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This chapter introduces some fundamentals and key advantages of the atomic
layer deposition (ALD) technique. Following the standard example of a typical
TMA/H,O ALD cycle, the essential characteristics of true layer-by-layer growth
(linearity, growth per cycle, saturation, and temperature window) are discussed.
It is explained how the surface-controlled nature of the reactions ensures
atomic-level thickness control and excellent conformality on 3D substrates, and
the concept of plasma-enhanced ALD is introduced. In the second part of this
chapter, the focus moves to in situ characterization methodologies that are often
used in ALD research. The advantages of using in situ techniques to determine
ALD growth characteristics are discussed, and examples of quartz crystal
microbalance, quadrupole mass spectroscopy, spectroscopic ellipsometry, and
optical emission spectroscopy (OES) are provided. In the third and final part,
the conformality of ALD is reviewed. The use of macroscopic and microscopic
lateral test structures for quantifying conformality will be addressed, as well as
approaches to characterize conformal ALD in nanoporous materials.

1.1 Atomic Layer Deposition

1.1.1 Principie of ALD

ALD is a self-limited film growth method that is characterized by alternating
exposure of the growing film to chemical precursors, resulting in the sequential
deposition of (sub)monolayers [1, 2]. ALD was invented in the 1970s and fur-
ther developed in the 1980s for the fabrication of luminescent ZnS and Al,O,
insulator films for electroluminescent flat-panel displays. It was only in the 1990s
with the decreasing device dimensions and the resulting need for high-k oxides
in microelectronics that the ALD technique has become a commercial success.
Since then, a wide range of materials have been deposited by ALD including
several oxides, nitrides, chalcogenides, and metals [3, 4]. As an example, we dis-
cuss the growth of an Al,O, film using ALD. The basic process is illustrated in
Figure 1.1. The initial situation is shown in Figure 1.1a, where a SiO, substrate,
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TMA pulse Self-saturated chemisorption
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Figure 1.1 Principle of ALD, illustrated by the process for deposition of Al,O, using TMA and
H,O. (Detavernier et al. 2011 [5]. Reproduced with permission of Royal Society of Chemistry.)

which is terminated by OH groups, is exposed to a pulse of trimethylaluminum
vapor (TMA, typical exposure time of seconds). The TMA molecules adsorb on
all exposed surfaces in the chamber and within pores, holes, and so on, in the sam-
ple. This deposition is self-limited, since the TMA molecules are chemisorbed
through reaction with OH groups on the surface. Once all accessible OH groups
have been consumed, no more TMA will adsorb (Figure 1.1b). The TMA pulse
is followed by an evacuation of the reaction chamber through purging or pump-
ing, where after a pulse of the reactant, for example, water vapor is introduced
(Figure 1.1d). The water vapor reacts with the adsorbed TMA and hydrolyzes
the residual methyl groups. This surface reaction results in the formation of a
(sub)monolayer of alumina. In Figure 1.1c, one notices the presence of OH groups
terminating the first alumina layer. Therefore, the ALD process can be repeated
over and over again to deposit films, one (usually fractional) atomic layer at a time.

When compared to other film deposition techniques such as chemical vapor
deposition (CVD), physical vapor deposition (PVD, i.e., evaporation or sputter
deposition), or electrochemical deposition, ALD offers several advantages. The
key advantage is the ability to deposit conformally into high aspect ratio (AR)
structures. Other advantages include (i) control of the layer thickness at the
Angstrom level (the limited deposition rate that is regarded as a disadvantage
of ALD is nowadays considered a unique advantage because it allows for the
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deposition of ultrathin films (e.g., <10 nm)); (ii) chemical selectivity, enabling
area-selective ALD where deposition only occurs in those regions of the surface
where reactive surface sites are present [6—13]; and (iii) industrial scalability.
Indeed, because ALD is based on the exposure of a surface to a precursor
vapor and, therefore, is nondirectional, one can design batch reactors, where
many substrates can be coated simultaneously [14, 15]. In addition, large area
processing based on spatially separated reagent flows is being actively explored
today, especially for photovoltaic and flexible electronic applications [16].

Over the past decades, hundreds of ALD chemistries have been found for
depositing a variety of materials. A review paper by Puruunen [3] from 2005
and the more recent update by Miikkulainen et al. [4] provide an excellent
review of the available process chemistries for deposition of oxides, nitrides,
chalcogenides, and metals using ALD (Figure 1.2).

ALD currently is mainly used in the microelectronics industry, for example,
for growing high-k gate oxides. Its ability for conformal deposition into high AR
features offers the potential for breakthroughs in fields where ultrathin coatings
are required on nanostructured, nanoporous, or fibrous substrates. Since the
early 2000s, researchers have been exploring ALD as a generic coating technique
for a variety of nanostructures, as illustrated in a number of review papers
[5, 17-21]. ALD deposition has, for example, been reported for coating anodic
alumina [22-24], aerogel [25-28], nano-sized powder [29-34], nanowires
[35-38], and fibrous materials [39-42]. Potential application fields include
catalysis, gas separation, sensors, batteries, capacitors, fuel cells, photovoltaics,
and photonics.

1.1.2 ALD Growth Characteristics - Linearity, Saturation, and ALD Window

The ideal ALD process is characterized by a linear increase of the amount of
deposited material as a function of the number of ALD cycles. One usually defines
the “growth per cycle” or GPC as the amount of material deposited (or the equiv-
alent thickness increase) per ALD cycle. While GPC is a practical concept that is
often used in everyday communication in the laboratory as well as in the litera-
ture, it is important to realize that the “apparent” GPC value does not reflect in
any way the chemical reaction kinetics during the deposition process but is deter-
mined by the number of chemisorption sites on the growth surface, which will
depend on the reactivity and number of accessible surface sites and even on sur-
face morphology. Asillustrated in Figure 1.3, one often observes that the apparent
GPCis substrate dependent at the start of the ALD process and that it takes a cer-
tain number of cycles before a steady-state GPC value is obtained. This is caused
by the fact that the chemical sites on the original substrate can have a different
reactivity compared to the chemical sites on the surface of the as-grown material.
While substrate inhibition and the resulting delay in film nucleation/growth may
be considered a disadvantage at first sight, this effect can in fact be very beneficial
when one is targeting area selective ALD. The data for Pt ALD shown in Figure 1.3
illustrates that the “apparent” GPC can strongly depend on the surface morphol-
ogy. Indeed, ALD growth on a rough surface will have an apparently higher GPC,
as more material can be deposited per cycle in view of the larger effective surface
area that is available for growth.
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Figure 1.3 Linear increase of the amount of deposited material as a function of the number of
ALD cycles: principle (a: [43]), in situ ellipsometry data for Al,O, ALD (b), and film thickness
data for a MeCpPtMe, /O, process at 150 °C with 2D growth (on a sputtered Pt surface (c))
versus island-type growth on a SiO, surface (d) [44], illustrating that GPC values should be
interpreted as “apparent” values that depend on the surface conditions (the scale bar on the
electron microscopy image is 100 nm). (Reproduced with kind permission of Annelies Delabie.)

The self-saturating nature of the surface reactions occurring during both half
cycles can be considered as the defining characteristic of ALD. When developing
novel ALD processes, demonstrating “saturation” is a key goal. Saturation curves
are typically achieved by running several deposition experiments at the same
substrate temperature, while varying the exposure dose during one of the half
cycles. The GPC is then plotted as a function of the exposure dose (most often
as a function of exposure time), as illustrated in Figure 1.4 for the TMA/H,0O
process.

Finally, the “ALD window” is defined as the temperature range in which
saturated growth conditions prevail (Fig. 1.5a). When the temperature is too
low, one often observes that growth is no longer possible, because the thermal
energy is insufficient to drive the surface chemistry. In some cases, an appar-
ently faster growth is observed, which is often related to the occurrence of
physisorption instead of the self-saturating chemisorption that is desirable. At
high temperatures, higher growth rates are often observed, which are caused by
thermal decomposition of the precursor on the hot surface (essentially resulting
in CVD-type growth). In some cases, the growth rate is observed to decrease
at high temperature because of thermal desorption of chemisorbed species that
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Figure 1.4 Saturation during the TMA and H, O exposures for ALD of AL, O,. (Puurunen
2005 [3]. Reproduced with permission of American Institute of Physics.)

are required for growth. It is important to note that the GPC is not necessarily
constant within the ALD window. Indeed, even for the TMA/H,O process,
which exhibits saturated growth from 180 to 380 °C [45], the GPC decreases for
increasing temperature, as illustrated in Figure 1.5b. Although self-saturating
chemisorption is achieved across the entire ALD window, the GPC decreases
because of dehydroxylation of the growth surface at higher temperatures.

1.1.3 Plasma-Enhanced ALD

In ALD processes such as the described TMA/H, O process, the activation energy
required for the surface reactions is solely provided by heating the sample. There-
fore, these processes are called thermal ALD processes. Alternatively, the reac-
tant can be preactivated by means of a plasma source (plasma-enhanced ALD
or PE-ALD) [46]. A plasma is a gaseous mixture of neutral and charged particles
that is macroscopically neutral. Most materials processing plasmas are generated
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Figure 1.5 Effect of substrate temperature on ALD: (a) schematic [43] and (b) a compilation of
data for the TMA/H, O process by Puruunen [3], illustrating that the GPC may vary as a function
of temperature within the “ALD window.” (Puurunen 2005 [3]. Reproduced with permission of
American Institute of Physics.)

by a strong electric field at low gas pressures (<10 Torr). Any electrons present
in the gas are accelerated to high kinetic energies. When these electrons collide
with the atoms and/or molecules of the background gas, they are able to ion-
ize, excite, or dissociate these gas species, thus yielding electrons, ions, reactive
atomic and/or molecular neutrals (radicals), and photons. The created ions and
electrons are in turn accelerated by the applied field. Because of the large differ-
ence in mass, the electrons will gain more kinetic energy compared to the ions,
thus leading to “hot” electrons with an average temperature of several 10* K (sev-
eral electron volts), while the other gas species remain approximately at reactor
temperature (300—500 K). Consequently, low-pressure plasmas are not in ther-
mal equilibrium. The degree of ionization, that is, the fraction of ionized particles
in the plasma, is typically in the range 1076 to 1073.

1.1.3.1 Plasma Configurations for Plasma-Enhanced ALD

Plasma-enhanced ALD (PE-ALD) uses the species generated in a plasma as reac-
tants. Mainly O,, N,, NH;, and H, plasmas (or mixtures thereof) have been used
for the growth of oxides, nitrides, and metal films [46]. As mentioned before,
plasmas produce energetic ions and reactive radicals, for example, O, can disso-
ciate in two O radicals. Because the degree of ionization is rather low in typical
PE-ALD plasmas, the radicals are expected to play the key role in the surface
reactions. Nevertheless, ions that arrive at the sample surface can provide addi-
tional energy to the surface, leading to physical changes in the sample, such as
smoothening or densification. However, they can also be implanted in the grow-
ing film or substrate, which is often unwanted or induce defect creation. Because
radicals have a longer lifetime compared to charged particles, they are less con-
fined to the plasma discharge region. Therefore, the level of ion bombardment
can be controlled by the plasma configuration.

The different types of plasma configurations used for PE-ALD are schematically
depicted in Figure 1.6. In the first configuration, the plasma is formed in a cavity,
which is separated from the deposition chamber. The ions and electrons recom-
bine during transport to the ALD reaction zone, and only the longer lived radicals
can reach the substrate. Therefore, this configuration is called “radical-enhanced”

9
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or “radical-assisted” ALD. Its main advantage is that ion-induced damage of the
film or substrate is completely avoided. However, also the flux of reactive rad-
icals will be reduced compared to plasma configurations where the plasma is
in contact with the sample. This is clearly the case in a “direct plasma” config-
uration. Here, a capacitively coupled radio-frequency (RF) generator powers one
electrode, while the substrate is placed on the second, generally grounded, elec-
trode. The sample is in close contact with the plasma and is thus exposed to high
fluxes of radicals and ions. Consequently, uniform coatings can be achieved with
short plasma exposures, but, depending on the processing conditions, severe ion
bombardment can be an issue. In the “remote plasma” configuration, the plasma
source is placed upstream of the substrate. Very often, an inductively coupled
plasma is generated in a glass or quartz tube surrounded by a radio-frequency
(RF) coil. For a remote O, plasma, ion fluxes in the range 10'2~10'*/cm?s have
been measured at the sample stage, with ion energies below 35 eV. These values
are considered low enough to not create substantial film or substrate damage. On
the other hand, however, it was shown that the UV photons (9.5 eV) created in
the plasma can induce electrical defects [47]. The fourth plasma configuration
can be considered as a direct plasma operating in a remote configuration by plac-
ing a grid in between the top electrode and the sample [48]. Because this grid
acts as the bottom electrode, the sample stage is no longer involved in the plasma
generation. As such, significant ion bombardment of the substrate is avoided.

1.1.3.2 Reactions in Plasma-Enhanced ALD

Most reaction mechanism studies of PE-ALD in the literature concern O,
plasma-based processes, mostly resulting in the growth of oxides [49]. Heil et al.
studied the reaction products formed during the Al,O, process from trimethyla-
luminum (TMA) and O, plasma by means of in situ mass spectroscopy and OES
[50]. These measurements revealed the formation of CO, CO,, and H,O during
the plasma step, which was attributed to the combustion of the methyl ligands
(of the adsorbed TMA molecules) on the surface by the O radicals. Using in situ
infrared spectroscopy, Rai et al. showed that these combustion-like reactions
produce OH groups and carbonates on the surface during the O, plasma step
in the PE-ALD of Al,O, [51] and TiO, [52]. They furthermore demonstrated
that a prolonged exposure of the carbonates to the O, plasma decomposes them
in CO, and CO, meaning that the OH groups are the dominant chemisorption
sites in the subsequent precursor step, as in thermal ALD. Pure metallic films
are often grown with H, plasma as the reducing reactant. Kim et al. studied the
reaction mechanism underlying the PE-ALD of Ti using TiCl, and H, plasma.
They proposed that the reaction proceeds via an Eley—Rideal mechanism: the H
radicals react with the adsorbed Cl species from the gas phase to form HCI that
then is desorbed from the surface [53].

1.1.3.3 Advantages and Challenges of Plasma-Enhanced ALD

Key advantages of PE-ALD include a higher film density, lower impurity con-
tent, better stoichiometry, and improved electronic properties. From a process
perspective, the use of radicals enables deposition at lower substrate tempera-
tures, which can be a key advantage when coating polymers. Moreover, PE-ALD
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Figure 1.6 Plasma configurations used for PE-ALD. (a) Radical-enhanced ALD. (b) Direct
plasma. (c) Remote plasma. (d) Direct plasma in remote configuration. (Profijt et al. 2011 [46].
Reproduced with permission of American Institute of Physics.)

typically enables a slightly higher growth rate, shortening the overall deposition
time. More importantly, the use of radicals from a plasma increases the choice of
precursors for deposition of a specific coating, for example, the beta-diketonate
precursors show low reactivity to water vapor but react readily with oxygen rad-
icals. Some of these benefits of PE-ALD are illustrated in Figure 1.7.

There are, unfortunately, also specific disadvantages to using plasma during an
ALD process. Firstly, recombination of the radicals on the sidewalls limits the
conformality in high AR structures. Secondly, the ions and UV photons from the
plasma may generate specific defects in the growing layer. Thirdly, from a pro-
cess point of view, the use of a plasma requires more complicated and therefore
expensive reactor designs.

1.2 In Situ Characterization for Studying ALD Processes

When exploring ALD processes, in situ characterization techniques offer the
advantage that the ALD process no longer occurs in a “black box” but that the
surface chemistry and the properties of the growing film can be monitored in
real time. Since ALD is, in essence, surface chemistry, one would ideally like to
use, for example, the electron- and ion-spectroscopy techniques that have been
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Figure 1.7 lllustration of some of the advantages of (remote) PE-ALD as compared to thermal
ALD. (a) Growth per cycle (GPC) as a function of deposition temperature for the growth of
AL, O, using 2s TMA and 5 s H,0 or H,0 plasma. (b) GPC of V, 0, as a function of H,0 exposure
time for thermal and PE-ALD using vanadyl triisopropoxide (VTIP) as V precursor (data taken
from [54]). (c) X-ray photoelectron spectroscopy profiles for AIN films grown by thermal and
PE-ALD using 2s TMA and 5 s NH, or NH, plasma at 250 °C. The plasma power was in all cases
300 W.

developed by surface scientists. Unfortunately, it is very difficult to implement
these techniques truly “in situ” on an ALD reactor, since the ultrahigh vacuum
that is typically required by these techniques is not compatible with ALD process
conditions.! Over the past decade, a variety of in situ techniques have been
developed, and several have become available on commercial ALD reactors.

1.2.1 Quartz Crystal Microbalance

Quartz crystal microbalance (QCM) is a well-known technique to monitor
thin-film deposition [55, 56]. As material is deposited onto an oscillating

1 X-ray photoelectron spectroscopy, low-energy ion spectroscopy, and scanning tunneling
microscopy have been implemented as “in vacuo” techniques, where ALD is performed in a
dedicated reactor and the sample is moved from the ALD reactor under vacuum conditions (i.e.,
without exposure to ambient air) into a ultrahigh vacuum (UHV) chamber for characterization.
Evidently, this can provide a wealth of useful data on the surface reactions during ALD. However,
because of the need for moving the sample, these techniques are not discussed here, as we have
limited the discussion to true “in situ” techniques.
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Figure 1.8 QCM measurement during TMA/H,0 ALD, illustrating the impact of temperature
effects on the data. Only the “TUNED” data reflects the actual deposition onto the crystal. For
the “COLD" and “HOT" traces, apparent mass changes were recorded due to temperature
fluctuations during gas pulsing. (Rocklein and George 2003 [58]. Reproduced with permission
of American Chemical Society.)

piezoelectric crystal, the resonant frequency of the crystal decreases. By mea-
suring this shift in resonant frequency, the added mass can be determined
with a resolution below 1ngcm=2. The key challenge to implement QCM
during ALD concerns (i) preventing backside deposition [57] and (ii) dealing
with temperature effects [58]. Indeed, the resonant frequency is also strongly
dependent on the temperature of the QCM crystal. For AT-cut quartz crystals,
the specified temperature range is —45 to 90 °C. At higher temperatures, small
temperature changes can lead to significant changes in resonant frequency, and
hence in apparent mass changes, even when pulsing inert probe gases onto the
crystal. Lower temperatures prior to the QCM lead to positive mass transients.
More elevated temperatures prior to the QCM lead to negative mass transients.
Unreactive probe gases can be employed to optimize the temperature profile
to minimize the temperature-induced apparent mass changes. QCM can be a
simple and powerful technique, provided that sufficient care is taken during
the measurement and analysis, as apparent mass transients and apparent mass
drifting can lead to misinterpretation of ALD surface chemistry and produce
error in measured ALD growth rates, as illustrated in Figure 1.8.

1.2.2 Quadrupole Mass Spectrometry (QMS)

QMS can be used during ALD to identify and monitor the gaseous species that
are present in the reactor and/or the exhaust line [59, 60]. Commercial systems
provide an inlet orifice for gas sampling. Electron impact from a filament then
results in ionization and molecular fragmentation of the gas molecules. The ion-
ized species are then sent through a quadrupole filter, which transmits a specific
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mass/charge ratio. As the quadrupole is scanned, for example, a Faraday cup is
used to measure the ion current.

Ritala et al. reported a dedicated system with a sample point near the hot zone
of the ALD reactor to avoid precursor condensation [61, 62]. While this can be
beneficial for easily condensable vapors, many gases can also be detected using
a standard commercial QMS, for example, attached to the exhaust line of the
reactor [63]. To enhance the QMS signal, a very useful trick can be to increase the
total surface area in the ALD reactor. As ~10'* reaction products will be released
per square centimeter of sample during ALD, increasing the surface area of the
sample (e.g., by including a large number of glass slides or powder particles in
the reactor) will increase the amount of gaseous reaction products, facilitating
detection.

1.2.3 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a powerful optical technique for the determi-
nation of the optical constants and thickness of thin (multi)layers deposited on
a substrate. SE does not directly measure these film properties; instead, it mea-
sures the change in polarization of a light beam upon reflection from the sample.
Therefore, from an instrumentation point of view, ellipsometry requires (i) a light
source and a polarizer to define the polarization of the incoming beam and (ii)
a polarization analyzer and a detector unit to determine the polarization of the
reflected light.

An ellipsometric measurement is commonly described in terms of ¥ and A
with

tan(¥) exp(id) = R, /R

where R, and R, are the complex Fresnel coefficients of the sample for p- (in the
plane of incidence) and s- (perpendicular to the plane of incidence) polarized
light, respectively (see Figure 1.9). In SE, the ¥ and A parameters are measured
for a range of photon wavelengths. In order to relate the SE data to the actual
properties of the sample, a model of the sample must be constructed from which
the modeled ellipsometric parameters ¥, .4 and A4 can be calculated using
the Fresnel equations. In general, a multilayer model is built, where each layer is

characterized by a thickness and a certain dispersion relationship of the optical

Sample

(n.k)
/eq\

Figure 1.9 Schematic representation of a basic ellipsometer system. (Fujiware 2007 [64].
Reproduced with permission of John Wiley and Sons.)
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constants. Finally, the adjustable model parameters are varied to find the best fit
of the calculated ¥, 4 and A_ 4 values to the measured SE data [65]. The data
in Figure 1.3b illustrates the Angstrom-level thickness sensitivity of the SE tech-
nique during ALD of Al,O,.

1.2.4 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) detects vibration modes of
molecular bonds in the sample [66]. The key challenge in using FTIR during
ALD concerns the fact that one is trying to measure the IR absorption caused
by a (sub)monolayer on the surface of the sample. This requires an excellent
signal/noise ratio and a very “clean” measurement, as traces of gaseous H,O
and CO, along the beam path may create spurious signals in the measurement
[67]. Several dedicated setups have been designed for IR surface spectroscopy,
including transmission geometries through a double polished Si wafer [68],
transmission geometries using ZrO, powder pressed into metal grid to enlarge
the effective surface area and hence enhance the signal [69], attenuated total
reflection measurements [70], and, more recently, also IR reflection absorption
spectroscopy [71]. Figure 1.10 shows typical in situ FTIR difference spectra
before/after specific steps during a TMA/H,O ALD process.

1.2.5 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) can be used to measure the intensity of
light emitted by a plasma as a function of wavelength and, as such, is a very conve-
nient technique for in situ monitoring of PE-ALD processes. The spectral lines in
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Figure 1.10 Difference FTIR spectra acquired during the initial cycles of a TMA/H,0 ALD
process.
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the emission spectrum originate from the radiative decay of electronically excited
states of the plasma species. Therefore, OES spectra can reveal information on
the presence of particular excited ions, atoms, and molecules in the plasma, and,
because these species can be both reactant and reaction products, also about the
reactions that take place in the gas phase, at the chamber walls, or at the surface
of the growing ALD film [72].

1.2.6 Other In Situ Techniques

Other in situ techniques that have been implemented on ALD reactors include
reflection high-energy electron diffraction [73], a thermopile for measuring reac-
tion enthalpy [74], sheet resistance measurements for monitoring coalescence of
metal layers [75], gravimetry [76], optical reflectometry [77], gas conductance
measurements [78] for monitoring pore size reduction, and iz situ ellipsometric
porosimetry (EP) [79] for monitoring ALD in nanopores.

Optical techniques have proven to be the easiest to use in practice, since no
measuring equipment needs to be incorporated within the ALD reactor. They
can remotely probe the sample surface and only require entry and exit windows
to pass light into and out of the reactor. Recently, several groups have explored
expanding the spectral range from UV/Vis (used for SE, with quartz windows)
and IR (used for FTIR, with KBr windows) toward X-rays (with Be windows),
thus opening up an even wider variety of characterization possibilities [80].
Although standard X-ray-based analysis techniques such as X-ray reflectivity
and diffraction using lab-based X-ray sources have proven valuable for ex
situ characterization of ALD deposited thin films, most in situ experiments
during ALD require synchrotron-based X-rays. To enable in situ studies during
ALD, it is important to limit the impact of the prolonged purge or evacuation
times that are introduced between subsequent ALD (half)cycles to perform the
measurements. The high photon flux at a synchrotron facility is beneficial in this
respect, because it allows for shorter acquisition times compared to lab-based
X-ray sources. The high intensity X-ray flux also lowers the detection limit,
enabling the study of layer growth from the very first ALD cycle onward. A
second main advantage of synchrotron sources is their unique ability to tune
the photon energy to a specific experiment and material system. In recent years,
the use of synchrotron-based X-rays has broadened the available tool box of
in situ methods to X-ray fluorescence (XRF, measuring film composition) [81,
82], X-ray absorption spectroscopy (XAS/EXAFS, measuring the local atomic
environment) [83, 84], X-ray photoelectron spectroscopy (XPS, measuring
surface composition and oxidation state), X-ray diffraction (XRD, measuring
film crystallinity, grain size), X-ray reflectivity (XRR, measuring film thickness,
roughness, and density), and grazing-incidence small-angle X-ray scattering
(GISAXS, measuring surface morphology) [85, 86].

1.3 Conformality of ALD Processes

The deposition of uniform coatings into deep structures such as holes, trenches,
and (nano)pores is becoming increasingly important in the rapidly growing
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field of nanotechnology. Among all the thin-film growth techniques, ALD
can achieve the highest conformality, that is, the most uniform thickness over
micro- and nanoscale 3D features. The excellent conformality of ALD is a
direct consequence of the self-saturated surface reaction control, as opposed to
flux-controlled deposition in, for example, PVD and CVD. In CVD, the growing
film is usually exposed to simultaneous flows of precursor vapor and reactant
gas (instead of the sequential pulses in ALD), and the growth rate of the film
generally depends on the local gas flux. During coating of deep features in which
the gas transport is diffusion-limited, the surface region near the entrance of
these features will receive reactant fluxes that can be several orders of mag-
nitude larger than the fluxes arriving at the surfaces deeper in the structures.
Therefore, deposition techniques where the growth rate is flux-controlled are
less convenient for coating high AR structures or porous materials, because
the entrance region of features such as holes, trenches, and pores tends to get
clogged during the early stages of deposition. In addition, in ALD, the regions
near the entrance of the holes, trenches, or pores in a material will experience
a larger flux of precursor vapor and, therefore, will become saturated much
sooner than the interior surfaces. Once saturated, however, no further reaction
will occur near the openings, and one can “simply” expose the entire sample for
a sufficient amount of time until the precursor molecules have diffused into the
deep features and have saturated the available chemisorption sites throughout
the interior surface of the material.

ALD has proven to be an effective technique for the deposition of conformal
coatings in features with a high AR [87-89]. Nevertheless, achieving a good con-
formality along the entire depth of high AR structures requires careful optimiza-
tion of the ALD process parameters.

1.3.1 Quantifying the Conformality of ALD Processes

The most common way to demonstrate the conformality of an ALD process is
by deposition into deep microscopic trenches (typical width <1 um) and subse-
quent characterization by cross-sectional scanning electron microscopy (SEM)
or transmission electron microscopy (TEM), as illustrated in Figure 1.11. This
method yields a stop/go-type result in the sense that it provides a means to ver-
ify whether full coverage could be achieved or not. Obtaining a quantitative film
thickness profile along the length of the trench is, however, difficult.

Several groups successfully obtained thickness profiles for ALD films
deposited in anodic aluminum oxide (AAO) [23, 91]. AAO can be prepared
by a two-step electrochemical anodization of aluminum films [92-94]. It
consists of well-defined parallel cylindrical pores (typical diameters 30-500 nm)
and is therefore an attractive material for model studies of ALD in high AR
nanostructures. After ZnO ALD in an AAO membrane, Elam et al. obtained Zn
coverage profiles as a function of depth in the membrane using electron probe
microanalysis (EPMA) line scans along the axis of the pores [22]. Figure 1.12
shows the diffusion-limited behavior of ZnO ALD in AAO nanopores with a
diameter of 65 nm. Indeed, increasing the Zn-precursor exposure time allowed
for a deeper penetration and deposition of the precursor molecules in the hole.
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(a) (b)
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Figure 1.11 (a) Cross-sectional SEM image of a 300 nm-thick Al,O, film deposited on a Si
wafer with trench structures (Ritala et al. 1999 [89]. Reproduced with permission of Wiley.).

(b) Cross-sectional TEM of a conformal Ru ALD coating on a trench-patterned substrate (Kim
etal. 2009 [18]. Reproduced with permission of Wiley.). (c) Cross-sectional Field Emission
Scanning Electron Microscopy (FESEM) images of a conformal PtO, film deposited on a Si
substrate with trench structures. (Hamalainen et al. 2008 [90]. Reproduced with permission for

Elsevier.)
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Figure 1.12 Film thickness/coverage profiles obtained for ALD in AAO nanopores. (a)
Increasing the Zn-precursor exposure time results in an improved ZnO coverage in AAO pores
with a diameter of 65 nm (Elam et al. 2003 [22]. Reproduced with permission of American
Chemical Society.). (b) Wall thickness measured along the length of a HfO, nanotube obtained
by ALD of HfO, into an AAO template followed by dissolution of the template. (Perez et al.
2008 [23]. Reproduced with permission of Wiley.)
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Perez et al. investigated the conformality of ALD processes in AAO by means of
TEM [23]. After depositing a HfO, ALD layer into AAO structures and selective
dissolution of the AAO, nanotubes could be obtained by replicating the AAO
pores (Figure 1.12b). Using TEM, the conformality of the ALD process could
be quantified by locally measuring the thickness of the replicated nanotube as a
function of depth in the original AAO nanopore. Note that the diffusion-limited
behavior of ALD in AAO pores can be exploited to achieve patterned ALD
on the interior surface of an AAO membrane [95]. Adsorption of a first ALD
precursor to a certain depth in the pore can block the active surface sites and
prevent the subsequent adsorption of a second ALD precursor on that part of
the pore walls, allowing for depth-controlled deposition. Using the passivation
effect of TMA, ALD of ZnO, TiO,, V,O; has been achieved at controlled depths
in AAO pores.

Under standard ALD conditions, the precursor vapor penetrates into micro-
scopic holes or trenches through molecular flow (or Knudsen diffusion), because
the mean free path of the precursor molecules is much larger than the diame-
ter of the hole or the width of the trench. For instance, at 200 °C and a pressure
of 1Torr, the mean free path of the TMA molecules is about 35 pm. At suffi-
ciently low pressure, molecular flow can also be achieved in macroscopic holes
(Figure 1.15). Therefore, when ALD is performed at sufficiently low pressure,
relatively simple test structures can be used to determine the depth of infiltra-
tion of ALD material into a structure with a given AR. Becker et al. introduced
the use of fused-silica capillary tubes with a diameter of 20 um to measure the
conformality of ALD layers [96]. The tubes were exposed to an ALD process,
heated to burn off the ALD coating on the outside, and filled with a fluid having
a refractive index matching that of fused silica. By placing the tubes in an optical
microscope, the depth of infiltration could be visually determined. The authors
demonstrated successful ALD of WN in a capillary with an AR of about 200: 1
(Figure 1.13a). Dendooven et al. introduced another macroscopic approach for
quantifying the conformality of ALD [97, 98]. A macroscopic test structure was
created by cutting a rectangular-shaped structure from a sheet of aluminum foil
and clamping the resulting foil in between two silicon wafers (Figure 1.13b). This
simple structure allowed for a direct and straightforward test of the ability of
an ALD process to coat “around the corner.” After deposition, the structure can
be disassembled to inspect the deposition of material on the interior surface of
the rectangular hole. A successful conformal coating with TiN is illustrated in
Figure 1.13c, while a nonconformal Ru coating is shown in Figure 1.13d. The
method was later extended by Musschoot et al. to investigate the penetration
of thermal and plasma-enhanced ALD into fibrous materials [99].

The macroscopic test structures allow for quantitative analysis of the film
thickness profile via spectroscopic ellipsometry (SE) measurements. Figure 1.14
shows the Al,O; film thickness as a function of depth in a hole with an AR
of about 200:1 for two TMA exposure times. As for the ZnO process shown
in Figure 1.12a, the conformality could be improved by increasing the TMA
exposure time. The experimental results depicted in Figure 1.12a,b show similar
trends. The relative coverage or thickness is (nearly) at its maximum near the
entrance of the hole/pore. At a certain depth, depending on the (unsaturated)
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Figure 1.13 Macroscopic test structures that allow for visual inspection of the penetration
depth of the ALD material. (a) WN coating inside a fused-silica capillary tube having an inner
diameter of 20 pm. (Becker et al. 2003 [96]. Reproduced with permission of American Chemical
Society.) (b) Schematic representation of a macroscopic hole with rectangular cross section
(blue area) that can be disassembled into planar pieces of SiO, wafer after ALD. (c) The
conformal deposition of TiN on the interior surface of a hole with an AR of 200: 1 (defined as
depth:width). In (d), the yellow coating outside of the cover is due to Ru deposition, while
there is no coating inside the marked hole region, illustrating the lack of conformality for this
Ru ALD process.
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Figure 1.14 Film thickness profiles obtained for Al,O, ALD in a macroscopic rectangular hole
with an AR of 200: 1. Increasing the TMA exposure time causes the Al,O, coating to penetrate
deeper into the test structure.

exposure time, the coverage or thickness gradually decreases as a function
of depth in the hole/pore. The resulting data on film thickness as a function
of penetration depth can be compared to simulations based on models for
the diffusion of ALD precursors in deep holes or trenches (see the following
discussion).
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Figure 1.15 Mean free path of TMA molecules at 200 °C as a function of pressure in the ALD
reactor. At all relevant pressures and for all relevant nano- and microstructures, precursor
transport is governed by molecular flow. Different approaches have been developed for
quantifying the conformality of ALD processes in different pressure regimes: (a) deposition
into nano-sized features, followed by cross-sectional electron microscopy, (b) dedicated
macroscopic lateral trench structures, as proposed by Dendooven et al. for low-pressure
processes, and (c) dedicated micrometer-sized lateral trench structures as recently proposed
by Puruunen et al. for high-pressure processes.

As illustrated in Figure 1.15, the approach using millimeter-sized macroscopic
structures as proposed by Dendooven et al. is limited to low-pressure ALD pro-
cesses as typically encountered in the pump-type ALD reactors that are used
for PE-ALD research (where the chamber is evacuated by pumping in between
half cycles). The more traditional flow-type ALD reactors (where the chamber
is evacuated by purging in between half cycles) typically operate at significantly
higher pressures, and at these pressures, the flow in millimeter-sized structures
is determined by viscous flow conditions. Puurunen et al. recently proposed an
approach using MEMS fabrication techniques to fabricate horizontal trenches
with ARs up to 25000:1 under thin membranes. After ALD, the thin membrane
can be easily peeled off, and the deposited film can be investigated as a func-
tion of “depth” (in fact, lateral position) on the interior surface of the “trench”
[100].

1.3.2 Modeling the Conformality of ALD

Gordonetal.[101] proposed an analytical model to predict the required exposure
(defined as the product of precursor partial pressure present at the opening of the
hole, P, and the precursor pulse duration, £) to conformally coat a cylindrical hole
with a certain aspect ratio AR =L/D, with L being the depth and D the diameter
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Figure 1.16 Aspect ratio (AR) and generalized aspect ratio (a) for a cylindrical hole (a) and a
trench (b).

of the cylindrical hole (see also Figure 1.16):
P-t=K,,V2nmkT - (1 + 1296{ + §a2> (1.1)

In this equation, K, is the saturated coverage per surface area (molecules per
square meter), m is the mass of the precursor molecules, & is the Boltzmann con-
stant, and T is the temperature. For large ARs, the required exposure increases
approximately quadratically with a. The idea behind the model is schematically
shown in Figure 1.17a. Saturation of the pore walls starts at the top part of the
hole and then propagates as a “front” through the hole. It is assumed that the pre-
cursor molecules stick to the wall upon their first collision with an uncoated part
of the wall, that is, the sticking probability is unity. For unsaturated exposures,
the coverage profile consists of a fully saturated part that abruptly stops at the
“front” position. Mathematically, the model can be derived using gas conductance
equations: the fully covered part of the hole acts as a “tube” leading to the reac-
tive uncoated part of the hole, which can be considered as a “vacuum pump.” The
authors showed good agreement between the predicted and the experimentally
derived saturation dose for ALD of HfO,, Ta,O;, WN, and V,O; in cylindrical
holes with a known AR [102].

Although the formulae used to develop Equation 1.1 were derived for cylindri-
cal holes [103], Equation 1.1 can also (approximately) be applied for trenches and
holes that have a noncircular cross section by introducing a generalized expres-
sion for a4,

Lp
a=—
4A
where L is the depth of the hole, p its perimeter, and A its cross-sectional area. For

cylindrical holes, a then still equals depth/diameter. For a trench of width w, the
expression simplifies to L/(2w), which is only half of the AR that is conventionally
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used for trenches, that is, L/w. Given that (P-t) ~ a® for large ARs, the model thus
predicts that a trench requires four times less exposure compared to a hole with
the same AR (depth-to-width ratio).

During ALD in a nanoscopic hole, such as an AAO pore, the coating deposited
during each ALD cycle decreases the pore diameter. Consequently, for a fixed
unsaturated exposure, the Gordon model predicts a decrease in the penetration
depth with each ALD cycle deposited. This gives rise to a slope of decreasing
film thickness along the depth of the pore in the final film thickness profile,
as also observed in the experimentally obtained profiles. Perez et al. showed
good agreement between the slope obtained in the depth profiles for HfO, ALD
in AAO pores (Figure 1.12b) and the slope predicted by iteratively applying
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Gordon’s model to a pore that is gradually getting clogged as the ALD process
progresses. However, the slope observed in the thickness profiles for Al,O,
ALD in macroscopic holes (Figure 1.14) cannot be explained by an increasing
AR during the deposition, because the deposited film thickness (typically a few
nm) is negligible compared to the width of the hole (~100 pm). In this case, the
observed slope is related to a sticking probability, which is less than 1 (as can be
expected for any real ALD process).

Dendooven et al. extended the kinetic model of Gordon et al. for sticking prob-
abilities of less than unity [97]. The extended model is based on conductance
formulae that were derived for a “sticky” tube [104]. In this case, the precur-
sor molecules can either stick on an uncoated part of the wall or bounce back
from it (Figure 1.17b). Moreover, the sticking probability on a reactive part of the
wall is assumed to decrease linearly with increasing surface coverage according
to Langmuir’s law. Figure 1.17c shows the effect of the initial sticking proba-
bility, s,, on the simulated coverage profile for a cylindrical hole with an AR of
100: 1. For s, = 100%, a step-like profile is obtained, in agreement with the model
by Gordon et al. For lower values of s,, a slope of decreasing thickness is pre-
dicted. Using an initial sticking probability of 10% for TMA, good agreement was
achieved between the simulated and the experimentally obtained Al, O, thickness
profiles.

Elam et al. developed a one-dimensional (1D) Monte Carlo (MC) model for
simulating experimental Zn coverage profiles obtained by cross-sectional anal-
ysis of ZnO layers deposited by ALD in AAO membranes [22] (Figure 1.12a).
Based on their 1D MC model, Elam et al. predicted a reaction-limited behavior
rather than a diffusion-limited behavior for sufficiently low reaction probabilities
and reasonable ARs. This classification between diffusion- and reaction-limited
regimes was later confirmed by Dendooven et al. [105] and Knoops et al. [106]
Figure 1.18 shows the pressure evolution and coverage evolution in a rectangular
hole with an AR of 66:1 for an initial sticking probability of 10%. In this case,
the deposition is clearly diffusion-limited. With progressing time, the precursor
molecules penetrate deeper into the hole, leading to a moving deposition “front”
toward the bottom of the hole. On the other hand, if an initial sticking probability
of 0.1% is used in the simulation, the deposition becomes reaction-limited. From
the very start of the exposure, a large fraction of the precursor molecules can
reach the bottom of the hole, but the reaction is slow as observed in the coverage
profile evolution.

1.3.3 The Conformality of Plasma-Enhanced ALD

As mentioned earlier, achieving a good conformality in high AR structures is con-
sidered to be more challenging for PE-ALD than for thermal ALD. This is because
radicals can recombine upon collision with a surface. For instance, an oxygen
radical can recombine with an oxygen atom that resides at the surface to form
molecular O,, which is often nonreactive to the adsorbed metal precursor on the
surface. When coating deep holes or trenches with PE-ALD, the reactive species
have to undergo multiple wall collisions during which they may be lost through
surface recombination before they can reach the surfaces deeper in the hole. It



1.3 Conformality of ALD Processes | 25

is therefore inevitable that the elimination of radicals through recombination on
the sidewalls of high AR structures will limit the conformality of PE-ALD.

The recombination probability  describes the probability that a reactive atom
(radical) will recombine upon collision with a surface and is typically determined
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Figure 1.18 Simulated pressure (a) and coverage (b) profiles calculated for a TMA pulse in a
rectangular hole withan ARof 66:1 (P=0.3Pa, t=1s,K, . =4.7 X 10" m~2). For panel (a), the
initial sticking probability was 10%, resulting in a diffusion-limited deposition behavior. For
panel (b), the initial sticking probability was 0.1%, resulting in a reaction-limited deposition
behavior.
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Figure 1.18 (Continued).

for a certain atom type on a certain surface material. Reported values for
recombination probabilities of O, N, and H atoms on various surfaces span a
large range, from 0.000094 for the recombination of O atoms on Pyrex to 0.8 for
the recombination of H atoms on silicon [106]. There is quite a discrepancy in
the r values published in the literature. This is likely related to the large variety of
(often indirect) techniques that have been used to monitor atom recombination
(including actinometric OES, two-photon laser-induced fluorescence, use of
dual thermocouples, or catalytic probes, and mass spectroscopy) [107, 108]
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and to the fact that the atom recombination coefficient depends not only
on the surface material but also on the surface conditions (e.g., presence of
impurities, adsorbed gas species, certain surface pretreatments), the gas pres-
sure and temperature, the surface temperature, and the plasma configuration
[109-112]. This latter issue has, among others, been addressed by Cartry et al.,
who measured a value of 0.0004 for O atom recombination on a silica surface
positioned in the afterglow region of a microwave plasma, while a two orders
of magnitude higher value of 0.03 was obtained on a silica surface directly
submitted to the plasma [113]. A possible explanation for this difference is that
ions (which are predominantly present in the core of the plasma) can create
active sites for surface recombination. As mentioned earlier, the gas pressure
can also affect the recombination probability. Adams et al. reported a decreasing
N atom recombination with increasing pressure for silicon, aluminum, and
stainless steel surfaces. For instance, on silicon, they measured a recombination
probability of 0.0026 at 1 Torr, 0.0016 at 3 Torr, and 0.0005 at 5 Torr. Gomez
et al. observed a similar trend for O atom recombination [111]. Moreover,
significant dependencies on the surface temperature can exist. For instance,
Guyon et al. measured an increase in the O atom recombination probability
on alumina from 0.0097 at room temperature to 0.061 at 500 °C [114]. On the
other hand, Wood and Wise reported quasi-constant H atom recombination
on several metals over a large range of temperatures [115]. It is learned from
the given overview that the conformality of a PE-ALD process will depend, via
the recombination probability, on the type of radicals used as reactant in the
process, on the material that is deposited, and on the process parameters such as
the gas pressure, deposition temperature, and plasma configuration. Note that
the gas pressure and the plasma configuration not only affect the recombination
probability but also the radical density at the sample surface and the entrance
of high AR structures, which in turn will have an effect on the conformality.
Furthermore, the recombination coefficient will likely vary over the duration of
a plasma exposure, because the sample surface changes (due to reaction with
the radicals) from a surface that is covered with metal precursor ligands to the
oxide, nitride, or metal that is being deposited.

There exist only a few systematic studies on the conformality of PE-ALD in
the literature. Dendooven et al. used macroscopic test structures to study the
influence of the gas pressure, the RF power, the plasma exposure time, and the
directionality of the plasma plume on the conformality of the remote PE-ALD
of Al,O, from TMA and O, plasma [98]. To investigate the effect of the plasma
type on the conformality, they compared the conformality of Al,O, to the confor-
mality of AIN deposited from TMA and NH, plasma. In addition, a Monte Carlo
(MC) model was used to evaluate the effect of radical recombination. For the
Al, O, process using O, plasma, conformal coatings in holes with an AR 0of 40: 1
(defined as depth/width) were achievable by optimizing the process parameters.
The conformality of the AIN process was more limited, and an AR 0of 20: 1 already
seemed impractical. This suggests that the radicals generated in the NH; plasma
suffer from faster recombination compared to the O radicals. The conformality
of the Al,O; PE-ALD process could be improved by increasing the radical den-
sity via the gas pressure or the RF power or by prolonging the plasma exposure
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time. It should be noted that the H,O formed as reaction product during the
combustion reaction that takes place during the O, plasma step contributed to
the apparent conformality of PE-ALD processes via a secondary thermal ALD
reaction.

Knoops et al. used an MC model to obtain insights into the effect of the
recombination probability » on the conformality of PE-ALD processes in high
AR trenches. The required saturation dose increases considerably with increas-
ing r values, especially for high ARs. Therefore, besides the diffusion-limited
and reaction-limited regimes that are also observed in thermal ALD, they
distinguished a recombination-limited regime for PE-ALD processes with
high r values (or lower r values in combination with high ARs). It was further
speculated that conformal coating in trenches with an AR of 30:1 should be
achievable for PE-ALD processes with low r values. On the other hand, for high
surface recombination probabilities, as observed on many metallic surfaces,
impractically large exposures seem to be required to coat trenches with ARs
larger than 10: 1.

Kariniemi et al. verified the conformality of various PE-ALD processes by
deposition into deep microscopic trenches and subsequent characterization
by cross-sectional SEM [48]. They showed good conformality of metal oxide
coatings deposited in trenches with ARs considerably larger than what had been
achieved earlier (up to 60:1). The key difference with other remote PE-ALD
studies [116—118] are the reactor design and, related to that, the two to three
orders of magnitude higher pressures used during the O, plasma step. Compared
to the inductively coupled RF plasma sources, the remote capacitively coupled
RF plasma configuration used by Kariniemi et al. is expected to result in higher
radical densities at the sample surface and the entrance of the trench and thus
also in higher radical fluxes deeper in the trench and improved conformality. In
addition, it is possible that a higher pressure during the plasma exposure causes
the O radicals to recombine less efficiently at the trench walls. In the case of Ag
PE-ALD using H, plasma, Kariniemi et al. observed Ag growth near the bottom
of a 60:1 trench, but the coating was far from conformal. This can be related to
the rather high recombination probability typically observed for H radicals on
metals and/or to the absence of a secondary thermal ALD reaction contributing
to the conformality.

Increasing the radical exposure, via the radical density available at the entrance
of the hole or the exposure time, is found to be the key factor in improving the
conformality of PE-ALD processes. The influence of the radical density was
demonstrated in the work of Dendooven et al. by increasing the gas pressure
and the RF power and in the work of Kariniemi et al. by modifying the plasma
configuration. This latter method appears to be more effective.

The experimental results also show that reasonable ARs can be achieved for
O,-based PE-ALD processes. The MC model of Knoops et al. solely attributes
this to the relatively low recombination probability of O radicals on oxide sur-
faces. However, the experimental film thickness profiles obtained for PE-ALD of
Al, O, by Dendooven et al. and Musschoot et al. could only be “reproduced” by
MC simulations if a superposition of two reactions was assumed, that is, (i) com-
bustion reactions of O radicals with adsorbed TMA molecules at the entrance
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of the hole and (ii) a secondary thermal ALD reaction of H,O molecules that are
being generated during the combustion reactions with adsorbed TM A molecules
deeper in the hole. On the other hand, Kariniemi et al. concluded that the sec-
ondary H,O effect plays a minor role in their depositions as good conformality
was also achieved for the SiO, process, while the Si precursor reacts only slowly
with H,O. This might be explained by the difference in radical fluxes inside the
high AR structures. Indeed, for sufficiently large O radical fluxes, as is also the
case for planar substrates, the effect of the secondary H,O reaction will be minor
as it has to compete with the combustion-like O radical reactions, which are likely
to occur faster. If the radical flux is low, secondary reactions with the H,O will
have a relatively larger impact.

When NH;, N,, or H, plasmas are used, H,O is usually not formed as a
reaction product in the plasma step, and secondary thermal ALD reactions are
not expected. The results by Dendooven et al. demonstrated that the growth
of nitrides in high AR structures using NH; plasma is not trivial, pointing to
a high recombination probability of the radicals generated in the plasma. The
chemistry of a NH, plasma is, however, very complex, and an understanding of
the surface recombination of its radicals remains elusive [119]. Even for the pure
N, plasma, there are only a few studies concerning the surface recombination
of N radicals. Although not stated explicitly in the literature, the lack of papers
reporting conformal growth of nitrides with PE-ALD using NH, or N, plasma
could indicate that it is indeed challenging to achieve good conformality for
those processes.

1.3.4 Conformal Coating of Nanoporous Materials

ALD in combination with nanoporous materials and membranes allows for the
creation of nanomaterials with improved compositional and structural proper-
ties through either replication or coating of the porous network. These materials
have applications in photonics, catalysis, gas separation, green energy conversion,
sensing, and so on. The unique potential of ALD to conformally coat mesopores
was demonstrated in 1996 for SnO, ALD in porous silicon [87]. Since then, many
authors have used ALD in porous films and membranes to fabricate nanostruc-
tures, to functionalize the pore walls, or to tune the pore size.

The first freestanding nanotubes realized by ALD were fabricated by the infil-
tration of a polycarbonate filter (200 nm diameter pores) with TiO, or ZrO, fol-
lowed by the dissolution of the filter [120]. Later, several groups have used AAO
(typically 30—500-nm pores) as a dissoluble template for the fabrication of nan-
otubes (Figure 1.19) [123—126]. For instance, Daub et al. synthesized ferromag-
netic Ni nanotubes by ALD of Ni oxide in the pores of an AAO template followed
by reduction of the metal oxide in hydrogen atmosphere [121]. Bae et al. demon-
strated the possibility of producing coaxial nested TiO, nanotubes by introducing
dissoluble Al,O, spacer layers between two or more TiO, coatings in an AAO
template [127]. Gu et al. applied the same trick to synthesize multiwalled HfO,
nanotubes [122]. Furthermore, several authors have investigated the photocat-
alytic activity of TiO, nanotube arrays created by TiO, ALD in AAO templates
[128-130].
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Figure 1.19 (a) SEM image of freestanding TiO,/Ni/TiO, nanotubes obtained via ALD in an
AAO template. (Daub et al. 2007 [121]. Reproduced with permission of American Institute of

Physics.) (b) Top view SEM image of triple coaxial HfO, nanotubes obtained by using AAO and
AL, O, ALD layers as template and spacer layers, respectively. (Gu 2010 [122]. Reproduced with

permission of American Chemical Society.)
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Figure 1.20 (a) SEM image of an opal film. (Karuturi et al. 2010 [138]. Reproduced with
permission of American Chemical Society.) (b) SEM image of a TiO, inverse opal synthesized by
ALD. (King et al. 2005 [132]. Reproduced with permission of Wiley.)

I

ALD has also been used for infiltration and replication of opal structures made
of close-packed colloidal silica or polystyrene spheres [131-138]. Opal replicas,
or inverse opals, thus consist of a regular arrangement of submicrometer air voids
embedded in a solid matrix material. Because of their periodically modulated
dielectric constant, these structures can exhibit a photonic band gap (photon
wavelengths for which wave propagation is not possible inside the material) and
are therefore promising candidates as 3D photonic crystals. Figure 1.20 shows an
opal structure consisting of 510-nm polystyrene particles. It is clear that only a
highly conformal deposition method such as ALD can achieve uniform infiltra-
tion of the opal film. Successful replication of an opal structure by means of TiO,
ALD and subsequent etching of the silica spheres could be demonstrated.

Most research has focused on ALD coatings in materials with pore sizes
>30nm, for example, using the aforementioned Si-based trench structures,
AAO and opal structures. Fewer studies have focused on ALD coatings in sub-10
nm pores. George and coworkers investigated ALD of Al,O,, TiO,, and SiO, in
5-nm tubular alumina membranes [78, 139]. In each ALD half cycle, the pore
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diameter was derived from in situ N, conductance measurements (assuming
Knudsen flow in the pores). The pore size was smaller after a precursor exposure
than after the subsequent H,O exposure, in accordance with the replacement of
the bulky precursor ligands on the pore walls by the smaller OH groups during
the H,O step. The pore diameter was successfully reduced to molecular diame-
ters (estimated in the range 3-10 A), demonstrating the potential of ALD to tailor
nanoporous membranes for specific gas separation purposes. Lin and coworkers
used ALD of Al,O, to modify sol-gel prepared alumina membranes with 4 nm
pores [140, 141]. ALD resulted in an improved separation of water vapor over O,
gas via the capillary condensation mechanism. McCool and DeSisto studied the
pore size reduction of a mesoporous silica membrane via catalyzed ALD of SiO,
[142, 143]. For a sufficient number of ALD cycles, the temperature dependence
of the N, permeance through the membrane revealed a shift from Knudsen
to configurational diffusion, suggesting pore sizes in the microporous regime
[144]. Separation experiments with H, and CH, also showed deviation from the
Knudsen diffusion mechanism in the direction of molecular sieving. Velleman
et al. combined pore size tuning of AAO membranes by ALD with wet chemical
functionalization of the coated membrane [145]. The surface modification with
highly hydrophobic silane species was employed to improve the selectivity of
the membrane for hydrophobic molecules. Due to hydrophobic—hydrophilic
repulsions, the chemically modified membrane showed enhanced sensitivity to
the transport of hydrophobic molecules over hydrophilic molecules. Chen et al.
performed ALD of TiO, to reduce the pore size of kinked silica nanopores from
2.6 to 2 nm [146]. The authors demonstrated great potential of this structure for
DNA sequencing.

In a series of recent papers, Dendooven et al. explored the limit of ALD for
coating the interior surface of nano-sized pores. They used meso- and microp-
orous SiO, and TiO, films that were deposited onto silicon substrates. Because
of the well-defined sample structure, ALD into the nanoporous layers could be
monitored in situ using XRF, GISAXS [80], and EP [79].

A first series of experiments focused on ALD into mesoporous silica thin films
consisting of an unordered 3D network of silica nanoslabs, with controllable
average pore diameters in the range of 6—20nm. The films exhibited high
porosity (70-80%) and excellent 3D pore accessibility. Figure 1.21 summarizes
the results obtained for ALD of TiO, from tetrakis(dimethylamino) titanium
(TDMAT) and H, O in the 3D mesoporous network of nanoslab-based silica thin
films [79, 147]. The ALD conditions for reaching saturation in the mesoporous
films were investigated via determination of the chemical composition using
in situ XRF. Films were successively exposed to 1s TDMAT pulses, each of
them followed by 20s XRF data collection. The Ti XRF intensity (Ti Ka peak
area), which is proportional to the amount of Ti atoms deposited in the meso-
porous thin film, is plotted against the TDMAT exposure time in Figure 1.21b.
About 4s of exposure was needed to reach saturation. Prolongation of the
exposure up to 20s did not significantly enhance the uptake. It is concluded
that the penetration of the ALD precursor proceeds readily in the 3D network
of interconnected channels. Exposure of a mesoporous thin film to repeated
cycles of the TDMAT/H,O ALD process is expected to result in the conformal
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Figure 1.21 TiO, ALD in mesoporous silica thin films. (a) Schematic representation of the
nanoslab-based mesoporous films. (b) Ti XRF intensity as a function of the TDMAT exposure
time on a 115-nm-thick film with about 6.5 nm pores and about 75% porosity. (c) Pore radius
distribution calculated from in situ EP data measured every 10 ALD cycles on a 150-nm thick
film with about 18 nm pores and about 80% porosity. (d) Ti XRF intensity against the number
of ALD cycles on a 120-nm film with about 7.5 nm pores and about 75% porosity and on a
planar SiO, substrate. (e) Electron tomography study of the TiO,-coated film in (d):
out-of-plane orthoslice through the 3D reconstruction of a micropillar sample. Dark gray, silica;
light gray, TiO,; and black (arrows), voids. (f) TEM image of a cross-sectional sample of the
TiO,-coated silica film (i), Si energy-filtered TEM map of this region (i), and Ti energy-filtered
TEM map of this region (iii).

deposition of a TiO, film on its pore walls and thus in a reduction of its pore size.
Figure 1.21c confirms a gradual decrease in pore radius with each 10 ALD cycles
deposited in channel-like mesopores with an initial average pore radius of about
9 nm. It should be noted that the pore radius reduction was not only caused by
the ALD coating but also influenced by shrinkage of the porous network during
ALD. Figure 1.21d shows the Ti uptake against the number of ALD cycles in a
film with an initial average pore diameter of about 7.5 nm. In an ALD process
performed on a planar reference substrate, the XRF intensity increased linearly
with the number of ALD cycles, as expected. XRR revealed a growth rate of
0.5 A per cycle on the planar substrate. During ALD on the mesoporous film,
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the slope of the XRF intensity curve was initially much larger, proving that TiO,
got deposited onto the interior surface of the channel-like mesopores. The slope
decreased gradually with the number of ALD cycles because the TiO, coating
on the pore walls caused a gradual decrease in the pore diameter and, related to
that, a decline in the interior surface area of the porous network. Evidently, the
amount of Ti atoms deposited per ALD cycle is directly linked to the available
surface area. Finally, the slope of the Ti XRF intensity curve became constant,
suggesting that the pores were no longer accessible for the TDMAT molecules
and that deposition continued on top of the filled mesoporous film. Shrinking the
pore diameter below the estimated kinetic diameter of the TDMAT molecule,
0.7nm [148], took about 60 ALD cycles, indicating a diameter decrease by
0.11 nm per cycle. The TiO, growth rate in the pores was thus about 0.55 A per
cycle, which is in reasonable agreement with the value found for deposition on
the planar substrate (0.5 A per cycle). The TiO,-filled mesoporous silica film was
further investigated by electron tomography. Figure 1.21e shows an out-of-plane
orthoslice through the 3D reconstruction. The result confirms the deposition
of TiO, throughout the whole film. It furthermore revealed the presence of
larger pores (diameter >7.5 nm) that were not completely filled with TiO, ALD.
These pores most likely became inaccessible for the ALD precursors due to
filling of the smaller pores. Elemental distribution maps from energy-filtered
TEM confirmed the presence of TiO, throughout the mesoporous silica film
(Figure 1.21f). Similar results were obtained for ALD of TiO, and HfO, into
mesoporous TiO, with ink-bottle-shaped mesopores [86, 149].

Dendooven et al. also studied the conformal deposition within microporous
silica films with an average pore size of about 1 nm [81]. TDMAT molecules
have a molecular diameter of about 0.7 nm and therefore managed to penetrate
into the micropores of this film (Figure 1.22a). After application of one ALD
cycle, about 18 times more Ti atoms were deposited in the microporous film
than on a planar reference substrate (Fig. 1.22(b)). The increment of Ti loading
became lower during the subsequent ALD cycles, as the micropores became too
narrow after 1-3 cycles of TiO, deposition and were no longer accessible for the
TDMAT molecules.
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Figure 1.22 TiO, ALD in a microporous silica thin film with a porosity of about 40% and a
thickness of about 80 nm. (a) Size of the TDMAT molecule as compared to the average pore
size. (b) Ti XRF intensity against the number of ALD cycles on the microporous film and a
planar SiO, substrate.
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This systematic study clearly demonstrates the ability of ALD to deposit con-
formal coatings on the pore walls of both channel-like and ink-bottle-shaped
mesopores with diameters in the low mesoporous and even microporous regime,
indicating that ALD is ideally suited for conformal deposition into porous mate-
rials and for atomic level tuning of the pore size down to near molecular dimen-
sions.
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