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the measurement testing as evidences. The deposition process description with some testing
evidences can be used to facilitate in the effort to understand the basic concept of ALD growth

mechanisms. Some metal oxides like Al,O3, HfO,, and TiO, with these employed precursors
are typically used for the detailed illustration during the reaction steps. Although the surface
chemistry of ALD process has been well understood, systematic description which combine a
theoretical and experimentally growth mechanism is still missing. This paper aims to provide
a better understanding of ALD growth mechanisms and surface chemistry which eventually
able to contribute on the thin film growth processing.
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1. Introduction

Atomic layer deposition (ALD) has played a significant
potential role in modern technologies such as sensing
(Graniel et al., 2018; Chen et al., 2020; Adhikari et al.,
2019), solar cells (Delft et al., 2012; Ponraj et al., 2013),
solid oxide fuel cells (Jiang et al., 2008; Johnson et al.,
2014), lithium ion batteries (Meng et al., 2012; Meng et al.,
2017), and photocatalysis (Edy etal., 2016; Edy et al., 2016).
Increasing number on ALD research attention will give
impact on the broadening applications in the future.
Historically, ALD was invented by two research groups
independently in different time without communications
each other: a Russian group led by Aleskovskii (1960s)
which called “molecular layering” (Puurunen et al, 2004)
and a Finnish group led by Suntola (1970s) with the name of
“atomic layer epitaxy” (Suntola et al., 1985). After growing
number of the films development, in fact many of them are
not in epitaxial condition, and it may leads to replace the
atomic layer-by-layer processing growth name to become an
atomic layer deposition instead of atomic layer epitaxy.

For some film characteristics, the thin layer obtained by
using ALD is considered to be an unreplaceable process.
These merits are conformal deposition on the complicated
contour surface, uniform thickness all over the deposited
substrate even in the 3D porous surface, and precision
control of the thickness. One of outstanding ALD process
which typically able for growing materials at low
temperature deposition has attracted application in the field
of soft material substrates which sensitive to the thermal
stability. As ALD process enabling for many various metal
oxide materials, this technique is beneficially during the
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growth deposition of inorganic films on organic substrates.
This growth technique leads to expand significantly the
unprecedented applications which currently still under
actively exploration.

Although ALD has currently gained more attention on
the exploration for applications, a basic principle of ALD
growth is still required to be expanded to get a better growth
technique. In this review paper, the discussions are stressed
on the growth mechanism of various ALD materials onto
substrates, the influence of prominent parameters on the
growth, and the science related with ALD growth to achieve
a high quality layer with approaching of both a theoretical
model and an experimentally evidence. For easy
understanding, the growth illustration uses a certain ALD
material as an example which typically metal oxide.

2. Principle of ALD Growth and Initial Surface
Reaction Mechanisms

Atomic layer deposition is a sophisticated method for a thin
film deposition of noble metals and metal oxides due to the
ability to provide uniform and conformal films on planar
substrates, a high aspect ratio structures, and 3D porous
materials. For smoothly growing, polar groups (i.e. -OH)
with high density is expected to be exist on the surfaces.
Basically ALD can be expressed with four steps as
illustrated in Fig. 1: (a) the precursor exposure (i.c.
Al(CHz3)3, Trimethylaluminum (TMA)) into ALD chamber
to react with all reactive sites on the surfaces, (b) evacuation
process of the reaction product (i.e. CH4, methane) and the
excess precursor, (c) the reactant exposure (i.e. H>O, O, or
03) into the ALD chamber to react with the surface sites
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generated by the first surface reaction, (d) purging process
of the reaction product and the excess reactant. These four
steps is called a cycle which able to grow a monolayer that
has thickness of around ~ 1 A. These reactions can be
described below (George, 2010; Xu et al., 2004; Kim et al.,
2019; Kaipio et al., 2014; Jur et al., 2011).

(i) Al-OH* + Al(CH3); — Al-O-Al-(CH3),* + CH,4

(ii) Al1-CH3* + H,O — AI-OH* + CH4

(*) represents an active species.
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Figure 1. Schematic shows the ALD growth process.
Reprinted with permission from ref.(Cheng et al., 2017)

In the initial growth step, it illustrates the first half
interaction between functional -OH groups and precursor, in
this case use TiCls and H;O. In the first half-reaction, TiCly
react with hydroxyl-OH groups which is initiated by the
adsorption process. TiCls was adsorbed onto the all available
—OH through a spontaneously coordination between Ti and
O atoms and form a Ti-O bond with distance of 2.28 A (Hu
et al., 2006). For the second half-reaction, H,O molecules
react with the surface intermediates of TiCl3;* surface sites
to release HCl species as a product (Puruunen, 2003).

The detailed reaction mechanism of the first half ALD
cycle is shown in Fig. 2. In the early coordination, Ti of
TiCly collides the O atom at the —OH groups to form HCl
(Fig.2(c)). During Ti and O interaction in the first half ALD
exposure, negative charge at the donor (O) is given to the
acceptor (Ti) by forming Ti-O bond. Due to the
accumulation of negative charge at the Ti atom, it leads to
rehybridize the Ti group from 5- to become 4-coordination
by releasing a Cl atom. On the other hand, this phenomenon
can stabilize a buildup of negative charge on the O and
reduces the O-H coordination. If the negatively charged CI
meets the positively charged H of the O-H in the transition
state, it leads to break the O-H bond which eventually was
formed a reaction product of HCI.

Figure 2. Illustration of the first half ALD reaction of TiCly
and hydroxyl —OH: (a) first coordination between precursor
and -OH site, (b) Ti-O bond was formed which has 5
coordination at the Ti atom, (c) transitional condition, (d)
the product of HCI was formed, and (e) the first half ALD
cycle was completed by removing the HCI product.
Reprinted with permission from ref.(Hu et al., 2006).

3. Non-growth Ligand Exchange Reaction

In the growth mechanism at a certain ALD material, there is
possibility that the ALD step on a half reaction will not get
any deposition which called Non-growth ligand exchange
reaction or NGLE. It is a surface reaction on ALD process
without gaining metal deposition. As an illustration, the
HfO, ALD growth using Hafnium tetrachloride (HfCly)
precursor is used for an example. For normal growth at the
first half-cycle, the ligand exchange reaction which the O-H
bond dissociates and H atom of O-H combines with a Cl
atom of HfClsy forms HCI as a product as shown in the
reactions of (i) and (ii). The chemical reactions on the HfO,
formation consist of two half-reactions (Mukhopadhyay et
al., 2006; Mukhopadhyay et al., 2008; Puurunen, 2004):

(i) M - OH*(s) + HfCls(g) — M-O-HfCI*(s) + HCI(g)
(i) Hf-CI*(s) + H,0(g) — Hf-OH*(s) + HCI(g)

“M” represents a substrate.

Meanwhile, NGLE reactions in which HfCls precursor
do not deposit metal and may lead to the incorporation of CI
in the film and lead to the formation of hydroxyl-chlorides
of both Hydroxychloride (HfCI30H) and hydroxychloride
(HfCl2(OH),) as well as oxychloride (HfOCl,) as illustrated
in the first-half cycle of (iii), (iv) and (v) (Mukhopadhyay et
al., 2006; Heyman et al., 2004). These surface reaction
mechanisms are considered to be detrimental due to it can
cause surface roughness, reduce the electrical properties,
etching effect, and reduction of the ALD process efficiency
with reducing the growth rate.

(iii) M-OH*(s)+HfCly(g) — M-CI*(s)+HfCl;0H(g)
(iv) M-OH*(s)+HfCLOH(g) — M-Cl*(s) + HfCL(OH)x(g)
(v) M-OH*(s)+HfCly(g) — M-CI*(s)+HfOCly(s)+HCl(g)
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These possible reactions of first half cycles are considered
to be non-growth ligand exchange reactions. It can be seen
that the NGLE reactions only involve the exchange of
surface termination groups without gaining ALD material
deposition.

4. Interfacial Diffusion Growth

Atomic layer deposition allows coating of thin film in a very
precise way in Angstrom level. It was shown that ALD
process will enable the inorganic materials to grow on the
ubiquitous surface with or without hydroxyl groups. In the
surface with numerous polar groups, the ALD material will
be deposited normally onto the surface directly. Meanwhile
the ALD growth on the surface without reactive sites, the
initial growth is started by diffusion growth mechanism on
the interfacial as illustrated in Fig.3.
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Figure 3. Schematic growth of AlL,Os deposited onto a
polymer without polar groups (a) the porous structure of
polymer without ALD coating, (b) aluminum oxide
nucleation clusters due to the TMA and H>O molecules
interaction, (c) coalesce of the clusters and covered all over
porous structure in the surface region, and (d) the growth is
started to the normally growth mechanism. Reprinted with
permission from ref.(Wilson et al., 2005).

A polymer is a large molecule, or macromolecule
composed of many subunits. A macromolecule is the
structure of which essentially comprise the multiple
repetition units. Polymer may consist of linear
macromolecules containing each only one unbranched chain
or branched macromolecule (i.e polyethylene). Structurally,
polymers consist of numerous polymer chains with
microporous structure that can be illustrated as cross section
polymer in Fig.3(a). Initial growth mechanism on the
polymer surface without hydroxyl groups is started with
TMA molecules are infiltrated to the subsurface of the
polymer film.

Subsequent exposure of H,O will react with TMA and
produce AlOs nucleation clusters (Fig.3(b)). The
subsequent cycle numbers will fill the space between
polymer chains which eventually coalesce and close the

space to be nearly continuous as shown in Fig.3(c). After the
space between the polymer chains are totally closed, the
TMA and H,O exposures lead to form Al,O3 ALD growth
normally as illustrated in Fig.3(d). This continuous film will
grow linearly in the interfacial region and block further
precursors diffusion into the near surface. The required cycle
number to get a continuous growth in the interfacial region
may depend on the porous structure formed by polymer
chains on the near surface region and the deposited ALD
materials.

Figure 4. The front view images. (a) bare PET surface. PET
surface covered by ALD layer of (b) TiO2, (¢) Al,O; with
thickness of both are 100 cycles., (d) Al,O3/TiO; bilayer
with each of layer is 100 ALD cycles. Reprinted with
permission from ref.(Edy et al., 2017).

It was shown the effect of ALD materials and the cycle
number on the growth mechanisms onto
polyethyleneterephthalate (PET) substrate as shown in Fig.4
(Edy et al., 2017). Figure 4 is PET surface image without
ALD layer (Fig.4(a)) and the surface that has been coated by
ALD of TiO3, Al2O3, and Al,03/TiO, bilayer (Fig. 4(b)-(d))
The smoothness of PET surface increases due to the
presence of ALD films, and it further increases on the
surfaces with better coverage as revealed in Fig.4(c)-(d). In
term of ALD growth robustness, Al,O3 growth is better than
that of TiO; as indicated by the surface coverage of Al,O;
film is higher than that of TiO; in the thickness of both are
100 ALD cycles. The film coverage which is indicated by
surface smoothness, is furtherly increase by forming of
Al,03/TiO; bilayer as shown in Fig.4(d). It is due the A1,O;
layer acted as base substrate for the TiO, layer can be as a
buffer layer. Structurally, PET has numerous functional
groups of C=0 as carbonyl site (Edy et al., 2017; Edy et al.,
2013). In the initial growth, the provided C=0 groups react
to the elements of the precursors of the growth materials. In
the early process, the deposition occurs on the near surface
region. On the other hand, the coordination between
precursor and polar groups can disrupt hydrogen bonding,
which leads to the opening of chain framework which
eventually able to promotes the nucleation diffusion into the
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near surface region (Spagnola et al., 2010; Knez, 2012).
These phenomena of the ALD growth mechanisms can be
clearly illustrated as shown in Fig. 4.

5. ALD Growth Evaluation
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Figure 5. Mass gain on ALD deposition measured by using
a Quartz Crystal Microbalance (QCM) as a function of ALD
cycles on the Al,Os3 deposition for 5 cycles. Reprinted with
permission from ref.(Wilson et al., 2005).

Figure 5 shows mass change (ng/cm?) versus ALD cycles (5
cycles) during Al,O3 ALD deposition onto Polypropylene
(Wilson et al., 2005). It was shown that the first TMA
exposure led to increase a large mass up to ~ 300 ng/cm?
which followed by a mass decrease to ~ 125 ng/cm? and it
was continued by the H,O exposure as indicated with small
peak which followed by a mass decrease as well. The mass
gain increases linearly by increasing the cycle number forms
a stair-like with a mass growth rate of ~ 60 ng/cm?. These
mass transients are consistent to adsorption and desorption
processes during the surface reaction mechanisms. During
adsorption processes of TMA or H,O molecules on the
surfaces up to saturation stage as indicated by the mass
increases up to the maximum point in the QCM signal and
then followed by desorption of the ligand exchange reaction
mechanism forms CH4 product which then evacuated
through purging process. Furthermore, the mass decrease
shown in the QCM measurement may also affected by the
unreacted precursor molecules due to the excess precursor
exposure which collide to the surfaces.

In the evaluation of growth mechanism, confirmation can
be checked at each half cycle by using Fourier-transform
infrared spectroscopy (FTIR) (Hyde et al., 2010). Figure 6
shows cycles process during AlLOs deposition by using
TMA/H,O (Fig.6(a-b)) and TMA/O; as precursors and
reactant (Fig.6(c-d)). Figure 6(a) is the spectrum after H,O
exposure during an Al>O;3 deposition. A positive peak at the
range of 3640-3730 cm™ corresponds to O-H due to the
presence of AIOH* species. On the other hand, negative
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Figure 6. FTIR spectra phenomena in the condition of after
(a) H2O exposure, (b) Al(CH3); exposure, (c) first O3
exposure, and (d) next AI(CH3); exposure. C = carbonate, F

= formate. Reprinted with permission from ref.(Goldstein, et
al., 2008).

trend was shown at the range of 2920-2980 cm™! corresponds
to C-H stretching and at 1212 cm! corresponds to Al-CHs.
These trends as a result of reaction between AICH;* species
and H>O and release reaction product of CHy. Figure 6(b)
shows the FTIR spectra after TMA exposure. This exposure
causes an alteration of AIOH* become AICH3* surface
species. The surface species change dramatically after the
first Oz exposure as illustrated in Fig. 6(c). It was shown that
the intensity of the O-H stretching at the range of 3734 to
3778 cm’! decreases compared to the intensity as shown in
Fig. 6(a). Fig. 6(d) reveals that the features of Carbonate,
Formate, and O-H stretching vibration are totally
disappeared by exposing of TMA. Conversely, the C-H
stretching vibrations emerges after the TMA exposures.

6. ALD for Complex Structure Substrate

ALD has been an unreplaceable growth method on various
substrates ranging from planar surfaces to three-dimensional
structure of nanoporous materials. Fig.7(a) shows an image
of silicon trench substrate coated Ge;Sb,Tes ALD film
(Pore et al., 2009). The image demonstrates a smooth surface
with perfectly conformal to cover all the exposed surface
including the bottom of the trench with uniform thickness.
Furthermore, Fig.7(b) shows three-dimensionally porous
sponge originating from polyurethane deposited TiO; film
with 1000 cycles by ALD (Edy et al.,, 2016). These
evidences indicate that ALD can be as a robust method for
deposition onto the surfaces with complicated feature even
on 3D porous structure. The superior characteristic of ALD
process in term of conformality and uniformity deposited by
ALD can be regarded to be unreplaceable process compared
to any other deposition techniques. Atomic layer deposition
is also benefited by the ability to be processed at low
temperature of lower than 100 °C which is beneficially for
deposition with low melting temperature substrate such as

polymers.
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Figure 7. ALD thin film deposited on complex surfaces. (a)
Cross-section image of trench deposited by Ge,Sb,Tes ALD
(Pore et al., 2009). (b) 3D porous sponge coated TiO, by
ALD (1000 ALD cycles) (Edy et al., 2016).

7. Conclusions

Atomic layer deposition can be successfully grown on both
types of surfaces with and without functional groups. The
growth mechanism on the substrate with numerous reactive
surfaces groups like -OH and C=O is initiated by a directly
reaction between precursors and these reactive sites. In
addition, the growth mechanism on the surface without
hydroxyl groups is initiated by trapping the precursor
molecules in the subsurface and forms nucleation clusters.
By increasing the cycle number, the clusters will fill the
region among the porous frameworks which eventually
connected each other and close the space to be continuously
covered by ALD material clusters. In the case of substrate
that has numerous reactive sites with microporous feature in
the subsurface region, the initial growth can be initiated by
a normal reaction between reactive sites and reactant and on
the other hand the diffusion growth mechanism concurrently
in the near surface region. In the ALD growth process, the
robust growth mechanism can be indicated with the
adsorption and desorption processes during the surface
reaction mechanisms. Furthermore, it can be indicated by the
surface species change after the first- and second- half cycle
during the ALD process. With these growth mechanisms,
ALD process will enable the thin film materials to grow onto
the complex surface uniformly even on the three-
dimensionally porous substrates.
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