 il-
lustrates an area-selective ALD process for the deposition of
HfO, structures. ®® The surface was first patterned with oxide
regions on a hydrogen-terminated Si surface by photolithog-
raphy. The ODTS molecules selectively adsorbed to the OH-
terminated oxide areas, and area-selective ALD of HfO, was
obtained on part of the surface not covered with the ODTS
molecules.

In contrast to conventional nanopatterning approaches,
area-selective ALD is an additive approach, in which the mate-
rial is only deposited at those areas where it is desired. The dif-
ference with lift-off methods is that the growth in deactivated
areas is blocked in a chemical way, instead of by physically
masking the surface. In principle, no growth takes place at the
top of the SAM, and it is therefore also relatively straightfor-
ward to remove the SAM after the deposition of the material.
The main advantages of area-selective ALD as compared to
conventional patterning approaches is that it involves less pro-
cessing steps (See Fig. 6). However, this is only the case if the
patterning is performed with for example microcontact print-
ing, instead of by multi-step photolithography.

Table 2 shows an overview of the literature reports on area-
selective ALD relying on area-deactivation by SAMs. Suc-
cessful area-selective ALD has been achieved for many dif-
ferent materials, including metal-oxides, metal-sulfides, and
metals. Note that only thermal ALD processes with H,O,
0,, NH3, and H,S as the reactant are listed, which reflects
the fact that plasmas or ozone can destructively react with
organic SAM molecules. Lee er al. investigated whether
area-selective ALD of Co can be obtained on an ODTS pat-
terned surface by plasma-assisted ALD from Co(‘Pr-AMD),
and NH3 plasma.’® It was found that a surface covered with a

This journal is © The Royal Society of Chemistry [year]
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Table 2 Overview of studies reported in the literature about area-selective ALD by area-deactivation using SAMs. The material deposited, the
precursors used for ALD, the temperature during ALD, the SAM, the patterning technique, and the thickness and the lateral size of the final
pattern are given. The smallest reported lateral dimension of a patterned structure is listed as a measure for the resolution. A tilde indicates
that a value is not presented in the article but is estimated from the reported data instead, and a dash means ‘not reported’. O'Pr =
isopropoxide, Me = methyl, Et = ethyl, ‘Bu = fert-butyl, thd = 2,2,6,6-tetramethyl-3,5-heptanedionato, Pr-AMD =
bis(N,N’-diisopropylacetamidinato), dmamb = bis(dimethylamino-2-methyl-2-butoxy), Cp = cyclopentadienyl, acac = acetylacetonate, ODT
= octadecanethiol, ODTS = octadecyltrichlorosilane, ODS = octadecyltrimethoxysilane, DTS = docosyltrichlorosilane, ODPA =
octadecylphosphonic acid, PDIC = 1,4-phenylenediisocyanate, ED = ethylenediamine, RT = room temperature, ;tCP = microcontact printing.

Material Precursors Temp. SAM Patterning Thickness Lateral Refs.
(°0) (nm) (1m)
TiO, Ti(O'Pr)4 + H,O 100 OoDT ucCp 15 0.5 61
150 ODTS EBL ~2 20 nm 62
ODTS uCp 2 570 nm 63
Ti(OMe)4 + H,O 250 ODTS ucCp 7 1.5 64
ZnO ZnEt; + H,O 125 DTS uCp 60 1 65
150 ODPA - 19 50 66
710, Zr(NMey)4 + H,O 200 ODTS AFM 7 40 nm 67
Zr(OCMej)4 + H,O - ODTS Photocatal. ~16 430 nm 68
HfO, Hf(O'Bu)4 + H,O 200 ODTS Self-assembly 3 9 nm 69
Hf(NMe,)4 + H,O - ODTS Photolitho. ~5 5 60,70
ODTS uCp 4 ~30 17
PbS Pb(thd), + H,S 160 ODTS Photolitho. 4.5 ~3 71
AFM 4.5 40 nm 71
Co Co(‘Pr-AMD), + NHj 350 ODTS Photolitho. 24 3 72
Ni Ni(dmamb), + NH3 300 ODTS Photolitho. ~55 3 73
Ru RuCp; + O, 325 ODTS uCp ~15 100 74
Ir Ir(acac)s + Oy 225 ODS Lift-off 22 50 75
ODTS ucCp 23 1.5 64
250 1-dodecanethiol - - - 76
Pt MeCpPtMejs + air 285 1-octadecene Photolitho. 2.5 ~5 70
285 ODTS ucCp 3 2 17,77
Polyurea PDIC + ED RT ODTS uCp 6 ~2 78

hydrophobic ODTS SAM transformed into a completely hy-
drophilic surface after 50 s NH3 plasma, and as a result, the
growth was not selective. Recently, also an organic polyurea
film has been patterned using area-selective molecular layer
deposition (MLD).”8

Several SAMs have been used for achieving area-selective
ALD. The table only lists those SAMs for which successful
area-selective ALD was reported. In addition, several other
SAM molecules have been investigated for their ability to de-
activate ALD growth. %3982 Most of the SAM molecules in
Table 2 are chlorosilanes with -SiClz as the head-group. This
is because these molecules easily adsorb at a (native) oxide
film on a Si substrate, which is very commonly used in mi-
croelectronics applications. Chen and Bent demonstrated that
several 1-alkynes and 1-alkenes molecules are also suitable for
forming SAMs on Ge substrates. > All molecules listed in Ta-
ble 2 have -CHj as the tail group, as this group is very effective
in deactivating ALD growth.®3 The length of the alkane chain
is important for obtaining an ordered SAM, because it deter-

mines the van der Waals forces between the SAM molecules.
Chen et al. showed that an alkane chain length larger than
12 units is required to block HfO, ALD completely.’! Al-
ternatively, certain SAM molecules have the ability to stim-
ulate ALD growth, 385 which can also be exploited for area-
selective ALD as illustrated in Fig. 10.6!

The table also shows that various techniques have been
employed for the patterning of SAMs. Microcontact print-
ing (UCP) / soft lithography (See Fig. 2d) is the most popu-
lar method, because it is an inexpensive and straightforward
approach for patterning an organic layer.!” The choice for
a certain patterning technique determines the complexity of
the overall approach. For example, photolithography involves
many more processing steps than microcontact printing (See
Fig. 1).

The resolution that can be achieved for structures created
by area-selective ALD depends mostly on the patterning tech-
nique employed. Structures with dimensions of several mi-
crometers have been fabricated using microcontact printing.

10| Journal Name, 2010, [vol], 1-22
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Fig. 9 (a) Area-selective ALD of HfO, relying on local deactivation
of the growth by an ODTS SAM. The surface was patterned with
oxide regions using conventional photolitography. The ODTS
molecules selectively adsorbed on the hydroxyl groups present in
the oxide regions, and area-selective ALD of HfO, was obtained on
the regions not covered by the SAM. (b,c) Results from Auger
electron spectroscopy (AES) analysis. Reprinted with permission
from [R. Chen et al., Appl. Phys. Lett., 2005, 86, 191910].
Copyright [2005], AIP Publishing LLC.

Lee and Prinz synthesized ZrO; structures as small as 40 nm
using an AFM for the patterning of the SAM.®” An ODTS
monolayer was locally oxidized using an AFM tip, and area-
selective ALD was carried out after the removal of the oxide in
diluted HF.¢7 In a study by Huang ez al, nanolines with 20 nm
diameter were obtained by electron beam lithography (EBL)
in an ODTS SAM and subsequent ALD of TiO,.% The high-
est resolution of 9 nm was achieved by Liu ef al. by combin-
ing self-assembly of S-layer proteins and area-selective ALD
of HfO,.% The S-layer proteins assembled on a Si substrate
in a two-dimensional periodic pattern with pores of approx-
imately 9 nm in diameter, and ODTS molecules were selec-
tively adsorbed on these protein units. Subsequently, ALD of
HfO, was carried out, which resulted in selective growth in
the pores, and the ODTS-modified S-layer protein nanotem-
plate was removed by thermal annealing. ®

Instead of by SAMs, growth for certain ALD processes can
also be prevented by polymer films. For example, by those
films typically used as resist films in lithography-based ap-
proaches. Depending on whether the ALD film nucleates on
the polymer film or not, the patterning method is referred to as
lift-off, or as area-selective ALD by area-deactivation. PMMA
and PVP were used by Farm et al. to pattern ALD films of
ALO3*7*8 and ZrO,*® in a lift-off approach, as listed in Ta-
ble 1 and as discussed in Sec. IV.A. ALD of Ru, Ir, and Pt us-
ing the same resists did not yield growth on the resist layers,

(@) Ostadeganethiol
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Fig. 10 (a-e) Schematic representation of the approach of Seo et
al. for the patterning of TiO, using microcontact printing of a
octadecanethiol (ODT) SAM on Au, followed by area-selective
ALD. After the printing of the patterned ODT monolayer, the
surface was exposed to mercaptoundecanol SAM molecules in step
(d) to locally stimulate the TiO, ALD. Reprinted (adapted) with
permission from (E. K. Seo et al., Chem. Mater., 2004, 16, 1878).
Copyright (2004) American Chemical Society.

and can therefore be listed as area-selective ALD.*”*® The
benefit of area-selective growth is that no lift-off step is re-
quired; only the polymer films needs to be dissolved in the last
step of the approach. Table 3 shows an overview of reported
area-selective ALD approaches relying on area-deactivation
using polymer films.

Levy et al. employed inkjet printing to pattern polymer
resist films for area-selective ALD.8® Spatial ALD was car-
ried out instead of conventional (temporal) ALD, which al-
lows for ALD at atmospheric pressures and with a much
higher throughput.3!87 In recent work, thin-film transistors
were fabricated by processing a stack of Al,O3z-doped ZnO
(AZO) as source/drain electrodes, Al,O3 as gate dielectric,
and nitrogen-doped ZnO as channel material.® Each layer
was separately patterned by printing polyvinyl pyrrolidone
(PVP) ink, followed by deposition of the material by spatial
ALD, and removal of the PVP with a short O, plasma treat-
ment. The results for N-doped ZnO are listed as area-selective
ALD by area-deactivation in Table 3 and not as patterning
by lift-off, because it was tested that PVP inhibits the ALD
growth of ZnO for at least 2000 cycles. 3¢ No detailed infor-
mation was given for area-selective ALD of Al,O3 using PVP.

There are several challenges for area-selective ALD relying
on area-deactivation. Thermal stability of the SAM or poly-
mer film is an important aspect. For area-selective ALD of Pt
at 300 °C, it was observed that the ability of ODTS molecules

This journal is © The Royal Society of Chemistry [year]
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Table 3 Overview of studies reported in the literature about area-selective ALD by area-deactivation using polymer / photoresist films. The
material deposited, the precursors used for ALD, the temperature during ALD, the resist film, the patterning technique, and the thickness and
the lateral size of the final pattern are given. The smallest reported lateral dimension of a patterned structure is listed as a measure for the
resolution. A tilde indicates that a value is not presented in the article but is estimated from the reported data instead, and a dash means ‘not
reported’. O'Pr = isopropoxide, Me = methyl, Cp = cyclopentadienyl, thd = 2,2.6,6-tetramethyl-3,5-heptanedionato, Et = ethyl, acac =
acetylacetonate, PMMA = poly(methylmethacrylate), PVP = poly(vinyl pyrrolidone), PMAM = polymethacrylamide, ytCP = microcontact
printing.

Material Precursors Temp. Resist Patterning Thickness Lateral Refs.
©) (nm) (pm)

TiO, Ti(O'Pr)4 + H,O 140 PMMA AFM 2 ~6 88
160 PMMA Photolitho. 35 ~100 54
Ti(OMe)4 + H,O 250-275 PMMA Photolitho. 25 33 47
CeO, Ce(thd); + O3 200 Shipley S1813 ucCp 1.5 10 89
N-doped ZnO ZnEt; + (H,O+NH3) 200 PVP Inkjet 200 70 86
Ru RuCp, + air 300-350 PMMA Photolitho. 41 50 47
300 PVP Photolitho. 20 ~50 48
Rh Rh(acac)s + Oy 300 Photoresist Photolitho. ~30 - 90
Ir Ir(acac); + O, 250-300 PMMA Photolitho. 29 54 47
PVP Photolitho. 17 ~50 48
Pt MeCpPtMes + O, 300 PMMA Photolitho. 71 36 47
PVP Photolitho. 24 ~50 48
MeCpPtMe3 + air 280-300 PMAM uCpP ~5 2 91

to deactivate the ALD growth degrades after 400 cycles,’’ and
growth on the ODTS monolayer was obtained. This limits the
thickness of the pattern that can be created. Moreover, plasma-
assisted or ozone-based ALD processes can generally not be
used for area-selective ALD, because the plasma or ozone gas
enhances the degradation of the SAM / polymer film.”® An ex-
ception is the recent study of Coll et al., in which successful
area-selective ALD was carried out for CeO, from Ce(thd)s
and O3 using Shipley S1813 resist. %

Furthermore, it is essential to have a defect-free SAM for
effective blocking of the ALD growth. The formation of a
SAM with almost no defects is not straightforward, and it gen-
erally takes more than 24 hours to form a well-packed SAM
by immersion of the sample in a solution, or by vapor deposi-
tion. %1780 When the SAM preparation time is too short, small
nanoparticles are deposited at defects in the SAM, i.e. at loca-
tions where the packing density of the SAM molecules is low
(”’pinholes™).

Another challenge is the control of the dimensions of the
pattern. In particular for area-selective ALD approaches in-
volving SAMs, it is challenging to fabricate fine features
thicker than a few nanometers. A typical SAM is only ~2
nm thick. This implies that features also laterally broaden
(See Fig. 11a) once the film thickness exceeds the height of
the SAM. In an attempt to synthesize features with lateral di-
mensions smaller than the film thickness, Ras et al. performed
ALD of ZnO on the wings of a cicada insect.”> These wings
served as a template consisting of bottle-shaped nanopillars
coated with a waxy layer. The growth only occurred in be-
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Fig. 11 Area-selective ALD (a) on a surface partially covered with a
SAM, and (b) on a wing of a cicada insect. In (a) lateral broadening
of the structure occurs when the film thickness exceeds the thickness
of the SAM. In (b) there is a physical barrier preventing lateral
broadening, and the growth on the wall is deactivated by a waxy
layer. Reprinted (adapted) with permission from (R. H. A. Ras et al.,
J. Am. Chem. Soc., 2008, 130, 11252). Copyright (2008) American
Chemical Society.

tween the pillars, because the pillars functioned as a physical
barrier that prevents lateral broadening. Unfortunately, this
approach does not provide a solution for the fabrication of
similar features on a flat substrate. Thicker films can be de-
posited without lateral broadening when using a polymer film
as the deactivation layer, since these films are typically more
than 100 nm thick.
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C. Area-selective ALD by area-activation

The alternative approach for achieving area-selective deposi-
tion relies on local activation of the ALD growth. This can
for example be done by patterning of a seed layer that cat-
alyzes the surface reactions of the ALD process. There are
two requirements for obtaining area-selective ALD by area-
activation: the growth should occur readily on the seed layer,
while the growth on the substrate material needs to be sup-
pressed.

Figure 6 clearly illustrates that area-selective ALD by area-
activation is much less complex than other approaches for pat-
terning of ALD films. It involves only two processing steps,
i.e. the patterning of the seed layer, and the deposition of the
material by ALD. It can be described as bottom-up process-
ing, because the material is directly deposited only where it is
desired, without the need for additional subtractive processing
steps such as etching or lift-off.

The nucleation behavior of Pt ALD from MeCpPtMes and
O, gas is discussed here for explaining area-selective ALD by
area-activation. Figure 12a depicts the nucleation behavior of
Pt ALD on Al,O3 and Pt coated surfaces. It shows that no
growth occurs when using a low O, pressure of 2 mTorr on a
Al O3 substrate. *> On the other hand, Pt growth was obtained
using the same conditions on a Pt seed layer. This seed layer
was prepared by plasma-assisted ALD.?* The differences in
nucleation behavior on the Al,O3 and Pt surfaces can be ex-
plained by the reaction mechanism of the ALD process. The
combustion of the precursor ligands during Pt ALD needs to
be activated by dissociation of the O, molecules into atomic
O, which is catalyzed by a Pt film.%> An Al,03 substrate does
not have the ability to catalyze dissociative chemisorption of
0O, and as a result, the growth does not easily start on this
surface. For the conditions employed, thermal ALD of Pt is
selective towards the surface, i.e. it initiates on surfaces with
the ability to catalyze dissociative chemisorption of O,, while
no growth occurs on oxide substrates. A seed layer for ac-
tivation of thermal ALD growth of Pt can also be deposited
by other means than plasma-assisted ALD. This implies that
area-selective ALD can be obtained on a patterned seed layer.

As mentioned above, the nucleation on the substrate sur-
face needs to be suppressed to allow for selective ALD growth
during many ALD cycles. For Pt ALD it was found that the
pressure employed during the O, pulse of the ALD cycle is the
key parameter controlling the nucleation.”® Figure 12a reveals
that Pt ALD does initiate on Al,O3 in case a high pressure of
0.8 Torr is employed during the O, pulse. This O, pressure
dependence is further illustrated in Fig. 12b, which shows the
growth delay of Pt ALD on Al,O3 and Pt surfaces as a func-
tion of the O, pressure. An extremely long nucleation delay of
more than 1000 ALD cycles occurs on Al,O3 for O, pressures
< ~50 mTorr. The growth on a Pt seed layer already takes

1. EBID /IBID

Fig. 13 Schematic representation of the direct-write ALD method,
combining electron / ion induced deposition (EBID / IBID) and
ALD. The figures below show scanning electron microscopy (SEM)
images of structures fabricated with this technique. Reprinted
(adapted) with permission from (A. J. M. Mackus et al., J. Phys.
Chem. C, 2013, 117, 10788). Copyright (2013) American Chemical
Society.

place for an O, pressure as low as ~2 mTorr, which indicates
that selective growth can be achieved on Pt seed layer patterns
for O, pressures in the range of 2 mTorr to 50 mTorr. >3

We have shown that a seed layer can be patterned using
the direct-write technique of electron beam induced deposi-
tion (EBID) 7939798 or alternatively by ion beam induced de-
position (IBID).** The material deposited by EBID or IBID
of Pt is of low quality with only 16 - 46 at.% Pt,%>!% and
consists of small Pt grains in amorphous carbon. '°! However,
these Pt EBID and Pt IBID seed layers are able to induce Pt
ALD growth. In case the ALD growth initiates on extremely
thin seed layers, the material is comparable to the quality of
ALD films.*® This approach, referred to as direct-write ALD,
basically unites the patterning capability of EBID and the ma-
terial quality of ALD.”

Area-selective ALD by area-activation enables patterning
with a high lateral resolution. Pt wires with a diameter of
~10 nm have been fabricated by direct-write ALD.”® The res-
olution of patterning by area-activation depends solely on the
patterning technique used for the deposition of the seed layer
pattern, and, for example, not on the properties of a resist film.
However, lateral broadening during ALD is expected to occur,
similar to what is discussed in Sec. IV.B.

This journal is © The Royal Society of Chemistry [year]
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Chemical Society.

Table 4 shows an overview of the results reported for area-
selective ALD by area-activation. Farm et al. proposed an
alternative approach for patterning of the seed layer, as well
as different conditions to obtain selective growth.® Microcon-
tact printing of RuCl; was used to pattern a RuOy seed layer
for area-selective ALD of Ru. Similar to Pt ALD, the mech-
anism of Ru ALD depends on dissociative chemisorption of
0, at the Ru surface. %1% To achieve selective growth, they
carried out Ru ALD using a lower substrate temperature than
is typically employed, in order to reduce the growth on the
substrate.® Ru ALD from RuCp, and O, has a temperature
window of 275 - 400 °C.'97 At 250 °C, growth on a RuO,
seed layer was obtained, and no growth was observed on a
Si(100) substrate after 1000 Ru ALD cycles.?

The main challenge for area-selective ALD relying on area-
activation, is that the nucleation of the ALD process needs
to be suppressed on the surface. Therefore, most studies in-
volve metal ALD processes (Cu, Ru, Pd, and Pt) for which
the nucleation difficulties on oxides surfaces can be exploited.
The development of similar approaches for metal-oxides or
metal-nitrides is challenging, since these materials nucleate
more easily on most substrates.

The difference in nucleation of TiO, from TiCly and H,O
on hydrogen-terminated Si and oxidized Si surfaces '*® was re-
cently exploited by McDonnell ef al. to achieve area-selective
ALD by area-activation.'%* It was found that the growth of
TiO, readily occurs on oxidized Si(111) and Si(100) sur-
face, while only a trace amount of TiO, was obtained in
case the deposition was carried out on hydrogen-terminated
Si. These observations motivated the development of a novel

area-selective ALD method relying on scanning tunneling mi-
croscopy (STM) tip-based lithography. Patterning was per-
formed by locally stimulating the desorption of bound hydro-
gen using the STM tip, which led to areas of unpassivated
Si. These clean Si areas partly oxidized during the transfer
of the samples to the ALD reactor. Subsequently, selective
TiO, ALD was obtained on those areas where the hydrogen
was removed. See Fig. 14 for an AFM image of TiO, pattern
created using this approach consisting of lines with a diameter
of only 15 nm.

To conclude this section, it can be stated that the main merit
of area-selective ALD by area-activation is the elimination of
many processing steps as compared to conventional pattern-
ing, which also mitigates potential compatibility issues. There
is no need for etching or lift-off steps, and also the use of resist
films or SAMs is eliminated. The latter is for example relevant
for the patterning on a carbon nanotubes or graphene, since re-
sists films are generally difficult to remove from carbon-based
materials, 109110

V. Self-aligned ALD growth

Recently another form of selective ALD growth is gaining
attention now that conventional lithography approaches are
reaching their limits. In device fabrication, it is often required
to deposit a layer on a part of the surface covered with a cer-
tain material in the presence of other materials. The standard
fabrication procedure would be to perform a multistep litho-
graphic process to pattern the layer on the surface. However,

14| Journal Name, 2010, [vol], 1-22

This journal is © The Royal Society of Chemistry [year]

Page 14 of 22



Page 15 of 22

Nanoscale

Table 4 Overview of studies reported in the literature about area-selective ALD by area-activation. The material deposited, the precursors
used for ALD, the temperature during ALD, the seed layer, the patterning technique, and the thickness and the lateral size of the final pattern
are given. The smallest reported lateral dimension of a patterned structure is listed as a measure for the resolution. A tilde indicates that a
value is not presented in the article but is estimated from the reported data instead, and a dash means ‘not reported’. thd =
2,2,6,6-tetramethyl-3,5-heptanedionato, Me = methyl, hfac = hexafluoroacetylacetonate Cp = cyclopentadienyl, EBID = electron beam
induced deposition, IBID = ion beam induced deposition, tCP = microcontact printing.

Material Precursors Temp. Seed Patterning Thickness Lateral Refs.
(°C) (nm) (tm)

Cu Cu(thd), + H, 190-260 Pt or Pd - - - 102
235 Pd Photolitho. ~14 - 103

Pt MeCpPtMes + O, 300 Pt/C EBID - 9 nm 7,98

IBID 19 5 93

Pd Pd(hfac), + Hy 100 Pt/C EBID - 5 98

Ru RuCp, + air 250 RuOx ucCp 29 1.5 8

TiO, TiCly + H,O 100 oxidized Si(100) STM 2.8 15 nm 104

with decreasing device dimensions, and the development of
lithography lagging behind, it becomes more and more diffi-
cult to achieve a good overlay between the layers. It is there-
fore more straightforward to deposit the material selectively
on those materials where it is desired. This so-called self-
aligned growth reduces the number of lithographic steps, and
eliminates problems with overlay.

Self-aligned chemical vapor deposition (CVD) has been an
active topic of research in the early 90s for the fabrication of
contacts, interconnects, and diffusion barriers. 111 Many of the
investigated CVD processes showed poor selectivity due to
nucleation on the nongrowth surfaces. Since ALD is more
strongly dependent on the surface properties, there is room
for developing more robust selective chemistries enabling self-
aligned ALD.

Two studies in which self-aligned ALD has been used to
fabricate nanoscale devices are describes here to further ex-
plain this technology. A recent study by Selvaraj et al. ex-
plored the synthesis of copper diffusion barrier layers by se-
lective ALD growth. ''? Essential for this application is that
the diffusion barrier material is selectively deposited on the
interlayer dielectric surfaces, while the growth on the adjacent
copper surfaces is prevented. Moreover, the copper should not
oxidize during the deposition as this leads to degraded electri-
cal and mechanical properties. In previous work of the same
group it was found that the selectivity of metal-oxide ALD
(HfO, and TiO;) on silicon in the presence of copper is lim-
ited to 15 - 25 cycles due to the oxidation of the copper.>8!13
Therefore, anhydrous ethanol was selected as oxidant-free re-
actant for ZrO, ALD as an alternative to water. Ethanol was
shown to lead to ZrO, deposition, while it also reduced the
copper surface during every cycle. In this way, the selective
growth of ZrO, was prolonged to at least 70 ALD cycles. It
was demonstrated that the ALD-grown ZrO, diffusion barriers
can withstand temperatures up to 700 °C.!!2

Another example of self-aligned ALD has been reported by
Farmer et al. in which the nucleation difficulties of ALD on
graphene were exploited in the fabrication of graphene field-
effect transistors (FET).!!'# Figure 15 shows a schematic of
the fabrication process. First, a dielectric layer and a top gate
(TG) electrode are patterned on an exfoliated graphene flake.
Self-aligned ALD is subsequently used to electrically isolate
the gate electrode from the source and the drain electrodes.
Because of the chemical inertness of graphene towards ALD,
growth of Al,O3 only occurs on the top gate, and on the side-
walls of the top gate dielectric, and not on the graphene chan-
nel. Finally, the source and the drain electrodes are patterned,
which are then electrically isolated from the top gate by the
Al,O3 deposited in the previous step. This fabrication process
allowed for reduction of the access length between the gate
and the source/drain electrodes to 15 - 20 nm. !4

The examples illustrate that self-aligned ALD growth in-
volves selective ALD on certain materials, while keeping
other surfaces in the same state. In both cases, it was cru-
cial for device functioning to avoid the ALD growth on the
critical component of the device, i.e. the copper interconnect
and the graphene channel. Especially in the example of the
graphene FET it is essential to use a self-aligned fabrication
scheme, because lithography at this scale with a good overlay
is extremely difficult.

To further explore the application possibilities of self-
aligned ALD growth, selective ALD processes for various
materials are needed. For self-aligned metal ALD, condi-
tions similar to those employed in area-selective ALD by area-
activation (i.e. low reactant exposure, low substrate tempera-
ture) can be used to achieve selective growth. Self-aligned
metal-oxide or metal-nitride ALD is more challenging, as
these ALD processes readily nucleate on most surfaces. For
these materials, the best approach may be to deactivate the
growth on the nongrowth surfaces by selectively adsorbing,
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Fig. 14 (a) Atomic force microscopy (AFM) image of TiO,
nanostructures fabricated by STM lithography and 80 ALD cycles.
(b) Cross-section of the area indicated in (a) showing lines of 2.8 nm
height and 15 nm width. Reprinted (adapted) with permission from
(S. McDonnell et al., J. Phys. Chem. C, 2013, 117, 20250.).
Copyright (2013) American Chemical Society.

for example, self-assembled monolayers (See Fig. 9). Since
most device architectures consists of many different materi-
als, it is often not sufficient to have selectivity between two
different surfaces. ALD growth should be avoided on all the
surfaces for which the presence of a film would be detrimen-
tal for device functioning. Therefore, a better understanding
of the nucleation of ALD processes on various surfaces is re-
quired.

VI. Fabrication of nanostructures by exploit-
ing selective deposition

The work on area-selective ALD inspired some novel ap-
proaches for the synthesis of specific nanostructures. In this
section it is illustrated how selective ALD methods have been
exploited for the synthesis of nanoparticles with size and den-
sity control, core/shell nanoparticles, oxide nanotubes, and
nanowires. In addition, it is discussed how sequential infil-
tration synthesis (SIS, see Sec. III.B.) can be applied to block
copolymers (BCPs) to fabricate nanostructures.

(a) TG Graphene (b)

BG ’
(d) (c)

4
‘ —

Fig. 15 Schematic representation of the fabrication scheme for
graphene field-effect transistors developed by Farmer et al. In step
(b) Al, O3 is selectively deposited on the top gate (TG) and the
sidewalls of the top gate dielectric, while no growth takes place on
the graphene channel. The fabrication of the transistor is completed
with (c,d) the deposition of the source and drain electrodes using
two deposition steps. Reprinted with permission from [D.B. Farmer
et al., Appl. Phys. Lett., 2010, 97, 013103]. Copyright [2010], AIP
Publishing LLC.

A. Nanoparticles with size and density control

Metallic nanoparticles are often used in catalysis applications
because of their enhanced catalytic activity and high surface-
to-volume ratio. !> Since the catalytic activity for most chem-
ical reactions depends strongly on the particle size, !'®!17 the
synthesis of nanoparticles with a narrow size distribution and
a high density is an important topic in catalysis. '8

Based on their experience with area-selective ALD involv-
ing SAMs, Bent and co-workers developed a method for the
deposition of Pt nanoparticles with control of nanoparticle size
and areal density. ' They exploited the fact that ALD growth
can initiate at defects in SAMs, in case the SAM is prepared
using short formation times (as discussed in Sec. IV.B.).® For
Pt ALD on a SAM-covered surface, they showed that this re-
sults in small nanoparticles at the defect sites. The areal den-
sity of the defects, and thereby the density of the Pt nanopar-
ticles, was controlled by changing the SAM dip time (See
Fig. 16a). Figure 16b shows that a constant nanoparticle size
was obtained as a function of the dip time for 50 cycles ALD,
but with a nanoparticle density that strongly decreases with
the dip time. In addition, it was demonstrated that the particle
size can be controlled with the number of ALD cycles. The
mean nanoparticle diameter, as well as the Pt atomic percent-
age, increase with the number of cycles, as plotted in Fig. 16d
for a dip time of four hours. The combination of these two
parameters allows for the deposition of Pt nanoparticles with
control of the particle density and size.
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Fig. 16 Illustrations and results of the approach developed by Lee et
al, for growing Pt nanoparticles with size and density control. (a,b)
The number of defects in the SAM is tuned by changing the dip time
during SAM formation, and this determines the nanoparticle density.
(c,d) The particle size is controlled with the number of ALD cycles.
The nanoparticle density reaches a maximum after 100 cycles and
then decreases due to coalescence. Reprinted (adapted) with
permission from (H-B-R Lee et al., Chem. Mater., 24, 4051 (2012)).
Copyright (2012) American Chemical Society.

B. Supported core/shell bimetallic nanoparticles

In addition to the control of particle size and density, within
catalysis there is also interest in tuning the composition of the
nanoparticles for specific chemical reactions. Bimetallic al-
loyed nanoparticles or core/shell nanoparticles often exhibit
improved catalytic performance as compared to monometal-
lic particles. %12 For example Pd/Pt core/shell nanopar-
ticles are considered for methanol fuel cells due to their
high catalytic activity for oxygen reduction and methanol
electro-oxidation reactions. '?>!123 Inspired by the work on
area-selective ALD of Pt on seed layer patterns prepared by
EBID, recently an approach for synthesis of Pt/Pd and Pd/Pt
core/shell nanoparticles was developed.'?* As discussed in
Sec. IV.C., the nucleation behavior of thermal ALD of Pt can
be tuned such that growth is selectively obtained on a seed
layer pattern.”® The same conditions were employed for the
deposition of the Pt shell on Pd nanoparticles, with the aim of
selectively coating the Pd shell, while preventing the forma-
tion of Pt nanoparticles on the support material.

Figure 17a shows a transmission (TEM) electron mi-
croscopy image of Pd/Pt core/shell nanoparticles synthesized
by 200 cycles Pd ALD, followed by 50 cycles Pt ALD us-
ing selective growth conditions (i.e. a low O, pressure of 0.01
Torr). A difference between the Pd core and the Pt shell is
visible in the image; the lattice fringes in the Pt shell do not
continue in the Pd core. An electron energy loss spectroscopy
(EELS) line scan on a core/shell nanoparticle is depicted in
Fig. 17b, which reveals that Pd is only present in the ~3.5 nm
core, thereby proving the core/shell structure of the nanoparti-
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Fig. 17 (a) Transmission electron microscopy (TEM) image of
Pd/Pt core/shell nanoparticles deposited by 200 cycles Pd ALD and
50 cycles Pt ALD. (b) Electron energy loss spectroscopy (EELS)
line scan (square symbols) on a Pd/Pt core/shell nanoparticle. The
HAADF brightness profile (circle symbols) shows the full diameter
of the particle (~5.5 nm). The difference between the two graphs
reveals that Pd is only present in the core. Reprinted (adapted) with
permission from (M. J. Weber et al., Chem. Mater., 2012, 24, 2973).
Copyright (2013) American Chemical Society.

cle. The atomic level control of ALD is expected to enable the
synthesis of core/shell nanoparticles with control of the core
and shell dimensions.

The application of selective ALD to the synthesis of sup-
ported bimetallic nanoparticles was recently extended by Lu
et al. to all combinations of Pd, Ru and Pt metals.'® All the
depositions were carried out at 150 °C to facilitate the syn-
thesis of core/shell as well as alloyed nanoparticles. To this
end, thermal ALD processes were investigated that nucleate at
150 °C, but also processes that lead to selective growth at 150
°C on a metal core without nucleation on the oxide support.
For example, Pd ALD from Pd(hfac), and HCHO was shown
to result in growth on oxides, while Pd ALD from Pd(hfac),
and H, was used for selective ALD on the metal cores (Ru or
PY). 125

C. TiO; and ZrO, nanotubes

Inspired by the research on carbon nanotubes, the synthesis of
one-dimensional nanotubes of various materials has attracted
attention in the last decade. The fabrication of TiO, nan-
otubes has been investigated extensively, because of the cat-
alytic properties of this material. The structure of a nanotube
is interesting for certain catalysis applications due to its high
surface area. Shin et al. used SAMs for the deactivation of
ALD growth in an approach enabling synthesis of TiO;, and
ZrO, nanotubes. '?® ALD was carried out on a membrane of
nanoporous polycarbonate (PC) used as template. To elim-
inate post-deposition processing by etching, ALD was per-
formed selectively in the pores of the PC membrane, while the
growth on the top and bottom side of the PC membrane was
blocked by ODTS SAMs patterned by microcontact printing.
The PC material was dissolved afterwards in chloroform, re-
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Fig. 18 Schematic representation of the approach for synthesis of
anatase TiO, multi-walled nanotubes as reported by Bae et al. 127 A
multilayer stack of Al,O3 and TiO, was deposited on a nanoporous
polycarbonate (PC) template. Subsequently, the template and the
Al,O3 were etched away, resulting in multi-walled TiO, nanotubes.
In addition, SEM images of (a) triple- and (b) quadruple-walled
nanotubes are shown. Reprinted (adapted) with permission from (C.
Bae et al., Chem. Mater., 2009, 21, 2574). Copyright (2009)
American Chemical Society.

sulting in separate metal-oxide nanotubes.

In an extension of this approach, multi-walled anatase TiO,
nanotubes were fabricated as shown in Fig. 18.'?7 These
multi-walled tubes were synthesized by alternating between
the ALD processes of TiO; and Al,O3, followed by selective
etching of the Al,O3 and the template material.

D. Pt nanowires on ordered pyroloytic graphite

A new method for synthesis of Pt nanowires on highly ordered
pyrolytic graphite (HOPG) has recently been developed by
Lee et al.'>® As a motivation of the study, it was mentioned
that Pt nanoparticles on a carbon support migrate, coalesce,
and become detached, which has a negative effect of the cat-
alytic performance of the catalyst. Pt nanowires can also be
used for specific catalysis applications, while they show a bet-
ter structural stability than Pt nanoparticles, limiting the degra-
dation of the catalyst.

HOPG consists of stacked graphene layers on which it is
difficult to obtain Pt ALD growth. However, Pt ALD was
shown to initiate on the step edges of the HOPG, where de-
fects are present, which results in laterally aligned nanowires.
Initially, Pt nanoparticles are formed at these defects, but the
Pt nanoparticles coalesce at some point during the deposition
resulting in a Pt nanowire. No nucleation on the chemically

Increasing the number of ALD cycles

Fig. 19 (a) Schematic representation of the synthesis of Pt
nanowires by ALD on highly ordered pyrolytic graphite. Pt
nanoparticles are formed at the step edges, and coalesce during the
deposition resulting in a Pt nanowire. (b) Scanning electron
microscopy (SEM) image of a Pt nanowire synthesized using this
approach. Reprinted (adapted) with permission from (H-B-R Lee et
al., Nano Lett., 2013, 13, 457.). Copyright (2013) American
Chemical Society.

inert basal planes of the HOPG was observed, indicating that
the growth occurs selectively at the step edges. It was demon-
strated in the study that the height and width of the nanowires
can be controlled by the number of ALD cycles.

E. Sequential infiltration synthesis in block copolymers

As already briefly discussed in Sec. IIL.B., block copoly-
mers (BCP) can self-assemble into morphologies with tun-
able shape and size, which gives unique possibilities for the
synthesis of nanostructured materials. For certain ALD pro-
cesses, it is possible to selectively deposit in one of the do-
mains of the BCP. This has been applied in BCP lithography
(see Sec. III.B.), but also for the synthesis of various nanos-
tructures, as is discussed in more detail here. This work has
been inspired by early reports in which ALD was used to de-
posit on the boundary surface of BCP templates. '>*13° How-
ever, here we focus on studies exploiting selective growth in
one of the BCP domains to fabricate specific nanostructures.
There is recently also much interest for the synthesis of meso-
porous metal-oxide networks 131=133_ or nanotube arrays !3%133
by using BCPs as a template for ALD (without selectivity of
the ALD growth), but this beyond the scope of this review.
Peng et al demonstrated that SIS can be used to modify
the properties and dimensions of periodic nanostructures syn-
thesized using BCPs. 136 SIS of Al,O3 and TiO, was car-
ried out on polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA). 136 During SIS, the metal precursors TiCly, AICls,
or Al(CH3)s selectively react with the carbonyl groups in the
PMMA microdomains, while no growth takes place in the
polystyrene regions due to the inert chemistry of polystyrene.
The adsorbed metal precursors act as nucleation sites for sub-
sequent SIS growth. The dimensions of the structures are de-
termined by the number of reactive sites in a domain and the
number of SIS cycles that are carried out. This gives the op-
portunity to tune the dimensions of the inorganic domains be-
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Fig. 20 Schematic representation of the modification of block
copolymers using the sequential infiltration synthesis (SIS)
technique. 137 (a) First one cycle of Al,03 SIS is performed to
selectively generate active surface sites in the PMMA blocks on
which different SIS processes can initiate. (b) The amount of
deposited material and thereby the dimensions of the final structures
can be tuned by performing a certain number of SIS cycles. (c)
After SIS, the block copolymer template is removed by an anneal or
a plasma treatment. Reprinted (adapted) with permission from
(Q.Peng et al., ACS Nano, 2011, 5, 4600). Copyright (2011)
American Chemical Society.

yond the dimensions of the initial PMMA domains offering
additional flexibility. The procedure is completed with a ther-
mal anneal or plasma treatment in which the polymer template
is removed leaving behind the patterned inorganic material. In
a follow-up paper, it was shown that a variety of materials can
be deposited in the PMMA domains of PS-b-PMMA by first
performing 1 SIS cycle of Al,O3, and then switching to the
SIS process of for example SiO,, ZnO or W (See Fig. 20). 137
The -Al-CH3/-Al-OH groups formed during the Al, O3 SIS cy-
cle provide reactive surface sites where the growth of these
other materials can initiate.

In recent work, the approach developed by Peng et al. has
been used to deposit various nanostructures, such as nanopat-
terned arrays of ZnO stuctures, '*® and hexagonally packed
TiO, nanoparticles. '3 Kamcev et al. improved the block-
selective affinity of ALD precursors by including an ultravio-
let (UV) light treatment before SIS in PS-b-PMMA BCPs. 140
It was shown that the UV treatment results in the formation of
oxygen-containing functional groups within the polystyrene
regions. This allows for SIS in the polystyrene domains,
which is in contrast to the conventional approach that leads
to growth in the PMMA domains.

VII. Conclusions

The role of ALD in advanced lithographic schemes is gaining
traction, because of the ability of ALD to deposit conformal

films at low substrate temperatures, and because it can infil-
trate in porous materials. In direct spacer defined double pat-
terning (D-SDDP), the use of ALD allows for the elimination
of several processing steps since it enables the deposition of
a conformal layer of inorganic material directly on a polymer
resist pattern. Another form of ALD-enabled nanopatterning
is the use of ALD to modify the properties of resist films. In
block copolymer lithography, ALD has been applied to selec-
tively deposit in one of the polymer blocks in order to make it
more resistant to plasma etching.

Most applications using ALD-grown films require the pat-
terning of the film. In addition to the conventional pat-
terning approach based on etching, several approaches for
film structuring were described in this review, i.e. patterning
based on lithography and lift-off, area-selective ALD by area-
deactivation, and area-selective ALD by area-activation. Ta-
ble 5 presents an overview of the characteristics of these dif-
ferent patterning approaches. Area-selective ALD approaches
are generally less complex than conventional lithography-
based approaches (i.e. involve fewer processing steps). On
the other hand, lithography, etching, and lift-off, are well-
established processing techniques that have been applied ex-
tensively in the microelectronics industry. The selection of
one of these approaches for a certain application, depends
mostly on the compatibility of the different processing steps
involved with the elements of the existing device structure.
Lift-off methods are used when etching needs to be avoided on
sensitive device structures. For area-selective ALD by area-
deactivation, only growth is obtained in those regions where it
is desired, which eliminates the need for complicated lift-off
steps. And finally, area-selective ALD by area-activation is
completely free of etching and lift-off steps, and even elimi-
nates the use of sticky resist films, but is currently limited to
only a few ALD processes.

Motivated by the ongoing miniaturization in microelectron-
ics, it can be expected that selective ALD will keep on gaining
attention. Especially when extremely small nanoscale features
need to be synthesized, it can be beneficial to process the mate-
rial in a bottom-up fashion using self-aligned growth to avoid
overlay challenges. The strong dependence of ALD on sur-
face chemistry, gives unique opportunities to develop robust
selective growth processes.
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Table 5 Overview of the approaches for the patterning of ALD films described in this review. The temperature refers to the substrate
temperature during ALD.

Approach Complexity: Low temp. Etching Lift-off Polymer film /

# of steps required? required? required? SAM involved?
Patterning based on lithography and etching >6 No Yes No Yes
Patterning based on lithography and lift-off >S5 Yes No Yes Yes
Area-selective ALD by area-deactivation >3 Yes No No Yes
Area-selective ALD by area-activation 2 No No No No
VIDI programs respectively). 29 T. Murata, Y. Miyagawa, Y. Nishida, Y. Yamamoto, T. Yamashita,
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