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Tässä väitöskirjassa käsiteltiin atomikerroskasvatusta (engl. ALD) ja sen tulokset esitetään
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1. Introduction

Atomic layer deposition (ALD) is a technique based on sequential
self-terminating surface reactions for depositing conformal thin
films. With ALD, atomic-level thickness precision and uniformity
is possible on surfaces of arbitrary topography and structure. ALD
has established itself in various industries as an essential technique due to its unrivaled ability to coat high aspect ratio structures and deposit high quality pinhole-free thin layers.
ALD was invented independently at least twice. As early as
1952, the concept was proposed in a Ph.D. thesis published by V.
B. Aleskovskii in the Soviet Union.[1–3] Prof. Aleskovskii and
Prof. S.I. Kol’tsov were later employing this technique in the Soviet Union under the name molecular layering (ML) in the 1960’s.
On the other side of the Iron Curtain in Finland, Dr. T. Suntola
and coworker’s, who submitted an invention and patent application on atomic layer epitaxy (ALE) in the 1970’s, have been the
generally accepted progenitors of the ALD technique and, quite
importantly, for initiating worldwide awareness of the
technique.[4]
ALD’s industrial roots are in electroluminescent displays introduced in the 1980s and which were based on Suntola’s patent.
Upon adoption by the microelectronics industry in the 2000s,
ALD has experienced growing interest and development. Today,
ALD’s implementation has branched out to cover a broad spectrum of technology. From protective coatings and transparent
conducting oxides to wave guides and metallization ALD’s prominence in the technological landscape has grown over the years.
Judging from the latest scientific literature and looking forward,
ALD will continue to replace chemical vapor deposition (CVD)
and physical vapor deposition (PVD) techniques as miniaturization continues. Importantly, ALD is also developing into some1

thing more than simply a replacement technology in areas using
CVD and PVD. The technique is emerging as an enabler for nanotechnology in ways CVD or PVD techniques were never even imagined as being able to fulfill. Here, nanotechnology is understood in its broadest sense and encompass all the technology that
incorporates or utilizes nanoscale structures i.e. features having
at least one dimension <100 nanometers.
Looking forward, where paradigm shifts are needed in order to
keep pace with Moore’s Law, ALD will continue to serve the push
for miniaturization and increasing packaging density. As such,
ALD will be an increasingly instrumental driver in the ever expanding area of nanotechnology as the material selection expands
and processing capabilities refine. As the number of ALD materials increases, and likewise the ability to tune characteristics, ALD
is naturally suited for the construction of novel artificial engineered materials possessing properties not found in nature and
for the fabrication of 2-dimensional materials on topographically
complex surfaces.[5–9]
This thesis presents results that can be divided between two areas: the study of ALD film growth, using plasma activation, and
the employment of ALD materials in various nanotechnology applications. The former is a study concerned with how plasma processing conditions affect the material properties of AlN (Publication I). Here a comparison to and interpretation of the results
obtained by others is made in order to draw out greater insight
into the processing related matters with this material. The latter
part of the results is divided between the employment of ALD
materials based on thermally activated reactions (Al2O3, TiO2,
HfO2 and ZnO) or plasma activated reactions (AlN). Special attention is paid to the complementary fusion of ALD with other technologies and materials. Aluminum nitride is examined as a silicon
plasma etch mask (Publication II). Gallium arsenide, in bulk
(Publication III) and as nanowires (Publication IV), is examined
with respect to the synergetic employment of ALD for device realization. Zinc oxide nanorod (ZnOr) constructions, serving as a
model inorganic−organic semiconductor interface, employ various ALD oxides for surface modification (Publications V and VI).
And finally, graphene is incorporated and studied as a reinforcing
layer in ALD alumina membranes (Publication VII). The results
2

are preceded with a comprehensive overview of ALD, both thermally and plasma activated, followed by a review of the most relevant materials used in this thesis and the characterization techniques.
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2. Atomic Layer Deposition

This chapter provides a review of ALD. It starts with introducing
basic properties of ALD that distinguish it from other thin film
deposition techniques. The types of reactants typically utilized in
ALD are then reviewed. This is followed with a discussion of surface chemistry and the ALD temperature window. Following these
discussions concerning fundamental areas, more advanced topics
are introduced. Firstly, ALD growth initiation is reviewed which is
followed by a discussion of crystallinity. The mechanical properties of ALD thin films are briefly touched upon. This chapter ends
with a discussion of plasma-enhanced atomic layer deposition
(PEALD). Aspects such as reactor configuration and the relative
location of the plasma discharge with respect to sample, i.e. remote- or direct-plasma, and the consequences such have on material processing are examined.

2.1

Basics

ALD is a thin film deposition technique based upon sequential
self-terminating gas-solid reactions, involving ligand-exchange
and/or removal, of alternately introduced, or pulsed, reactants.
Most ALD processes are binary reactions involving two reactants.
A purge step to remove excess reactant and reaction by-products
separates each reactant pulse and ensures the reactants do not
meet in the gas-phase. ALD is therefore composed solely of gassolid reactions between sample surface and a gaseous reactant.
The typical two-reactant ALD process is characteristically made
up of four steps:
1. Pulse step of reactant A and subsequent self-terminating
gas-solid reaction.
4

2. Purge step to remove excess reactants and gaseous reaction by-products.
3. Pulse step of reactant B and subsequent self-terminating
gas-solid reaction.
4. Purge.
This sequence of events is known as a reaction cycle and is sometimes further divided down to a reaction sequence, comprising a
reactant pulse and purge step, which is referred to as a halfreaction. During each reaction cycle a fixed amount of material
having a corresponding nominal thickness is deposited, known as
growth per cycle (GPC), due to the self limiting nature of the reactions. Because the GPC is fixed, a desired film thickness can be
deposited simply by adjusting the number of reaction cycles. As
the reactions are self-terminating, no tuning of reactant dose or
flux is necessary provided that the dose is sufficient for the complete saturation of surface sites. This surface control is responsible for ALD’s inherent characteristics of extreme film thickness
controllability and uniformity. With respect to high aspect ratios
and complex surface geometries, G.S. Sveshnikova et al. correctly
noted already in 1969 that topographical “irregularities” can “influence only the rate of diffusion of the reaction components and
products”.[10] This means, in principle and given enough time for

Figure 1. Examples of different areas where ALD is used: (a) for uniform coating of high-aspect ratio structures, (b) as an technique able to deposit a
gate-oxide for nanowire-based vertical transistors Ref. [12], (c) as a passivation layer for black silicon solar cells Ref. [13], (d) anti-reflection coatings with high thickness and uniformity tolerances Ref. [14], (e) as a suspended membrane for optical filters, and (d) as a key component for creating multiple slot waveguides. Ref. [15]
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diffusion, ALD has the ability to coat surfaces unreachable by
other deposition techniques and thus provides one of the technique’s key distinguishing attributes and a key enabler for nanotechnology.[11] Figure 1 presents exemplary illustrations where
ALD’s attributes can be utilized.

2.2

Materials and Reactants

Metal reactants enabling ALD of a wide assortment of inorganic
materials and material combinations are available and continuously being expanded upon due to vigorous research. For a reactant to be suitable as an ALD-reactant it has to fulfill some basic
criteria. First, it has to be volatile at a reasonable temperature
range yet not decompose at these temperatures. Second, the gassolid reaction must be self-terminating i.e. the reactant cannot
react with itself or desorb from the surface. Reactants can be divided between metalorganic and inorganic. Metalorganic reactants that contain a direct carbon-metal bond, such as the ubiquitous trimethylaluminum reactant, are classified as organometallic reactants. Inorganic reactants include elements and halides.
Elements are an interesting class of ALD-reactants as steric effects and impurities arising from unremoved ligands are avoided.
Nonetheless, the use of elemental reactants is limited due to the
lack of reactivity of most elemental materials. Metalorganics,
trimethylaluminum (TMA) and diethylzinc (DEZn), and halide
precursors, TiCl4 and HfCl4, were used as reactants for the ALD
materials included in this thesis. An organic variant of ALD exists,
known as molecular layer deposition (MLD), which is based on
upon the use of completely organic reactants.
ALD processes are available for metal-oxides, -nitrides, selenides, -sulphides, and -tellurides. In addition, ALD processes
are also available for pure metals such as Au, Ag, Cu, Os, Ir, Pd,
Pt, Ru, and W.[16–18] The oxide and nitride processes form the
two most utilized ALD processes today and are the processes used
in this thesis. Often H2O is used as an oxidant although some reactants either require or benefit from the use of other oxidants
such as oxygen, ozone, alcohols, or oxygen radicals. For
nitridation, NH3 is almost exclusively used in thermally-driven
ALD due to the non-reactivity of nitrogen and hydrogen gases at
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the common processing temperatures. Plasma-enhanced atomic
layer deposition however allows for the use of nitrogen-hydrogen
gas mixtures and pure nitrogen gas in addition to ammonia. The
choice of oxygen or nitrogen source is not trivial as each will exhibit unique reaction mechanisms which in turn lead to different
atomistic growth characteristics and material characteristics. For
example, Al2O3 properties and growth characteristics are very
much dependent on the particular oxygen source.[19,20]
Publications I-III used TMA and plasma-activated NH3 or
N2/H2-gas mixture as reactants to deposit AlN. Publication III
additionally used HfCl4 to deposit a HfO2 film. Publication IV used
DEZn/H2O pulses interrupted periodically with alternating
TMA/H2O pulses to deposit Al-doped ZnO (AZO). Reactant pairs
TiCl4/H2O, TMA/H2O, and DEZn/H2O were used to deposit TiO2,
Al2O3, and ZnO, respectively, in Publications V and VI. Lastly,
Publication VII used TMA/H2O to deposit the Al2O3 layers.

2.3

Surface Chemistry

ALD is based upon self-terminating gas-solid reactions of sequentially supplied reactants which are divided by a purge to remove
excess reactants and gaseous reaction byproducts. Surface chemistry thus fully describes the atomistic growth mechanics and
characteristics of ALD.[3,18] The gas-solid reaction involves adsorption of a gaseous reactant molecule upon the surface. For the
process to be ALD, the adsorption must be irreversible and selfterminating, see Figure 2. The adsorption may have a component
of reversibility provided that this reversibility adsorption terminates in a practical time-scale, during purge, and is noncontributing to the growth as illustrated in Fig 2c. Adsorption is
classified based upon the nature of the interaction between adsorbed species and surface. This classification is divided between
physisorption, where interactions create a weak bond between
surface and adsorbed species with no significant structural
changes occurring in the absorbed species, and chemisorptions,
where a strong bond occurs between the surface and adsorbed
species’ metal atom. The requirement of irreversibility thus precludes physisorption as a suitable adsorption type for ALD as ph7

Figure 2. Illustrative examples how absorbate mass can vary with time: (a)
irreversible saturation as seen with TMA Ref. [21], (b) reversible saturation,
(c) reversible-irreversible saturation with t representing a practical transition
time from reversible to irreversible saturation as seen with DEZn Ref. [21],
and (d) irreversible non-saturation such as seen with the TDMAT precursor
for the TiN process Ref. [22]. Figure adapted from Fig. 8 of Ref. [3]

ysisorption is always reversible due to the weak bond existing
between the surface and the adsorbate as illustrated in Figure 2b.
Physisorption however does play a useful role by enabling ALD
nucleation on surfaces, such as graphene, that lack surface
sites.[23][24] This is discussed further in the Section 3.2.2. The
creation of a strong bond seen in the chemisorption reactions of
ALD typically occurs via three different mechanisms leading to
the formation of a bond between the metal and surface. These
chemisorption mechanisms of ligand exchange, disassociation,
and association are illustrated in Figure 3.
Ligand exchange, as illustrated in Figure 3a, is described below
with reaction equation 1.[25] The subscripts denote the number
of species. When the ligand(s) from a reactant MLx, where M and
Lx respectively represent metal and ligand(s), combines with the
surface group(s), צ-sy, the ligand(s) is released as byproduct, sLy.
In turn, a bond is created between the metal reactant to the surface. This reaction is generally described as:

צ-sy + MLx(g) → צ-MLx-y + sLy (g)

(1)

The adsorbate, צ-MLx-y, may undergo further ligand exchanges
with neighboring surface sites, צ-s, as illustrated in row III of Figure 3a and described as:

צ-MLx-y + צ-sn → צ-MLx-y-n-צn + sLn (g), where n≤x-y (2)
Dissociation involves the splitting up of the reactant molecule
onto reactive sites. This is illustrated in Figure 3b and described
8

Figure 3. Illustrative examples of chemisorption mechanisms: a reactant undergoing (a) ligand exchange in row II and further ligand exchange in row III,
(b) dissociation in row II, and (c) association in row II.

below with reaction equation 3.[25] Here the important distinction with ligand exchange is that the ligands are not removed but
occupy surface sites as described by reaction equation 3:

צ-M’ - Z- צ+ MLx(g) →צ-M’-L + צ-Z-MLx-1

(3)

Here, Z represents the remaining constituent of the non-metal
reactant from the previous half-cycle which has formed a bridge
with an underlying metal reactant M’. For the TMA and water
process, the Z would be oxygen while M’ aluminum.
Association involves the formation of a coordinated bond between reactant and a surface site with no removal of ligands and
can be described below by reaction equation 4:[25]
MLx(g) + צ- → ···צMLx

(4)

It should be noted that an adsorbate created through one of the
above chemisorption mechanisms is not prohibited from undergoing further dissociation or ligand exchange reactions, as outlined above, independent of the first adsorption mechanism. For
example, a reactant that underwent chemisorption through ligand
exchange may further have a dissociation reaction on the surface.
9

Of importance however, is that the surface reaction terminates.
The above equations do not cover all possible reactions, such as
an atom undergoing a change in its oxidation state through an
intermediary agent, such as zinc.[26,27]
Under the ALD conditions of self-termination and irreversible
adsorption, the above equations imply that chemisorption reactions, assuming adequate supply of reactant, will progress up to
the point the surface sites become saturated after which no further material is added to the surface. That is, the amount of material deposited, or likewise saturation of the surface, is related to
the number of reactive surface sites accessible, e.g., those surface
sites not blocked by steric effects (see the following section), and
can be expressed in the mass balance equation[25]:
Δ(Material)= zMLx-sLy

(5)

The above equation states that the material chemisorbed is equal
to the reactant, here the metal reactant MLx chemisorbed, less the
material removed by the ligand exchange reaction between the
ligands, Ly, and surface groups, s, multiplied by the number of
reactants, z, adsorbed. Here, subscripts x and y represent the
number of attached and removed ligands, respectively. In reality,
x and y of equation 5 will likely not be integers as not all reactants
will undergo an identical number of ligand exchanges as was illustrated in Figure 3a. Here it is important to keep in mind that
unless subsequent reactions remove the remaining ligands, either
through the adsorbate undergoing further surface reactions of
ligand exchange or after the introduction of subsequent reactant(s), they will remain as impurities in the film. Equation 5 may
not be valid for reactions not described by equations 1-4.
As outlined in the previous section, saturation is reached when
no more reactive surface sites are accessible and the reactions
have self-terminated. Ideally, each half-reaction results in every
reaction site undergoing a ligand exchange reaction and adsorbing a reactant MLx. Under such conditions, a monolayer of ALD
grown material, i.e. one plane of the ALD material in a crystalline
face in the preferred orientation of growth is deposited with each
reaction cycle. In reality, ALD processes almost always require
multiple reaction cycles before a monolayer of ALD grown mate10

rial is deposited. Hence the GPC is typically a fraction of a monolayer, a sub-monolayer, of the ALD material and typically in the
range of 0.25-2 Å. Each half-cycle deposits instead a chemisorbed
monolayer which is defined as the resulting monolayer after all
available reactive surface sites have become occupied by an
absorbate. The large sizes of adsorbed molecules, which block
adjacent surface sites through steric effects, govern the density of
adsorbed species and in turn the GPC. Figure 4 presents a simplified schematic that visualizes the steric hindrance and is taken
loosely from a model developed by Ylilammi.[28] This model
which is used to calculate the maximum GPC uses the adsorbate’s
size, geometry, bond lengths and angles. As is apparent, decreasing the adsorbate size would increase the GPC by making more
surface sites available. This observation is of relevance as it qualitatively explains the low growth rate of reactants with many or
large ligands. The TiN process based on TiCl4 and NH3 is a case in
point. The polycrystalline material has a lattice constant of 4.24 Å
and atomic layer spacing in the [100] and [111] direction of 2.12
and 2.449 Å, respectively. The GPC however is only 0.17 Å, over a
dozen of times smaller than the lattice spacing, due to the blocking effect of the large TiClx adsorbed molecule.[29]

Figure 4. Illustrative example how steric hindrance, indicated with red boxes,
block adjacent reactive sites with (a) representing introduction of reactant,
(b) adsorption of reactant and subsequent blocking of some reactive sites,
indicated by the red boxes, and (c) the resulting layer after purge.
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Figure 5. Simplified representation of the ALD temperature window. ALD growth
occurs within a temperature range determined by the reactants. Within the
ALD window the GPC can vary with temperature while still meeting the requirement of ALD growth.

2.4

ALD Temperature Window

Naturally, being a thermally-driven reaction process temperature
plays a central role in ALD and there exists a temperature window, typically spanning 100-400 °C, within which most processes
experience ALD growth. Figure 5 presents a simplified representation of the ALD temperature window where GPC remains constant within the window. Outside the temperature window at lower temperatures there occurs either less growth due to insufficient
thermal energy for reactions to occur or more growth due to condensation of precursor(s). At higher temperatures, if the material
is volatile, desorption can occur which results in a reduced GPC.
Alternatively, at sufficiently high temperatures reactant decomposition can occur which will cause an enhancement of growth. It
is important to recognize that for true ALD growth all reactants
have to be operating within their respective temperature windows. This requirement has the important consequence of restricting reactant pairs and thus potentially materials, particularly
if strictly ALD growth is desired.
It is however worth recognizing that operating outside of the
temperature window may be tolerable as the non-ALD growth
components may be sufficiently small. For example, the reactant
pair of TMA and NH3 may appear unsuitable candidates for ALD
12

Figure 6. Illustration of how GPC can depend on temperature within the ALD
window: (a) A progressive decrease in GPC, (b) steady GPC with a point of
discontinuity occurring at a specific temperature, (c) a continual increase in
GPC and (d) a GPC that can both increase/decrease with respect to temperature. (e) Temperature dependence of GPC for the TiCl 4/H2O-process.
(Credit: DI Olli-Pekka Kilpi, Aalto University)

of AlN due to a mismatched temperature window between the
two reactants. TMA starts decomposing at a temperature of 600 K
which is below the necessary temperature for reasonable reactivity of NH3.[30,31] Nevertheless, one can still achieve reasonable
ALD-like growth if the decomposition rate is sufficiently low. This
has been shown to be the case at temperatures between 350-400
°C as AlN films with good uniformity are still possible to deposit
because decomposition of TMA is slow and the NH3 reactivity
sufficient.[31] Significant carbon and hydrogen residues however
exist in the films due to a combination of TMA decomposition and
poor NH3 reactivity. At higher temperatures, 450 °C, when the
TMA decomposition rate is accelerated uniformity drops dramatically as the process becomes mass transport limited. The above
considerations imply that with proper reactor design and careful
process tuning one can achieve high quality ALD-like layers.[32]
On the low end of the temperature spectrum, the effects of condensation and poor reactivity can be mitigated with sufficiently
long purges and reactant exposure times, respectively.
There can be a considerable departure from the ideal ALD window presented earlier as illustrated in Figure 6. Within the temperature window the GPC is often not fixed due to temperature
influencing available reactive surface sites, migration of
admolecules, or even change in the favored reaction mechanism.
For example, the Al2O3 process based on TMA and H2O displays a
progressive decrease in GPC from 175 to 300 °C due to
dehydroxylation, similarly as illustrated in Figure 6a.[3] The crys13

tallization process involving the migration of admolecules into
more energetically favorable positions in 3-D ordered growth, i.e.
formation of crystallites of favored phase also manifests as a
GPC–temperature dependence. An example of this is observed
with the aberrations in the GPC–temperature dependence of the
TiO2 process based on TiCl4 and H2O reactants, Figure 6e. Other
non-idealities include agglomeration, also seen in the TiCl4 and
H2O process, or a lack of the surface reactions reaching completion. The latter case is severe, as the absence of surface reaction
saturation leads to impurities, film porosity and/or instability as
is the case for the TiN-process based on TDMAT and NH3.[22]

2.5

ALD Growth Initiation

The preceding discussions concerned steady-state growth of ALD
material being deposited on a layer of itself of sufficient thickness
to mask any substrate effects. Under these conditions a fixed GPC
would be expected because the surface chemistry governing the
ALD process remains constant. However, at the start of an ALD
process the surface chemistry of the substrate is encountered and
substrate induced effects come in to play.[25,33–35]
One way of analyzing substrate-induced effects is to observe
how GPC is affected at initiation of growth, i.e. during the transient regime.[25] Substrate effects can furthermore be qualitatively
described with respect to growth mode.[34] Figure 7 on the following page exemplifies the growth curves and their respective
GPC curves for four classifications of growth initiation types.
2.5.1

Substrate-inhibited growth

Substrate-inhibited growth of Type 1 manifests as a reduced GPC
at growth initiation.[34] The effective period of GPC reduction,
the cycle number obtained when extrapolating back from the linear growth regime to 0 nm-thickness, is known as the inhibition
period. Inhibited growth can occur due to a relative lack of surface sites, compared to growth in the linear regime, which retards
growth. In the case of corrosive reactants or reactant by-products,
substrate etching at growth initiation can also reduce the effective
GPC. Each reaction cycle progressively populates the surface with
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Figure 7. Illustration of various substrate-induced effects on thickness as a
function of the number of reaction cycles. Inset depicts the corresponding
GPC as a function of cycles at initiation. (a) The ideal case when constant
GPC results in linear growth at the outset of deposition, (b) substrate inhibited growth (Type 1), (c) substrate inhibited growth (Type 2), and (d) substrate-enhanced growth. The red line is the backward extrapolated curve of
the linear regime. The crossing at 0 nm thickness gives the effective period
of the substrate-induced effect.

additional surface sites until a monolayer of ALD material is
grown upon which the linear growth regime is reached. Stunted
growth can also occur when corrosive reactants are used.[36]
Substrate-inhibited growth of Type 2 also manifests initially as
stunted growth which then becomes enhanced before settling to
the steady-state GPC.[34] This has been observed when depositing on hydrogen-terminated silicon for various types of process:
the TMA/H2O process, HfCl4/H2O process, and the
Ru(EtCp)2/NH3-plasma process.[37–39] Growth here is believed
to occur through an island-growth mode with film preferentially
deposited on ALD material as opposed to the substrate.[40] The
observed maximum in GPC has been attributed to correspond to
when the deposited layer’s surface area reaches its maximum before island coalescence.[41] Furthermore, Puurunen proposed a
model in which growth on the islands themselves is random although real ALD may not be completely random due to the effects
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of steric hindrance which acts to more evenly spread
adsorbates.[42][28]
2.5.2

Substrate-enhanced growth

Substrate-enhanced growth manifests as a higher GPC at growth
initiation which then settles to a lower steady-state GPC following
additional reaction cycles. The presence of additional surface sites
on the substrate compared to the ALD material during growth in
the linear regime can be attributed to the enhancement of GPC.
An apparent enhancement of growth at commencement is also
observed when the substrate reacts with one of the precursors in
such a way as to produce the deposited material. Such occurs, for
example, with the TMA/water process when depositing atop native oxide covered GaAs and RuO2.[43–45] For these cases, exposing the oxidized substrate to TMA results in the formation of
an alumina layer in place of the surface oxide. The creation of an
alumina layer of an appreciable thickness after the first halfreaction in turn manifests as an apparent enhancement in GPC.

2.6

Crystallinity

As-deposited ALD films can be amorphous, polycrystalline, crystalline or contain a mixture of crystalline and amorphous phases.
A film’s crystal structure often has a central role in defining a
wide range of its characteristics and by extension its applicability.[18] Many of the same materials can exist either as amorphous
or polycrystalline of various phases. When considering dielectric
properties of metal oxides, amorphous films exhibit lower leakage
current, or better barrier properties in general, than polycrystalline films as grain boundaries act as pathways for diffusion.[46]
On the other hand, crystalline films of the same material have the
highest κ-values.[18] Optically, the grain boundaries and increased surface roughness of polycrystalline films induce scattering losses.[47,48] In MEMS, the rough surfaces of polycrystalline
films, like ALD TiO2, are useful as anti-stiction layers.[49,50]
In general, for crystallinity a higher processing temperature,
thicker film and higher purity material is required.[18] High
enough temperatures are needed to supply the necessary energy
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to allow for phase transitions. Thinner films, which have high
ratios of surface area to volume, have generally higher energy
requirements necessary for the phase transition than their thicker
counterparts due to the effects of surface energy dominating
phase behavior. Impurities can also inhibit crystallization and
impurity concentration is closely related to temperature meaning
the role of temperature and impurity concentration in crystalline
growth is intermixed. Increased local temperature by additional
energy in the form of radicals, ions and photons can further influence crystallization and is discussed in further detail in Chapter
2.8 in relation to PEALD.
The substrate has a pronounced influence on the crystallographic structure of a film as the surface defines how the material
initially nucleates and grows which in turn affects subsequent
growth.[18] This is sometimes referred to as texture-inheritance.
Epitaxial growth of material in particular requires some degree of
lattice- or domain-matching between the deposited material and
the substrate. Additionally, a consideration of the TCE matching
between the substrate and the deposited material is needed for
higher temperature processing.[51] The substrate can also promote crystallinity through a catalytic effect, as in the case of αAl2O3 deposited on Nb at 450 – 500 °C.[52]

2.7

Mechanical properties of ALD films

The mechanical properties of ALD thin films have attracted greater attention in over the last decade.[49,53–60] The technique
offers promise for coating MEMS which often have high aspect
ratios and complex 3D-structures.[10,49] ALD films are being
utilized and continuously studied as protective coatings and/or
gas diffusion barrier layer for flexible substrates.[61–64] For such
applications, properties such as stress, hardness, elastic modulus,
tensile strength, and adhesion are of importance. Depending on
the specific application, a single, several or all of these listed parameters will critically determine how the ALD coating will perform and similarly contribute to the lifetime of the system it
forms part of. With the exception of ALD metals, most of the materials deposited by ALD are brittle ceramics and thus can be expected to obey Hooke’s law meaning here that the displacement
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of a film, elongation for example, is proportional to the applied
force. This proportionality is the material’s stiffness from which
the rigidity, or Young’s modulus (YM), can be extracted.

2.8

Plasma-Enhanced Atomic Layer Deposition

PEALD is a special branch of ALD in which the reactions are
plasma activated, or partially plasma activated, as opposed to
being completely thermally activated processes.[65,66] PEALD is
thus an energy-enhanced technique that employs plasma usually
with the primary function of enhancing the reactivity of the incoming gaseous reactant(s) and, depending on the plasma source
configuration, the introduction of other energetic species.[67] In
other words, PEALD can be viewed as a means to supply other
modes of energy to the system. Unlike in PECVD, the plasma activation is limited to the co- or secondary-non-metal reactant,
e.g., NH3, N2/H2 or O2 and not the metal reactant e.g. TMA, TiCl4,
or RuCp2. The process sequence is exemplified in Figure 8.
Superficially, the employment of plasma allows the use of reactants at temperatures well below the normal minimum thermal
energy requirements for reactivity. This in turn allows (1) lower
temperature deposition and (2) access to reactants that are normally inaccessible due to the huge thermal requirements for suffi-

Figure 8. Process sequence for PEALD. Following the metal reactant
pulse/purge a gaseous reactant is pulsed. An applied electric field creates a
plasma discharge from the gaseous reactant and any other gaseous species that may be present.
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cient reactivity. Because of the high reactivity of the plasma species, quality films with high growth rates can be achieved at low
temperatures, even room temperature.[19] However, to restrict
one’s understanding towards the employment of plasma in ALD
as simply a means to enable lower temperature deposition is a
lacking generalization that ignores very important aspects, those
non-ideal and those exploitable, associated with plasma processing which can have pronounced influence on the deposited
material characteristics. A proper understanding of these aspects
and how they relate to processing conditions can enable the ‘tuning’ of a film’s properties.[68,69]
The plasma species include all those chemically active and energetic species created within the discharge region and include ions,
radicals and electrons.[70] Ions are mostly confined to the discharge region due to their rapid recombination. Radicals on the
other hand do not recombine as readily and can exist outside the
discharge region. Plasma gases can be divided between polyatomic molecules (e.g. NH3 and H2O), diatomic molecules (e.g. N2, H2
and O2), and monatomic (e.g. Ar and He). The recombination of
polyatomic and diatomic radicals is governed by the requirement
for momentum conservation. Polyatomic atoms require only two
body collisions and therefore can recombine in absence of a surface. Diatomic atoms on the other hand require three body collisions, in order to conserve momentum, resulting in the usual requirement of a solid surface to act as the third body. For these
gases surface recombination is important and the surface recombination coefficient depends upon the surface material.[71,72]
Within the context of film growth, radicals act as highly reactive
agents for film growth whereas ions can be utilized for inducing
physical changes. A discussion of these species is returned to below in relation to their mutual utilization.
The effect of reactant loss through the process of recombination
of plasma species is a significant distinction between the plasmaand thermally-driven ALD processes. For the thermally-driven
process, reactant loss does not occur when operating within the
ALD-window. As such, all surfaces can be reached for thermalALD, in principle, if enough time for diffusion is given.[10,73]
Because of recombination, PEALD’s ability to conformally coat all
surfaces is hindered as the recombination progressively elimi19

nates the available radicals over time and distance. Moreover, as
the radicals transverse through confined spaces with small dimensions and high-aspect ratios the chance of radical recombination increases thus further diminishing conformality. These circumstances have significant practical implications for the feasibility of batch processing and coating of HAR structures.
2.8.1

Reactor configuration

In principle, all thermally-based ALD processes, i.e. operating in
the ALD-mode, should be identical irrespective of reactor design.
This has been experimentally shown to be the case and thus eases
comparison and reproduction of processes.[3] On the contrary,
this is not generally true for the plasma-based ALD processes as
reactor configuration and design will determine the characteristics of the plasma species generated and their delivery to the
sample surface.
Reactor configurations can be divided between (1) radicalenhanced, where the plasma generation occurs externally and
radicals are fed into the reactor space, (2) inductively couple
plasma (ICP)-source configuration and (3) showerhead configuration employing a capacitively coupled plasma (CCP)-source. For
the ICP- and CCP-sources, a division based on whether the plasma discharge is in contact, direct plasma, or not, remote plasma,
with the substrate can be made. Direct plasma is defined as a
plasma processing mode where the plasma discharge is brought
sufficiently close to the substrate so that in addition to radicals,
ions and electrons reach the sample surface and contribute to the
film formation process. Remote plasma on the other hand is defined as a plasma processing mode where the plasma discharge
is kept sufficiently separated so only radicals contribute to the
film formation process. An important distinction between these
two processing modes is the introduction of a physical component
to film growth by the inclusion of ions in the case of direct plasma.[74] These two plasma processing modes are returned to in
the following sections.
To further illustrate the difference between an ICP- and CCPsource their respective reactor configurations are presented with
corresponding ideal equivalent circuits in Figures 9 and 10. The
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CCP-source shown in Figure 10b has a perforated grill acting as a
cathode to confine the discharge region and represents the reactor configuration used in this thesis. When the reactors are considered electrically as such, it is not hard to conceive how different tools would vary electrically due to choice of reactor material
and overall design. Clearly each tool would be expected to be
unique in terms of the nature of the plasma generated and species
arriving to a sample’s surface.
The phenomenon of recombination is another area with important implications on reactor design. Specifically, the location
and distance of the plasma discharge with respect to the sample
will influence the amount, type of species, and their distribution
on the sample surface. The choice of reactor wall material and
carrier gas further influences the nature of the plasma species
arriving to the sample surface.[70] Although not further considered in this thesis, photoemission generated from the plasma discharge can affect growth and film properties through the additional supply of energy. [75,76] In addition, high energy photons
can also be a significant source of defects.[66] The effects of photoemission are removed in radical-enhanced ALD.[77]
2.8.2

Remote-Plasma Atomic Layer Deposition

In RPALD, the sample is kept separate and located downstream
from the plasma so that only radicals partake in the deposition
reactions. With RPALD, the risk of sample damage due to high
energy particle bombardment is thus avoided. With an ICPsource, achieving sufficient separation between plasma and sample is straight-forward assuming significant self-biasing is avoided. Significant bias between discharge and sample would act to
attract charge particles akin to an ICP-RIE system (see Fig. 9b).
For a CCP-system, ensuring RPALD requires a separating plate to
act as a bottom electrode, or cathode, to confine the plasma discharge between it and the top electrode, or anode. Without a separating plate the configuration would be as illustrated in Figure
10a, which is akin to an RIE system. The separating plate needs to
permit the diffusion of radicals to the substrate which is achieved
by using a perforated plate. Here it is important that charge is
efficiently dissipated from the separating plate to prevent an ex21

cessive potential building between it and the substrate below. In
this thesis, a CCP-source understood to be operating in the remote plasma mode, as illustrated in Figure 10b and discussed in
the previous section, was used for the PEALD processed films
used.
2.8.3

Direct-Plasma Atomic Layer Deposition

In DPALD, the sample is immersed in or kept close enough to the
plasma to allow energetic species, ions and electrons, in addition
to a large flux of radicals to partake in the deposition process.
With DPALD, the risk for sample damage is present, arising from
bombardment by high energy species and sample charging.[66]
But aside from these risks, the additional energy supplied to the
adsorbed surface species from bombardment can be beneficial.
Operating in the direct plasma mode has been shown to allow a
range of film properties to be modified by controlling the amount
of ion bombardment:
x

stoichiometry[68,69,78]

x

density[68,69]

x

crystallinity[69,78]

x

morphology[78]

x

stress[69]

x

impurity concentration[68]

x

GPC[69,78]

x

interface effects[78]

x

charge[78]

x

crystalline phase[68,69]
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Figure 9. Schematic illustration of ICP-source ALD systems operating in (a)
simplified “ideal” RPALD mode and (b) DPALD mode. The equivalent circuits of the respective modes are also illustrated with the components described in Table 1. Adapted from Ref. [69].

Figure 10. Schematic illustration of CCP-source ALD systems operating in (a)
DPALD mode and (b) RPALD mode. The systems (b) and (c) have a perforated grill which is intended to act as a cathode and confine the discharge
region. The system illustrated in (c) is operating in a non-ideal DPALD
mode. Here the discharge region is not confined due to a lack of effective
charge dissipation by the cathode which leads to a potential existing between substrate and cathode. The equivalent circuits of the respective system are illustrated with the components described in Table 1.
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Table 1. The electrical components for the equivalent circuits given in Figures 9

and 10.

Part of Equivalent Circuit

Symbol

Inductive coupling

Licp
Lp
Rpi
Lb
Ccc
Cccp
Csd
Csw
Rpc
Css
Cs

Capacitive coupling

Component
Coil inductance
Plasma inductance
Plasma resistance
Capacitance across dielectric tube
Capacitance across dielectric plate
Sheath capacitance at dielectric tube
Sheath capacitance at wall
Plasma resistance
Sheath capacitance at substrate
Stray capacitance at sample

Direct-plasma represents an interesting avenue for tuning a material’s property through the utilization of high-energy ions.[74]
However, this additional freedom is tempered by a trade-off with
an expected loss of conformality and uniformity over non-planar
surfaces in addition to the risks for sample damage. As directionality is associated with the bombardment, surfaces not within a
line-of-sight of the discharge are shielded. Different growth
mechanisms can therefore be expected to exist depending on the
location of a surface with respect to incoming ions. This represents an obvious limitation for the employment of DPALD on
HAR-structures or surfaces with complex topography. On the
other hand, the ‘limitation’ can be made useful in some cases
where a material exhibiting graded material properties is of interest.
2.8.4

Observations Regarding Remote- and Direct-Plasma
ALD

PEALD is the most important of the energy enhanced techniques
employed in ALD and is gaining in popularity due to the certain
merits it has over the thermal-process.[66,67] Between some of
the published PEALD work, however, there exists significant discrepancies regarding properties of films ostensibly deposited under similar conditions. For PEALD TiN, compare Ref. [79] with
Ref. [80] for films deposited in CCP- and ICP-reactors, respectively. For PEALD AlN, a material which forms a part of this thesis’s results, refer to Table 2 in section 5.1.1. which tabulates the
varying characteristics reported between the published works. It
is speculated that the discrepancies between the results is proba24

bly in part due to an unaccounted direct-plasma component. Table 3 of section 5.1.1. presents preliminary results, which also includes film stress, of AlN deposited with direct-plasma and remote-plasma for comparison.
These discrepancies are not seen in the thermally driven processes when operating in the ALD-mode which adds a degree of
ambiguity to the growth mechanisms at play.[3] Under the previously prescribed definitions for remote- and direct-plasma, these
discrepancies may be attributed to a varying, and usually unaccounted for or at least explicitly reported, direct-plasma component in film growth arising from the unique electrical configuration of the reactor. For example, for the PEALD TiN process referred to earlier, note that in Ref. [79] the wafer sat on the lower
electrode of the CCP-source which thereby means deposition occurred under direct-plasma mode.[77] In Ref. [80] the deposition
is reported to have occurred under remote-plasma mode. Further
complicating matters is the fact that the reactor can drift over
time as film accumulates on the reactor walls, thus reducing reproducibility.[81] Furthermore, as the surface recombination coefficient is material dependent, a memory-effect can even
occur.[71,72,82] And unlike in the thermal process where only
one reactant species is typically delivered to the surface, plasma
activation of a gaseous material creates a whole host of reactive
species.[82] These species can be expected to have dissimilar
chemical reactivity and recombination losses. Reaction byproducts can also be excited, ionized or dissociated.[66]
It is important for the researcher and tool manufacturer alike to
disentangle these components to film growth. For reactor configurations that locate the substrate some physical distance from the
intended discharge region, to prevent ion bombardment of the
sample, a direct plasma component can still exist due to the effect
of self-biasing which acts to attract charged species.[68,83] In
fact, the degree of self-biasing would be expected to heavily depend on the unique electrical characteristics of a reactor and the
plasma source configuration. This tool-specific self-biasing naturally leads to varying degrees of a direct-plasma component between tools and can be speculated as a significant differentiator
for films grown on different tools and may explain the discrepancies observed in published work for some processes. Quantifying
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the self-bias and ion energies arriving at sample surface would be
the first step to disentangling these two modes of film deposition.[68] A step further would be to control the substrate potential to allow the bias between plasma and substrate to be freely
tuned.[68,69]
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3. Materials

This chapter provides a review of the materials used in this thesis:
the ALD materials, which are the core focus of this thesis, and
those materials necessitating discussion in order to provide the
context for the experiments which utilized ALD. The review of the
ALD materials is divided between ALD metal oxides (Al2O3, TiO2,
HfO2, and ZnO) and a metal nitride, AlN. Gallium arsenide in
bulk and nanowire form is discussed. This is followed by a brief
discussion of ZnO nanorods. This chapter concludes with a discussion of graphene and ALD on graphene.

3.1
3.1.1

Atomic Layer Deposition of Metal Oxides
Al2O3 from TMA and Water

Aluminum oxide is probably the most extensively studied ALD
material for numerous diverse applications. ALD Al2O3 is a popular choice as a gate dielectric due to the material possessing favorable properties such as a high band gap, thermal stability,
amorphous structure, reasonable dielectric constant (8-10) and
an abrupt interface with silicon.[84,85] Alumina is an outstanding plasma etch mask for silicon micromachining with
selectivities to silicon up to 100,000:1 reported.[86–88] ALD
alumina is also used for passivation of polished and nanostructured silicon surfaces.[89–91] The material is also mechanically
robust with a YM and hardness value of ~170 GPa and 10 GPa
respectively thus making it an interesting material for MEMS and
suspended nanostructures.[11,49,54,57,59,92] ALD Al2O3 also has
excellent performance as a barrier layer against water and oxygen
transmission.[62,63,93] In Publications IV and V of this thesis,
ALD Al2O3 was used as an insulator layer to modify the surface
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properties of ZnOr as part of an inorganic-organic semiconductor
construction as presented in results section 5.3. In Publication
VII of this thesis ALD alumina was used to form a graphenealumina free-standing composite membrane whose mechanical
properties were investigated. These results are also discussed in
results section 5.4.
Reaction Chemistry
The TMA/water ALD process can be viewed as a representative
process which describes ALD in general due to having practically
ideal reactions.[3] The simplified reaction can be generalized with
the following reaction equation:
2(Al(CH3)3)(g) + 3H2O(g) ՜Al2O3(s) + 6H2O(g)

(6)

The above can be further described using the below half-reaction
equations which are more representative of the ALD reaction sequence:[94,95]

צ-OH + Al(CH3)3(g) ՜ צ-O-Al-(CH3)x + CH4(g)

(7)

and

צ-Al-(CH3)x + H2O(g) ՜צ-Al-(OH)y + CH4(g)

(8)

An Al-O Lewis acid-base complex is formed during each halfreaction, with methane as a reaction byproduct, and the surface
switches between methyl-terminated and hydroxyl-terminated.
Although the above half-reaction equations provide a good illustration of the TMA/water ALD reaction sequence, investigations
experimentally and using density functional theory (DFT) have
shown the TMA/water ALD process is more complex.[3,94,96,97]
3.1.2

TiO2 from TiCl4 and Water

Titanium dioxide possesses a host of exploitable properties and
hence is another widely studied ALD material for many applications. TiO2 possesses extremely high permittivity (80-110), depending on crystal structure and deposition conditions, and thus
has been heavily studied for high-κ applications.[84,98] The ma28

terial shows high photoactivity and photocatalysis which is modifiable when changing its physiochemical properties.[99–103]
TiO2 is also chemically active making it useful in chemical sensing
applications.[104,105] Solar cells have also been constructed
based off of ALD TiO2.[106–108] ALD of TiO2 has also been studied as an optical layer due to the material’s high refractive index
and low absorption over the visible-IR wavelength range.[109–
111] In addition, TiO2 has been found to be a candidate for antistiction in MEMS devices.[50] In Publications IV and V of this
thesis, ALD TiO2 was used as a dielectric layer to modify the surface properties of ZnOr as part an inorganic-organic semiconductor construction as presented in results section 5.3.
Reaction Chemistry
The TiCl4/water ALD process is can be described by the simplified reaction equation:[112]
TiCl4(g) + 2H2O(g) → TiO2(s) + 4HCl(g)

(9)

The above can be further described using the below half-reaction
equations which again are more representative of the ALD reaction sequence:

צ-(OH) x + TiCl4(g) → צ-Ox-Ti-Cly + HCl(g)

(10)

and

צ-Ox-Ti-Cly + H2O(g) →  צOx-Ti-(OH)y + HCl(g)

(11)

The above half-cycle reactions were introduced and described
already by Aleskovskii and colleagues in 1965 and again by
Kolt’tsov in 1969.[113,114] A Ti-O Lewis acid-base complex is
formed during each half-reaction, with HCl produced as a reaction byproduct.
3.1.3

ZnO from DEZn and Water

Zinc oxide as deposited by ALD is a polycrystalline n-type semiconductor material that despite having a large band gap of 3.3 eV
possesses low resistivity.[115–117] ZnO is often doped with alu29

minum, by inserting a TMA/water pulse periodically, which can
have the effect of increasing conductivity.[21,118] The conductivity can also in some cases can be influenced by excessive Zn arising from the decomposition of DEZn.[119] As the material is also
optically transparent it is an appealing transparent conducting
oxide (TCO) and has been recognized as the most suitable nontoxic replacement for indium tin oxide (ITO).[120] This implementation of Al-doped ZnO is utilized in Publication VI and discussed in results section 5.2. Additionally, in Publications IV and
V of this thesis, ALD ZnO was used to modify the surface properties of ZnOr as part an inorganic-organic semiconductor construction as presented in results section 5.3.
Reaction Chemistry
The simplified DEZn/H2O reaction can be generalized with the
following reaction equation:
Zn(CH2CH3)2(g) + H2O(g) → ZnO(s) + 2CH3CH3(g)

(12)

The above can be further described using the below half-reaction
equations which once again are more representative of the ALD
reaction sequence:

צ-OH + Zn(CH2CH3)2(g) → צ-O-ZN-CH2CH3 + CH3CH3(g) (13)
and

צ-O-ZN-CH2CH3 + H2O(g) → צ-O-ZN-OH + CH3CH3(g)

(14)

A Zn-O Lewis acid-base complex is formed during each halfreaction, with ethane formed as a reaction byproduct with the
surface alternating between being ethyl-terminated and hydroxylterminated.
3.1.4

HfO2 from HfCl4 and Water

Hafnium oxide as deposited by ALD is a versatile material owing
to its many interesting properties.[121] HfO2 possesses a high a
dielectric constant (~25) and relatively large band gap (5.7
eV).[84] In addition, the material is thermally and chemically
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stable. The material is hard and owing to its high density, is also
resistive to impurity diffusion. Additionally, HfO2 is a typical high
index material with a broad transparent spectral range (IR-UV)
used in optical coatings.[122] Of relevance for this thesis, is hafnium oxide’s use as a high-κ insulator material in a metalinsulator-semiconductor structure as used in Publication III
which is discussed in Results section 5.1.3.
Reaction Chemistry
The simplified HfCl4/H2O reaction can be generalized with the
following reaction equation:
HfCl4(g) + 2H2O(g) → HfO2(s) + 4HCl(g)

(15)

The above can be further described using the below halfreaction equations which still again are more representative of the
ALD reaction sequence:

צ-OH + HfCl4(g) → צ-O-Hf-Clx + HCl(g)

(16)

and

צ-O-Hf-Clx + H2O(g) → צ-Hf-(OH)y + HCl(g)

(17)

An Hf-O Lewis acid-base complex is formed during each halfreaction, with HCl formed as a reaction byproduct, and the surface switching between being chlorine-terminated and hydroxylterminated.

3.2

Aluminum Nitride by PEALD

Aluminum nitride is a direct wide band gap III–V semiconductor
possessing good thermal conductivity and mechanical strength.
The material is considered an ideal candidate in a diverse array of
microelectronic applications ranging from optoelectronics to
MEMS. The material has excellent chemical and thermal stability,
a low thermal expansion coefficient close to that of silicon, and
high thermal conductivity. Traditionally, sputtering and CVD
have been the methods used for its deposition.
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Prior to the advent of PEALD, ALD AlN based on various Alreactants required high temperatures, ذ350 °C, to achieve sufficient reactivity of NH3.[31,123–126] Except for when using AlCl3,
the Al-reactants decompose at these temperatures. Although the
AlCl3-based process produces high quality ALD films, the use of
halides is often not preferred due to the corrosive byproducts. A
low-temperature process based upon the commonly used TMAprecursor would be much preferred. A non-ideal thermally-driven
ALD, i.e. non-saturative self-terminating growth, process based
upon the alternate supply of TMA and NH3 was presented by
Riihela et al. in 1996.[31] These films contained high amounts of
carbon and hydrogen impurities that were strongly dependent on
deposition temperature.[31,127]
The advent of PEALD has addressed the problems of low temperature reactivity of NH3 and decomposition of TMA by utilizing
plasma activation of the gaseous co-reactant to enhance and extend its reactivity to lower temperatures.[128,129] PEALD thus
enables low temperature processing avoiding TMA decomposition. Furthermore, plasma activation allows N 2/H2 gas mixtures
to be used as co-reactants with TMA, thus further broadening
processing options and material properties.[130,131] In addition,
at high temperatures, deposition based on the alternate exposure
of TMA and N2-plasma has been reported to produce epitaxial
quality AlN films. [132]
The availability for low temperature deposition has sparked interest in using the material for new applications which could utilize the material’s unique properties while utilizing the accurate
thickness control, uniformity, and conformality that ALD confers.[133] These developments have provided motivation for the
further development and study of PEALD AlN. Of particular interest is the role processing conditions such as temperature,
plasma parameters, and choice of nitrogen source has on the material properties. Publication I of this thesis examined the role of
plasma-source gas on the incorporation of impurities and properties in PEALD AlN. The results are presented in section 5.1.1.
Publication II investigated the masking characteristics of PEALD
AlN in SF6-based plasmas with the results presented in section
5.1.2. In Publication III, which is discussed in section 5.1.3, the
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PEALD AlN process was used for passivation and Fermi-level
unpinning of GaAs MIS capacitors.

3.3

Gallium Arsenide

GaAs is direct band gap III-V semiconductor with a zinc blende
crystal structure. The material is a widely studied candidate for
various IC technologies and high efficiency solar cells based on
utilizing the material in bulk or nanowire form.[134,135] Compared to silicon, GaAs has some superior electronic properties
such as higher electron mobility, higher saturated electron velocity and lower sensitivity to heat due to a higher band gap.[136] A
significant impediment to wider adoption of GaAs has been a lack
of insulator material comparable to the Si/SiO2 combination. The
native oxide of GaAs is particularly unsuitable as it causes a very
high density of interface and surface states which cause Fermi
level pinning of bulk GaAs at the middle of the band gap.[137]
This has motivated intensive research towards developing passivation techniques for the GaAs surface.[43,44,138–144] In Publication III MIS capacitors were fabricated on GaAs substrates.
3.3.1

GaAs Nanowires

Semiconductor nanowires (NWs) are a novel structure for a variety of applications that can benefit from the high surface areas and
confined dimensions of NWs. Light-emitting diodes (LEDs), solar
cells, lasers, sensors, and transistors have been constructed with
NWs. GaAs NWs grown by the bottom-up approach on low-cost
substrates may be a viable alternative over costly bulk GaAs as
NWs consume significantly less material. Semiconductor NWs are
widely grown using the vapor-liquid-solid technique (VLS)
through either a catalyzed or self-catalyzed growth scheme.[145]
In the catalyzed growth method, Au nanoparticles act as seeds for
NW growth.[146] The size and distribution of NWs can be controlled by the size and distribution of seed particles. In Publication IV a thick ALD AZO layer was used as a low-cost TCO substrate for GaAs NWs grown using the catalyzed VLS technique.
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3.4

Zinc Oxide Nanorods

Zinc oxide nanorods are a much studied platform for optoelectronic applications due to the unique and favorable properties the
material’s one-dimensional allotrope holds.[117,147] Some of these properties include the material’s wide band gap, high exciton
binding energy and emission, and good electron transport. These
optical and electrical properties have motivated the study of ZnOr
for solar energy conversion and photoelectric water
splitting.[106–108,148] Here, research has focused on improving
or modifying the optical and electrical properties by passivating
the ZnOr surface. In publications V and VI ALD Al2O3, TiO2 or
ZnO was studied as a coating for ZnOr and used in the construction of an inorganic-organic semiconductor.

3.5

Graphene

Graphene is a 2-D material composed entirely of sp2-bonded carbon forming a honeycomb crystalline lattice of one atomthickness. Since being isolated by Geim and Novoselov in 2004,
graphene has attracted enormous attention due to the many remarkable and unique properties it possesses.[149–156] One of the
main focus areas has been on exploiting the materials excellent
electrical properties for utilization in electronics.[150,157] Specifically, the very high mobility and ballistic transport, which gives
rise to very high conductance, are two properties of
significance.[149]
Graphene also possesses superior mechanical properties owing
to its ultra strong carbon—carbon sigma bonds.[153,158,159] The
material is one of the strongest and most rigid materials known
and possesses a breakage strength over a 100 times greater than a
hypothetical steel layer of the same thickness and a YM of 1.05
TPa.[153] Having such properties makes graphene a natural
choice as a re-enforcing material in composite structures and or
element in MEMS/NEMS devices.[151,152,160–163] Graphene,
produced by CVD often atop of copper foil, has been polycrystalline.[164] The boundaries between grains are often mechanically
weaker and thought to act as crack initiation centers.[165] Consequently, grain boundaries can limit the macroscopic suitability of
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graphene. Later works however showed polycrystalline graphene
can still possess strength close to that of pristine single-crystalline
graphene.[158,166] Until recently, pristine single-crystalline
graphene has been limited to exfoliated graphene flakes. Work
done by Wang et. al and soon after by Lee, Lee, and Joo et. al
demonstrated wafer-area single-crystalline CVD graphene is possible to fabricate.[167,168] More recently, single-domain
graphene has also been produced on hexagonal-BN.[169] In Publication VII graphene was used to form a composite by sandwiching it between two ALD alumina layers. These results are presented in section 5.4.
3.5.1

Atomic Layer Deposition on Graphene

Many areas utilizing graphene usually require incorporating additional material atop graphene. The semiconductor industry has
adopted ALD because it is able to meet the stringent quality requirements for such layers.[112] The surface of pristine graphene
however lacks surface sites for the chemisorption of
reactants.[170] In practice, it has been shown ALD initiates only
at defect sites, grain boundaries and the graphene edge.[170] As
growth only occurs at graphene defect sites and grain boundaries,
ALD is one means to probe defects and impurities in
graphene.[171] Others have exploited this for catalysis by decorating graphene with Pt whose size can be precisely controlled to
range from a single atom to nanoparticles.[172] When a continuous ALD film atop graphene is desired, a thin seed layer is required to serve as surface conducive to the required chemisorbed
reaction that permits ALD.[170] At a minimum, a good seeding
technique should not damage the underlying graphene and allows
for a thin, continuous ALD layer of quality that is comparable to
depositing on a standard surface.
Several graphene seeding techniques for ALD exist and can be
divided as follows:
1) Depositing a metallic film that is subsequently
oxidized.[23,173,174]
2) Physisorption of gaseous species.[24,58,175,176]
3) Spin-on coating of polymer films.[177,178]
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4) Deposition of SAMs.[179]
The minimum thickness and overall quality of the ALD layer will
depend on the coverage of the underlying seed layer and how well
the layer promotes ALD growth. A thicker seed layer ensures
greater coverage but potentially with the tradeoff of a degraded
interface. The method based on physisorption of gaseous species
such as NO2 has experimentally been shown to allow high quality
ALD alumina layers down to 1 nm-thick, constituting approximately only 10 reaction cycles, to be deposited atop of
graphene.[58] One merit of the latter approach based on the
physisorption of O3 or NO2 is it is an in-situ technique compared
to other approaches which are ex-situ techniques. Methods based
on physisorption require low temperatures to prevent damage of
the graphene layer through the breaking of the carbon—carbon
bonds by the adsorbed species.[24,180] In Publication VII, ALD
alumina was deposited atop graphene after seeding with a thin
aluminum layer.
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4. Characterization Methods

This chapter introduces some of the experimental characterization methods used in this thesis. In addition to the methods described below, transmission electron microscopy (TEM); currentvoltage (IV), capacitance-voltage (CV), and photocurrent-voltage
measurements; photoluminescence spectroscopy; fluorescence
spectroscopy; and femtosecond absorption spectroscopy were
used in the publications.

4.1
4.1.1

Compositional Characterization
Time-Of-Flight Elastic Recoil Detection Analysis

Elastic Recoil Detection Analysis (ERDA) is a high-energy ion
beam technique for the elemental depth profiling of a
material.[181,182] Unlike Rutherford backscattering, ERDA is
capable of sensitively analyzing light elements, including hydrogen.[127] A high-energy ion beam is used to eject or recoil target
atoms out of a sample for analysis. Because of the high energies
involved and Coulomb’s law regarding electrostatic interactions,
elastic scattering between impinging ion and target atom results
with the target atom subsequently being recoiled out of the sample. A detector is used to detect the energy of the recoiled atoms.
From this, it is possible to deduce relative atomic concentration
and even original depth of the recoiled atom. One significant
drawback however is that simultaneous depth profiling of different atoms or isotopes is not possible and depth resolution is often
poor.[127]
To improve depth resolution and mass separation the time-offlight (TOF) configuration was developed.[183,184] This configuration utilizes two timing detectors for measuring the flight time
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Figure 11. The principle of a time-of-flight elastic recoil detection analysis. The
measurement setup is illustrated at bottom. A heavy incident ion, here Cl, is
used to recoil sample atoms out of a sample towards two timing gates, T 1
and T2, and an energy detector, denoted as E. By measuring the energy
and time-of-flight of recoiled sample atoms one can separate the masses to
different curves, as illustrated, and form depth profile of elements, see section 5.1.1 for images of depth profiles of AlN films deposited by PEALD.

of recoils over a known length. An energy detector is placed at the
end of the recoil beam path to measure the kinetic energy of the
ions. The TOF-ERDA configuration is illustrated in Figure 11.
Under this configuration it is possible to construct a time-of-flight
versus energy plot, as also illustrated in Figure 11, which contains
information of the sample composition and can be used to form
an elemental depth profile.[127] In this work 8.5 MeV 35Cl4+ ions
were used to probe the samples.
4.1.2

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique
used to identify and provide insight into the composition, chemical bonds and structure of a material through acquisition of its
IR-absorption spectrum.[185] As molecular compounds selectively absorb IR wavelengths to produce a unique absorption pattern,
IR-spectroscopy is a powerful means for analysis of a material.
Most molecular compounds are infrared active except for homo38

Figure 12. Schematic representation of a FTIR measurement system using a
Michelson interferometer configuration. Section 5.1.1 contains images of
FTIR spectra of AlN films deposited by PEALD.

nuclear diatomic molecules such as N2, H2, and Cl2 due to a lack
of dipole moment change.[185]
Lying at the heart of a FTIR system is a Michelson interferometer which is an arrangement of two mirrors with one fixed and the
other moving. This arrangement allows for adjustable constructive and destructive interference of an incoming broadband beam.
The interferometer allows spectral data for all frequencies to be
collected simultaneously with respect to mirror position in what
is known as an interferogram. The interferogram is converted to
the wavenumber domain by performing a Fourier transform. An
FTIR measurement system is schematically illustrated in Figure
12.

4.2

Bulge Testing

The bulge test is a technique developed to study the mechanical
properties of thin films.[186–189] In the test, the film of interest
is suspended, clamped over, and fully covering a cavity which is
usually circular or rectangular in shape. A differential pressure is
uniformly applied over the suspended membrane causing a defle39

Figure 13. Schematic representation of a bulge test (left) where a suspended
membrane has a pressure, P, applied which causes the film to deflect. In
the bulge test, the height of the deflection, h, with respect to pressure can
be measured to extract a material’s Young’s modulus and residual stress.
The bulge test can also be performed to obtain a material’s ultimate tensile
strength by obtaining the maximum pressure that can be sustained before
membrane rupture. At right, a three-dimensional image of a deflected
membrane is shown with an arbitrary x- and y-scale.

ction of the film, as illustrated in Figure 13. By carefully measuring the deflection height of the membrane center with respect to
applied pressure, one can obtain a pressure–deflection curve
which can be converted to stress–strain curve. For brittle materials, as studied in this thesis, the material obeys Hooke’s Law. This
means stress is proportional to strain with the constant of proportionality being the YM. The residual stress is taken to be where
the curve intercepts at zero strain.
Additionally, the bulge test can be used to determine the ultimate tensile strength (UTS) of a material by finding the stress
required for membrane rupture.[187] One benefit of measuring
UTS is that the testing requires only the differential pressure
leading to fracture to be monitored. Importantly however and
unlike the mechanical properties such as residual stress and YM,
the fracture strength exhibits strong transient behavior arising
from the phenomena of slow crack propagation.[190,191] A major consequence arising from this is that identical membranes
brought to rupture under rapidly ramped differential pressure
will exhibit significantly higher UTS values than those slowly
ramped.

4.3

X-Ray Diffractometry

X-ray diffractometry is a technique that provides crystallographic
information about a material by acquiring Bragg reflections over a
40

Figure 14. Schematic representation of Bragg diffraction (left) where d represents the lattice spacing, and θ, the angle of incidence. The condition for
Bragg’s law is met, leading to constructive interference of the reflected
beam, when the extra distance the reflected beam at bottom travels, i.e. (2d
sin༌θ), is equal to an integer multiple of the wavelength of the radiation. At
right, an X-ray diffraction scan illustrating diffraction peaks existing at characteristic 2θ angles for the materials (AlN on Mo/Si, diffraction peaks identified) examined.

range of incidence angle with an X-ray beam to produce an X-ray
diffraction pattern.[192,193] Bragg reflections are those reflections resulting from constructive interference of incident rays
with a probed sample that satisfies Bragg’s law:
݊ߣ ൌ ʹ݀  ߠ

(18)

where ݊ is an integer, ߣ is the wavelength of the incident x-ray
photons, ݀ is the spacing between the atomic lattice planes, and ߠ
is the angle between incident and scattering atomic plane. As materials contain Bragg reflections at characteristic angles of incidence, due to unique d-spacing of the lattices, XRD is a means for
both identifying a material and obtaining information of its crystalline structure. The Bragg reflections are obtained by sweeping
the sample with an X-ray over a range of 2ߠ angles. In this thesis,
XRD was used to detect the presence of crystalline phases in AlN
deposited by PEALD. Figure 14 above illustrates the schematic
structure of a polycrystalline film with randomly oriented crystallites and the simplified illustration of the condition meeting the
Bragg reflection criteria.
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Figure 15. Schematic representation of X-ray reflectivity curve (simulated).

4.4

X-Ray Reflectometry

X-ray reflectivity is a contactless technique for thin film metrology that allows film density, thickness and roughness to be ascertained by analysis of the small angle X-ray reflectance curve.[194]
XRR is ideally suited for measuring ALD thin films, including
nanolaminates, due to the technique’s very high accuracy and
ability to resolve sub- nanometer thick films.[195] In this thesis,
the measured curves were fitted with simulated curves in order to
extract film thickness, density and surface roughness. Figures 15
above presents a simulated XRR curve.

4.5

Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique that measures
the Raman scattering of a material illuminated under monochromatic light. Raman scattering refers to the inelastic scattered
photons as predicted by Adolf Smekal in 1923 and later experimentally discovered by C.V. Raman and K.S. Krishnan in liquids
and G. Landsberg and L-I. Mandelstam in crystals.[196–198] Only a small fraction of photons are inelastically scattered with the
large majority being elastically scattered such that the photons
have the same energy of the incident photons. A material’s Raman spectrum provides abundant information on the nature of
chemical bonds; molecular symmetry, structure and orientation.
Just as in IR spectroscopy, Raman spectroscopy can also be used
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Figure 16. Illustration of different light scattering mechanisms (left) and a Raman spectra obtained from two different sputtered AlN on Mo samples
(right). Raman scattering arises from the inelastic scattering with the emitted photon either having less (Stokes Raman scattering) or more (antiStokes Raman scattering) than the absorbed photon.

for material identification. In this thesis, Raman spectroscopy
was used to ascertain the quality of graphene in Publication VIII.
A special variation of Rama Spectroscopy that uses surface metal
particles to enhance the Raman scattering signal, known as surface-enhanced Raman Spectroscopy, was used in Publication II
in an attempt to further study the structure of PEALD AlN films,
as has been done before with CVD AlN.[199] Figure 16 below illustrates the conditions of Raman scattering and presents an example Raman spectra.

4.6
4.6.1

Other Characterization Techniques
Scanning Electron Microscopy

A SEM is a type of electron microscope that is used to produce an
image by scanning an area with a focused electron beam. Typically, low energy (< 50 eV) secondary electrons excited by the electron beam are collected when imaging. These secondary electrons
originate from the sample surface or shallow subsurface. SEM can
produce very high resolutions, typically around 1 nanometer. In
addition to producing secondary electrons, back-scattered electrons and characteristic X-rays are also produced from interactions between the electron beam and sample. These signals, just
as for detecting secondary electrons, require dedicated detectors.
When imaging with back-scattered electrons, the signal is strong43

Figure 17. Schematic illustrating the possible electron transitions between the
lower atomic energy levels that lead to the emission of characteristic X-rays
at particular frequencies which can be used to identify a material.[200]
Bremsstrahlung radiation, breaking radiation, occurs when an incoming
electron is decelerated which releases a continuous distribution of radiation.

ly related to the atomic number of the interacting atoms. This
dependency on atomic number allows one to ascertain information regarding the distribution of different elements within a
material. Back-scattered electron imaging mode can be combined
with obtaining the characteristic X-ray spectra which is discussed
in the following section.
4.6.2

Energy Dispersive X-ray Spectroscopy

EDX is a technique that uses characteristic X-rays produced from
interactions between an electron beam and sample for elemental
identification. Often SEMs have an X-ray detector enabling this
mode of sample characterization. Unlike in the imaging mode, an
area is not scanned and acquisition occurs at points that are located first by performing SEM imaging and positioning the beam
spot to the desired location to be sampled. EDX is a qualitative
technique for compositional analysis that can give the relative
proportion of elements. Importantly, light elements such as hydrogen cannot be detected. In addition, the sensitivity of the
technique is typically limited to an atomic concentration of a few
percentages and dependent upon an element’s atomic number.
Figure 17 schematically illustrates the production of a characteristic X-rays from an electron-atom interaction.
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4.6.3

Atomic Force Microscopy

AFM is a metrological technique for measuring topography and
surface roughness.[201] A cantilever with a tip protruding from
the bottom at the edge is used to scan a surface. As the tip scans
the surface, topographical features encountered by the tip cause a
deflection of the cantilever. The deflection is registered as a
change in position of a laser beam reflecting off the cantilever
surface as illustrated in Figure 18 below. In this thesis, AFM was
used to measure the roughness of ALD alumina in Publication
VII.

Figure 18. Schematic illustration of AFM and working principle. As a tip is
scanned across the sample surface, topographical features cause a deflection of the cantilever. This deflection is registered as a change in the position of the reflected beam. The positional change is related to the magnitude of the cantilever deflection.
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5. Results

5.1

5.1.1

Plasma-Enhanced Atomic Layer Deposition of
Aluminum Nitride
PEALD AlN Processing Conditions on Film Properties

The processing of PEALD AlN has been studied by others with
different temperatures and plasma pulse duration and power using various plasma source configurations.[129,130,132,202–
205]Plasma source gas has been NH3 or N2/H2. Table 2 lists material characteristics of AlN deposited at a temperature of
185/200 °C for comparison and includes the plasma configuration used in the respective studies. An effort has been made to
include only those parameters processed ostensibly under similar
conditions. An examination of these studies reveals significant
divergence concerning the nature of the films deposited. Firstly,
as seen in Table 2, the films produced as part of this thesis are
nitrogen rich whereas others report aluminum rich. Another area
of disagreement concerns the presence of impurities, particularly
hydrogen. Films made by Bosund et al., and later as part of this
work, show that films produced with NH3-plasma are heavily hydrogenated.[129] Others however have reported the absence of
hydrogen for films produced with NH3- and N2/H2-plasma as
inferred from measurements which do not directly measure hydrogen. [130,202–204,206]
Impurities in PEALD AlN films
Combining the complimentary techniques of TOF-ERDA and
FTIR analysis provides a powerful and comprehensive means to
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Table 2. Results obtained for PEALD AlN films prepared by different groups at a
temperature of 200 ºC for the CCP and HC-ICP sources and 185 ºC for the ICP
source. The results presented as part of this thesis are comparable to those
reported by Bosund et al. (not shown).[129] The HC-ICP source is a modified
version of the ICP source.[131] The films produced by CCP in this thesis are
nitrogen rich whereas with the ICP sources the AlN films are aluminum rich.

Plasma
Source
Other
plasma
gas
Al/N ratio
C (at. %)
H (at. %)

NH3
1

1

CCP

CCP

N2

Ar, N2

0.83
0.39
±0.05

0.83
0.32
±0.05

21 ±3

21 ±3

0.14

0.14
±0.05
0.94

O (at. %)
±0.05
0.89
GPC (Å)
Density
2.56
3
(g/cm )
1.90
n
Crystalline No

N2/H2
ICP

HC3
ICP

CCP

CCP

ICP

Ar

Ar

-

Ar

Ar

2

1

1

2

1.59
1.11
0.88
0.90
1.35
Not
Not
<1 1.2 ±0.05 1.5 ±0.05
detected4
detected4
Not
Not
High5
19 ±3
19 ±3
detected4
detected4
0.21
0.30
2-3
2.45
2-3
±0.05
±0.05
~0.84
1.02
0.61
0.53
0.54

HC3
ICP
Ar
1.13
<1
High5
2.97
0.99

2.55

-

-

2.65

2.5

-

2.82

1.91

1.94

1.98

1.92

1.83

1.92

1.94

No

Yes

Yes

No

Yes

Yes

Yes

1

2

3

This thesis and comparable to reference [129], references [130,202–204,206], reference
[131], 4As measured by XPS, for carbon and hydrogen, and inferred from FTIR analysis. 5
As measured by SIMS.

both quantify and characterize the nature of incorporated impurities in ALD films. In addition, the source of impurities can be inferred from the FTIR spectra as the fragments from each reactant
have a unique signature. Impurities can be divided between carbon species and hydrogen species.
Raw TOF-ERDA histogram for a film grown with NH3/Arplasma and the concentration depth profiles for films grown with
various plasma chemistries are presented in Figure 19. The corresponding FTIR spectra are presented in Figure 20 with major
bands labeled.
Carbon residues due to unremoved methyl residues and an undesired possible gas-phase reaction between CHx and nitrogenbased plasma species (unexpected) are present. Hydrogen impurities from NHx groups are also clearly visible. As FTIR spectroscopy cannot detect unbonded hydrogen, its presence cannot be
directly detected. However, by comparing the absolute quantity as
measured with TOF-ERDA to the hydrogen quantity derived from
the cross section of the NHx absorption a reasonable estimate on
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Figure 19. Raw TOF-ERDA histogram for a film grown with (a) NH3/Ar-plasma
and concentration depth profiles for films grown with (b) NH3, (c) NH3/Ar, (d)
N2/H2, (e) N2/H2/Ar, and (f) N2-plasma. For plasmas with Ar, the flow was 50
sccm. [Publication I]

Figure 20. FTIR spectra for AlN deposited with (a) NH3-, (b) NH3/Ar-, (c) N2/H2-,
(d) N2/H2/Ar(50 sccm)-, (e) N2/H2/Ar(100 sccm)-, and (f) N2-plasma. The
major bands are labeled. The range 2600–1667cm−1 is excluded as this
contains the spectral region that is less reliable with the diamond crystal
used during measurement [Publication I]

the unbonded hydrogen can be made. This approach was used by
Kroll, U. et al. when assessing the hydrogen in amorphous and
microcrystalline silicon. [207]
Direct-Plasma Experiments
Preliminary experiments employing direct-plasma indicate this
mode of operation can be used to impart additional freedom in
tuning of the properties of PEALD films. Table 3 presents for co48

Table 3. Results obtained for PEALD AlN films prepared at a temperature of 200
ºC for CCP-source in remote-plasma and direct-plasma mode. In direct-plasma
mode the bias voltage between cathode and anode was fixed to 25 V. TOFERDA measurements were performed by Dr. Timo Sajavaara of Jyväskylä University; density, thickness and roughness measurements were performed by
Sakari Sintonen of Aalto University; and stress measurements were performed
by Oili Ylivaara and Dr. Riikka Puurunen of VTT Technical Research Centre of
Finland.

Plasma
Source

NH3/N2
1
CCP

Remote
0.85
Al/N ratio
0.7 ±0.1
C (at. %)
16.9 ±0.5
H (at. %)
0.2 ±0.1
O (at. %)
0.89
GPC (Å)
3
2.7
Density (g/cm )
Roughness (nm)
1.60
220
Stress (MPa)
1
Same tool as in Ref. [129]
Plasma Mode

Direct
0.90
0.35 ±0.1
11.8 ±0.5
0.2 ±0.1
0.94
2.9
2.50
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mparison results obtained from depositing AlN in remote- and
direct-plasma mode. As can be seen, the film deposited using direct-plasma is compressively stressed whereas the remote-plasma
deposited film is tensile stressed. This implies that one can stressengineer a film by tuning the bias voltage. Another observation is
a significant decrease of hydrogen impurities as measured by
TOF-ERDA. This is attributed to more energy in the system imparted from ions allows the surface reactions to be more complete. Finally, the Al/N ratio has also increased.
5.1.2

PEALD AlN Dry Etch Mask in SF6-Based Etch Chemistry

Plasma-assisted etching, which is synonymous to dry etching, is
an important technique for the micromachining of silicon. Silicon
dry etch chemistry is often fluorine-based as fluorine and silicon
form volatile compounds.[70] Photoresist is a natural choice as
masking material but unfortunately selectivity is poor and plasma
damage can make subsequent removal difficult. Furthermore, at
the cryogenic temperatures used in deep reactive-ion etching
(DRIE) and for creating black-silicon photoresist may crack.[87]
This necessitates the use of hard masks, particularly when high
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selectivity is needed. Aluminum oxide as deposited by ALD has
been shown to be an outstanding dry etch mask with selectivities
up to 100,000:1 reported under etch conditions with minimal
physical sputtering.[86–88] Aluminum oxide avoids the problem
of microroughness and silicon grass at the etch surface encountered from the redeposition of aluminum.[87] The use of an alternative to ALD alumina is of interest for applications when a
non-oxide hard mask is preferred. Aluminum nitride is one such
alternative to alumina which expands the high selectivity masking
options for silicon and allows the integration of AlN-based components to be integrated with silicon micromachining. [133,208]
Bias power plays a dominant role in plasma etching by controlling the electric field which correlates positively with the ion energy distribution and flux.[70,86] In a discharge being fed by
SF6/O2 gas the generated reactive species under the prescribed
conditions do not create volatile products with AlN that can be
removed. Thus, it can be expected that the mechanism for AlN
would solely be through sputtered removal. The rate of removal of
AlN in turn is then a function of the energy cross section of incoming energetic species and their respective fluxes.
While a low etch rate to enable high selectivities is the most obvious criteria for the selection of a masking material, its patterning should be easy. Beneficently, PEALD AlN was found to be
rapidly etched (>100 nm/min) in developer solution of NaOH
(AZ351) meaning its removal can occur parallel to photoresist
development. This can be a significant advantage over ALD Al2O3
which etches slowly in developer (13 nm/min) and, depending on
thickness, is best etched with a phosphorus-based acid or with
RIE.
Reactive Ion Etch Masking
With RIE, bias power controls both the density of the discharge
and its potential with respect to the sample.[70] The etching behavior of AlN in SF6/O2 chemistry is presented in Figure 21. As
expected, a strong dependency on bias power is present. A negative correlation was also observed between processing pressure
and etch rate as observed in Figure 21a. This is due to the drag or
frictional force arising from an increased number of collisions be-
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Figure 21. (a)The AlN etch rate in for various SF 6/O2 compositions at 60 sccm
total flow at a pressure of 20 and 40 mTorr for varying bias power. (b) AlN
etch rate in SF6/O2 as a function of RF peak bias voltage for different oxygen compositions at 60 sccm and 20 mTorr of pressure. Applied bias power
is also labeled. [Publication II]

tween ions and neutrals at higher pressure which ultimately decreases the energy of the bombarding species.[70,209]
While bias power and pressure expectedly have an overriding
influence in the removal of AlN under the chemically neutral
SF6/O2 chemistry, perhaps unexpectedly, the ratio of oxygen also
has an influence on the etch rate. This is observed in Figure 21a
when platen power is fixed at 300 W and pressure of the chamber
is 40 mTorr. Goyette et al. showed that in addition to nearly all
fluxes of significant ions increasing monotonically with power, an
addition of O2 results in higher fluxes of O+ and  ହା [210] The
higher fluxes of these species in turn result in higher RF peak bias
voltages with a fixed platen power as clearly seen Figure 21b. The
etch rate of AlN however displays no clear dependence with RF
peak bias voltage except with the highest concentration of O2.
Inductively Coupled Plasma Reactive Ion Etch Masking
With ICP-RIE, the density of the discharge and the potential with
respect to the sample can be separately controlled. This extra degree of freedom allows the chemical and physical components of
etching to be disentangled and independently controlled. Often
the etching of silicon is done with a low substrate platen power in
fluorine chemistries because the volatility of SiF ensures a sufficient rate of removal.[70,87] The performance of AlN under etching conditions as commonly used with silicon etching was examined and presented in Figure 22. For the creation of silicon HAR
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Figure 22. AlN etch rates as a function of platen power (CCP) for ICP-RIE under typical processing parameters (40/6 sccm SF 6/O2, 5–11 sccm He, 1000
W ICP-power). [Publication II]

structures, where high selectivity with masking material is critical, low platen powers are often used so as to reduce the consumption of the masking layer. Under such conditions and ignoring structural-related effects of loading, extreme aspect ratios
and/or dimensions, silicon typically has an etch rate of ~4
um/min.[87] At 10 mTorr pressure this corresponds to an AlN:Si
selectivity over 66,000-7,200:1 for platen powers of 2-4 W, respectively. The same selectivity value has been reported for ALD
Al2O3 under identical etch conditions at 2 W platen power.[87]
For the creation of black silicon, through the nanostructuring of
the silicon surface with spikes, the range of platen power can extend higher depending on the texture desired. Although black
silicon etching chemistry uses a higher fraction of oxygen, the
measured AlN etch rates should provide a rough estimate for such
processes.
5.1.3

PEALD AlN as a Passivating Material for GaAs and other III-Vs

Earlier studies have demonstrated optically effective ex-situ surface passivation of GaAs from PEALD AlN processing.
[143,211,212] These studies examined the effect PEALD AlN has
on the photoluminescence intensity and the lifetimes of nearsurface InGaAs/GaAs quantum well structures. Significant passivation was demonstrated by marked increases in photolumines52

Figure 23. CV curves for AlN passivated and unpassivated GaAs MIS structures. The inset shows the leakage current of the AlN passivated component. Plus (+) and minus (-) signs denote the sign of the gate bias. [Publication III] (measurement by Henri Jussila)

cence intensity, accompanied by a redshift of the quantum well
photoluminescence peak, and lifetimes. In publication III, it is
shown that a PEALD AlN passivation layer allows high-κ GaAs
MIS capacitors with an unpinned Fermi level to be fabricated.
Interestingly, Gao et al. demonstrated in 2006 a passivation
technique for GaAs devices based upon plasma nitridation in
NH3/N2 ambient and sputtering a thin AlN layer.[140] In some
respects, the study presented in this thesis can be seen as the natural evolution to that study.
Fabrication
GaAs MIS capacitors were fabricated on a 1 μm-thick p-GaAs layer grown on p+ GaAs substrates by metalorganic vapor phase
epitaxy. The doping of the p-GaAs layer was measured by Hall
measurements to be ͵ ൈ 1017 cm-3. Before depositing a 35 nmthick ALD HfO2 layer, some samples were coated with a 2 nmthick PEALD AlN to study its passivation effect in a manner similar as has been done in other studes.[143,211] A combined capacitance of 0.32 μF cm-2 was determined from equivalent metalinsulator-metal structures for the insulator stack corresponding
to an equivalent oxide thickness (EOT) of 10.7 nm for silicon dioxide. During the first reaction cycle, extra long TMA exposure
was used to ensure complete native oxide removal as discussed
later. The HfO2 was grown by thermal ALD at 350 °C using HfCl4
and water precursors. The metal layer was constructed by evapo53

rating circular Au metal gates with a surface area of 4.3 mm2. A
backside ohmic contact was created by affixing the MIS structure
with liquid indium-gallium to a copper coin.
In order to study the Fermi level unpinning, a high-frequency
CV curve was simulated with a procedure presented by EngelHerbert et al.[213,214]
Evidence of Passivation
The high frequency (100 kHz with the sweep rate of 100 mV/s)
CV curves of unpassivated and PEALD AlN passivated GaAs MIS
capacitors measured at room temperature are presented in Figure
23. Three main effects are visible from examination of the curves
as described in Publication III by H. Jussila et al.:
1. AlN passivation enables a larger capacitance change
with a reduced stretch out. The stretch out depends on
the density of the trap states within the band gap and the
reduced stretch out implies that the AlN passivation enhances the interface quality.
2. Illumination affects the behavior of the inversion side
capacitance of the AlN passivated component, whereas it
does not affect the operation of the unpassivated MIS
component.
3. The inversion side capacitance of the CV curve of the
AlN passivated component depends on the sweep rate
even for very low sweep rates and under illumination.
This implies that the lifetimes of the trap states and valence band states are very long and that the measured
CV curves are not steady state curves. The resulting delayed response is expected to explain the increase of the
measured capacitance under illumination in the bias
range from 3 V to 4 V.
Large leakage current through the MIS capacitor may enable
the circuit capacitance to change. Thus, to explain the results it is
important to first make sure that the quality of the MIS capacitor
is sufficient. The inset of Figure 22 shows the leakage current
through the AlN passivated structure as a function of the applied
voltage. The DC leakage current is less than 100 nA/cm2 under ty54

Figure 24. Band bending—gate bias relationship in an AlN passivated GaAs
MIS structure is obtained comparing the steady state CV curve and a simulated CV curve, shown in the inset, of the AlN passivated MIS structure.
[Publication III] (measurement by Henri Jussila)

Figure 25. Multifrequency CV curves of MIS structures passivated by AlN
measured at (a) room temperature and (b) 100 °C. [Publication III] (measurement by Henri Jussila)

pically encountered bias voltages. This insulator layer appears to
be of high quality as the electric breakdown voltage of the AlN
passivated component is larger than 10 V providing an electric
breakdown field larger than 3 MV/cm for the AlN-HfO2 stack.
The leakage current in the unpassivated sample on the other hand
was observed to be significantly larger. In Publication III it was
concluded that due to the high quality of the insulator, it is unlikely that the capacitance change with gate bias in the AlN
passivated component is due to leakage current.
The increased leakage observed in the unpassivated MIS component may arise from the ALD HfO2 layer being polycrystalline,
as is the case when deposited directly atop a crystalline substrate.[46] The amorphous AlN would inhibit the formation of
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such phases.[18] As a result, the observed change in capacitance
with voltage in the unpassivated component was partially attributed to leakage current.
Further support for PEALD AlN passivation enabling Fermi level unpinning of the interface was found by measuring the band
bending at the interface. A steady state CV curve was measured at
a temperature of 75 °C with a sweep rate of 0.2 V/min. Figure 24
shows the band bending—gate bias relationship obtained by from
the measurement and simulated CV curves presented in the inset.
The measured band-bending value is 1.2 eV which indicates that
the MIS capacitor can operate in inversion.
The observations listed in points 2 and 3, above, were explained
in Publication III as evidence that the AlN passivated component
is in deep depletion operation mode. In deep depletion operation
mode the Fermi level has moved to the semiconductor/insulator
interface which is a situation corresponding to the inversion operation mode. However, due to the slow generation rate of minority carriers the measured capacitance value does not show their
contribution. This in turn causes the observed dependence on
sweep rate and illumination. This observation of the component
being in the deep depletion operating mode provides indirect evidence of Fermi level movement and suggests Fermi level unpinning.
More evidence for Fermi level unpinning is found when comparing the frequency dependent CV response of AlN passivated
MIS components at room temperature and 100 °C, see Figure 25.
Measurements at the elevated temperature were performed to
enable the slow midgap states to contribute to the frequency dependent CV curves.[215] In Figure 25a it is seen that the capacitance does not saturate at the inversion which is due to the generation of slow minority carriers. At 100 °C, Figure 25b, capacitance
saturates in the inversion side, indicative that deep depletion is
not occurring. This is due to an increased generation of thermally-generated minority carriers. This was similarly observed when
the MIS component was under illumination, except here photogenerated carriers were responsible for saturation in the inversion side.
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Atomistic Mechanisms leading to Fermi level unpinning and
passivation.
Any discussion of the passivation of GaAs, or other III-Vs, with
PEALD AlN has to begin with the clean-up effect of AlMe3. Many
experiments have shown that TMA allows in-situ reduction of the
Ga- and As-oxides covering the GaAs substrate and a reduction of
the density of interface traps.[35,43,44,216–219] S. Klejna and S.
Elliot used first-principles modeling to statistically determine the
thermodynamically favored mechanistic pathways of clean-up
during GaAs exposure to AlMe3.[220] It is predicted that clean-up
of GaAs native oxide results mostly in the production of volatile
As4 (gas) and GaAs (solid), the latter formed from gallium oxide
reacting with partially reduced arsenic. In agreement with experiments, clean-up continues until the GaAs native oxide is completely replaced with an AlOx layer. This alumina layer is covered
with methyl species which will act as surface sites for later reactions.[220]
Although high-valence Ga- and As-oxides are removed, cleanup alone is insufficient to create an unpinned Fermi level due to
remaining interfacial defects.[218] Specifically, sub-surface defects, e.g. the As–As dimer bond, formed during the oxidation of
GaAs, are believed to be a major cause of Fermi level
pinning.[137,218,221] Additionally, intrinsic interface defects
such as dangling bonds constitute another source of defects.
[137,218,221]
After clean-up of the GaAs surface by sufficient exposure to
TMA, a NH3-plasma treatment, which makes up the second halfreaction of the ALD reaction cycle, follows. The thin oxide should
act as a barrier to prevent the nitridation of the GaAs below.[222]
Nitridation of the alumina layer with plasma-NH3 has been
shown with silicon to greatly improve the barrier properties of
this layer which in turn should improve the thermal stability of a
GaAs-based component by preventing Ga and As diffusion.[223]
Furthermore, interfacial trap density is reduced through the passivation provided by hydrogen species.[138,211,224,225] Significantly, the employment of plasma will introduce positive fixed
charges near the interface.[223,226,227] The positive fixed
charges will compensate for the negative ones trapped at the in-
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terface
and
will
influence
the
threshold
voltage
position.[223,226,227]
Subsequent cycles will proceed to deposit additional AlN. The
AlN layer itself has been shown to be a good oxygen barrier thus
helping to prevent later re-oxidation of the GaAs surface.[140,211]
AlN also acts as a Ga and As diffusion barrier which is important
for reducing frequency dispersion. [140] Optical studies on the
passivating effect of PEALD AlN on near-surface InGaAs/GaAs
quantum well structures have shown that the thickness of the AlN
layer is an important parameter.[143,211] Mattila et al. found that
deposition temperature may also play an important role, likely
due to higher hydrogen content in films deposited at lower temperatures.[129,211] As already indicated in Section 5.1.1 of this
thesis, molecular hydrogen may constitute a significant fraction of
the hydrogen existing in the AlN which upon heat treatment can
further activate the passivation through the creation of atomic
hydrogen which acts to passivated dangling bonds.[225]

5.2

Al-Doped Zinc Oxide as a Low-Cost Transparent
Conducting Oxide Layer for GaAs Nanowire
Growth

In publication IV of this thesis transparent and conductive Aldoped ZnO films were deposited by ALD to act as a base for GaAs
NW growth. In order to show that the AZO film enables GaAs NW
growth on substrates that are intrinsically incompatible with the
NW growth, household aluminum foil, ITO, and soda lime glass
were chosen as substrates for AZO deposition. In addition to these Si(111), bare and coated with AZO, was used as a substrate.
GaAs NWs were grown on the AZO covered substrates by MOVPE
at a temperature ranging from 430-450 °C.
Deposition of ALD Al-doped AZO was performed on precleaned substrates at a temperature of 200 °C. The deposition
sequence consisted of 30 cycles of alternating DEZn and H2O exposures divided by one reaction cycle consisting of TMA and H2O.
The insertion of a TMA/H2O is a common approach for doping
ALD ZnO with the goal of lowering its resistivity. An AZO film
resistivity of 2.4 × 10-3 Ω cm was measured using van der Pauw
geometry and indium contacts. The measured resistivity is in the
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Figure 26. Top-view SEM image of AZO deposited on Al foil. The inset is a
side-view image of AZO deposited on Si. Scale bar corresponds to 200 nm.
[Publication IV]

same order of magnitude as previously reported values.[228–231]
The morphology of the AZO was studied using SEM from a topview and side-view. In Figure 26 SEM images for AZO deposited
atop aluminum foil and silicon (inset) are presented. The images
reveal the characteristic elongated grainy structure that has been
previously reported for ALD AZO.[232,233] As would be expected
for an ALD process, the films conformally cover surface features
on the samples, including cracks and hillocks and the AZO morphology appeared identical between samples.
GaAs Nanowire Growth and Characteristics on AZO
GaAs nanowires were grown on the AZO deposited substrates and
uncoated Si(111) and a ITO covered substrate. The bare ITO surface was not favorable to NW growth as evidenced by sparse scattering of NWs with stunted growth. On the contrary, on AZO
coated ITO, Si, glass and aluminum foils a significantly greater
yield of NWs with higher consistency and length was obtained.
Figure 27 presents top-view images of GaAs NWs grown on ITO,
AZO covered ITO, and household aluminum foil for comparison.
The commensurate NW
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Figure 27. Top-view SEM images of GaAs nanowires grown for 60 s at 470 °C
on ITO (a), on AZO covered ITO (b) and AZO covered household aluminum
foil (c). Scale bars correspond to 500 nm. [Publication IV]

growth displayed on various AZO coated substrates indicates that
NW growth is dependent not on the underlying substrate, but
only on the properties of the overlaying AZO film. AZO deposition
thus presents a pathway for NW growth on a variety of substrates.
The NWs were observed to grow in two different modes of
growth on AZO. At the start of growth, NW growth begins as inplane growth and after a few tens of seconds transitions to outplane growth. Based on SEM observations for NWs grown at 470
°C, the majority of NWs were in-plane after 30 s and out-plane
after 60 s. After 120 s almost all the NWs had transitioned to outplane growth. The proposed growth process is illustrated in Figure 28. As the reactor approaches the NW growth temperature Zn
from the AZO layer readily alloys with the Au seed particle, Figure
28a. Upon the introduction of Ga and As species at the desired
growth temperature Ga alloys with the seed particle with the intake substantially greater than Zn intake. The alloyed species consisting mainly of Ga with small amounts of Zn eventually precipitate thus initiating nanowire growth as incorporation of As at the
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Figure 28. Proposed growth process for GaAs NWs on AZO. Au seed alloys
with small amounts of Zn from the AZO layer during heating (a), NW growth
initiates as in-plane growth after Ga and As are introduced in the reactor
with Zn precipitating from the seed to the NW (b). Transition to out-plane
mode eventually occurs whereupon Zn supply to seed stops (c). Depending
on temperature, nanowires have either diagonal defects, resulting in kinked
NWS (d), or perpendicular defect planes which result in straight NWs (e).
[Publication IV]

growth interface occurs, Figure 28b. Eventually, the NW growth
transitions from in-plane to out-plane, Figure 28c. Depending on
temperature, out-plane growth was observed to proceed as kinked
or straight, Figures 28d-e.
Morphology and Structure of GaAs Nanowires Grown on AZO
The NW morphology stemmed from different types of defect
planes which depended on growth temperature. Kinked NWs with
diagonal defects were observed at lower growth temperatures
whereas at higher temperatures defects occurred only perpendicularly to growth direction and the NWs were mostly straight. At
low temperatures, metal clustering is the likely cause for the observed defects in NWs grown on AZO.[234] Defects appeared
more frequently closer to the base of the nanowire, suggesting
that the growth process is altered in the later stages of the growth.
This alteration could be caused by changes in the seed particle.
Indeed, some of the seed particles were found to have diagonal
perturbations. Such perturbations were not observed in Au particles on top of the nanowires grown directly on Si, and the nanowires on Si presented only infrequent twin planes. These differences thus arise from the growth surface material which can affect the Ga supersaturation in the seed particle and consequentia61

Figure 29. PL spectra at room temperature (a) and at 12K (b) obtained from
GaAs NW samples grown on AZO covered substrates. The actual growth
temperature is higher as one progresses through the spectra from bottomto-top. The graphs have been smoothed for clarity, and weaker signals
were multiplied by a factor shown on the right side of the graphs. [Publication IV] (measurement by Tuomas Haggrén)

lly the NW crystalline structure.[235,236] The presence of a background Zn is thus expected to be responsible for the observed
defects for NWs grown atop AZO. As nanowire growth initiates
the Zn background is at its highest and begins to deplete as NW
growth progresses. This explains why the highest defect density is
observed at the NW base.
The faster the NW transitions to out-plane growth the less Zn is
incorporated to the seed which translates to fewer defects introduced in the NW. Growth temperature was shown to cause faster
transitions to out-plane growth and promote vertical wires with
increased tapering.
Optical Properties of GaAs Nanowires Grown on AZO
The optical properties of the NWs were examined with PL measurements at room temperature and at 12 K, see Figure 29, for
different AZO coated substrates. The only difference between the
samples was the actual growth temperature which depended on
both the susceptor temperature and heat conductance of the substrate. NW growth on AZO covered substrates was performed at
susceptor temperature of 470 °C (glass and Si substrates) and at
510 °C for (ITO on glass and Si substrates). The expected actual
growth temperature of the samples in Figure 29 is expected to
increase when ascending from the bottom to top graph. At elevated temperatures the area of defects is reduced, as twin planes
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become perpendicular to nanowire growth direction, which leads
to an increase in PL intensity.[237,238] Additionally, the tapering
seen at higher temperatures which cause the nanowires to be
thicker and have a larger average area for separation of charge
carriers results in an increase in PL intensity. At 12K, Figure 29b,
the PL peak position exists at 1.47 eV. Comparing with previously
reported values of Zn-doped GaAs NWs and bulk material, the PL
position is believed to Zn-related since Zn is expected to be present in the NWs and PL was only observed in the Zn-doped
NWs.[239,240] The lack of any PL signal from the GaAs NWs
grown on bare silicon indicates that carbon impurities are not the
source of the peak as has been observed previously for GaAs nanowires.[241,242]
For reference GaAs NWs grown directly on a bare silicon surface no PL signal was observed at room temperature or 12 K.
When growing NWs on bare silicon and introducing Zn doping, a
PL signal with similar shape and peak position was obtained. This
further indicates Zn impurities are indeed present in the NWs
grown on AZO. It is clear that Zn has a strong effect on PL properties of GaAs NWs. The Zn doping levels on the GaAs NWs grown
on AZO are assumed sufficiently high to promote free charge carrier generation which mitigate quenching of PL from the pinning
of the Fermi level arising from GaAs surface states.[243,244]

5.3

Modification of the Electronic Properties of ZnO
Nanorods by ALD of Al2O3 or TiO2 for use in Organic-Inorganic Semiconductor Constructions

In Publications V and VI of this thesis, ZnOr constructions functionalized with an organic layer of porphyrin SAMs are used as a
model for the study of photo-induced electron transfer characteristics of inorganic-organic semiconductor interfaces. ALD TiO2 or
Al2O3 was deposited on the ZnOr to further modify the semiconductor-organic SAM interactions by forming an intermediary layer between ZnOr and the organic layer. Surface modification of
the ZnOr with an ALD layer has been shown to allow a high degree of control over the electronic interactions and morphology of
the semiconductor-organic interface. The ZnOr were grown by
the hydrothermal method on ITO coated glass substrates using an
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Figure 30. Absorption spectra for (a) CPTPP, (b) P-Si(OEt)3, and (c) ZnP deposited on ZnOr modified with ALD Al2O3, ZnO, or TiO2. For (c), in the
range of 490–850 nm the spectra are multiplied by a factor of ten. Thickness of modification layer is indicated in figure. [(a) and (b) taken from Publication V, while (c) taken and modified from Publication VI] (measurement
by Hanna Hakola)

optimized growth scheme as discussed in the Publication V. The
surfaces of the ZnOr were modified by depositing either a 2 or 5
nm-thick ALD layer of TiO2, Al2O3, or ZnO at a temperature of
200 °C. Self-assembled porphyrins were subsequently formed on
the nanorod surfaces using either P-Si(OEt)3, CPTPP, or zinc
porphyrin (ZnP) SAMs.
The absorption spectra of P-Si(OEt)3, CPTPP, and ZnP SAMs
deposited atop the TiO2 and Al2O3 modified and unmodified ZnOr
surface are presented in Figure 30. As porphyrins exhibit high
absorption in the visible spectrum, the strength of the absorption
spectra can be used to obtain the relative surface area the SAMS
occupy and information on porphyrin density. As Figure 30
shows, the absorption spectra reveal that ALD TiO2 and Al2O3
surfaces accommodate attaching of the porphyrin SAMs used
here. Furthermore, both P-Si(OEt)3 and CPTPP SAM display
compatible absorptions, albeit the CPTPP SAM absorption is
higher and slightly red-shifted which is attributed to tighter packing of the CPTPP molecule.[245,246] Perhaps unsurprisingly, the
P-Si(OEt)3 absorption spectra of ALD ZnO coated ZnOr, not
shown, was identical.
To examine the interactions at the semiconductor-organic SAM
interfaces fluorescence measurements were performed. Fluorescence emission spectra for the three SAM types on TiO2, ZnO, and
Al2O3 surfaces are shown in Figure 31 and are normalized with
respect to the amount of the excitation light absorbed by the film.
Figure 31 illustrates a strong fluorescence dependence on the surface material for the CPTPP and ZnP SAMs. The ALD Al2O3 is not
expected to partake in fluorescence quenching and one can concl64

Figure 31. Fluorescence emission spectra of (a) CPTPP, (b) P-Si(OEt)3, and (c)
ZnP on ZnOr modified with ALD Al 2O3, ZnO, or TiO2. Thickness of modification layer is indicated in figure. [(a) and (b) taken from Publication V, while
(c) taken and modified from Publication VI] (measurement by Hanna
Hakola)

ude based off of the fluorescence spectra that a few nanometers
layer between the semiconductor and organic surfaces already
starts preventing any electronic interactions between these layers.[247] In addition, any quenching of the fluorescence on Al2O3
is due to porphyrin aggregation.[247] With this in mind, the observation of almost identical emission intensities between the
same SAMs on ALD Al2O3 is then expected. ALD TiO2 on the other
hand uniformly results in fluorescence quenching. In the case of
CPTPP and ZnP SAMs, there is a shorter distance between
porphyrin containing chromophore and surface than P-Si(OEt)3.
This results in these SAMs being more susceptible to interactions
with a surface and P-Si(OEt)3 having a relatively weaker dependency.[246] This is seen clearly when comparing the range of
emission intensities for the various surfaces for both SAMs and
indicates CPTPP and ZnP are better candidates for studying the
effects ALD surface modification of ZnOr. Fluorescence emission
decay of the SAMs was also measured. The emission lifetimes for
the CPTPP and ZnP SAMs on the Al2O3 reveal that a 5 nm-thick
layer fully prevents any interactions between the organic and
semiconductor surfaces while the 2 nm-thick may not be thick
enough to completely remove any interaction between the CPTPP
SAM and ZnOr. This would explain the minor decrease in fluorescence intensity observed for the 2 nm-thick Al2O3 coated with
CPTPP SAM. Likewise, a 2 nm-thick TiO2 is also seen to be insufficient to switch the surface properties completely from ZnO to
TiO2 as the fluorescence lifetime and emission intensity are not so
decreased from the ZnO surface.
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Figure 32. (a) Photocurrent-voltage characteristics and (b) transient absorption
response of ZnOr modified with a 5- nm-thick layer of ALD Al2O3, ZnO, or
TiO2 excited by 560 nm femtosecond laser. The fast response (~100 femtoseconds), observed for all layers and attributed to two-photon absorption in
ZnO, was subtracted from the signals reducing accuracy in the sub-200
femtosecond time scale.[248] [Publication VI] (measurement by Hanna
Hakola)

Dye sensitized solar sell experiments were also performed on
the ZnOr modified with a 5 nm-thick layer of ALD Al2O3, TiO2, or
ZnO and coated with a ZnP layer. The photocurrent-voltage
measurements and transient absorption response characteristics
are presented in Figure 32. The efficiency of the ZnOr/Al2O3/ZnP
solar cell is almost zero, due to no photocurrent generation,
whereas the other cells display reasonable efficiencies. Remarkably, adding a 5 nm-thick layer of ALD TiO2 increases the opencircuit voltage by 38% (from 0.39 to 0.55 V) and the fill factor by
60% (from 0.42 to 0.67).
The transient absorption response for the ALD Al2O3 coated
ZnOr shows only the sudden part of the rise from excitation without the slower part as seen in the other samples. This means that
the ALD Al2O3 layer prevents electron transfer from the porphyrin
to the semiconductor. A 5 nm-thick TiO2 shell on ZnOr enables
sub-picosecond (<0.2 picoseconds) electron transfer reactions
and can be a mechanism of enhanced fluorescence quenching.
The transient absorption response did not reveal any significant
differences in the charge recombination rate between samples but
in light of the photocurrent-voltage measurements, the ALD TiO2
modification acts to decrease the charge recombination rate. In
summary, Publications V and VI have demonstrated that the ALD
modifications layers of ALD Al2O3 and TiO2 significantly influence
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the electronic interactions on the ZnOr semiconductor-organic
constructions.

5.4

ALD Alumina-Graphene Composites: A Model for
Large Area ALD Membranes Reinforced with
Graphene.

In Publication VII of this thesis, composite structures composed
of large area CVD graphene imbedded in thin films deposited by
ALD were constructed. These composite graphene-ALD structures represent a new class of hybrid materials possessing significantly enhanced mechanical properties, arising directly and indirectly from imbedded graphene, and have a range of potential
applications. The graphene layer(s) can serve active or passive
functions in such composite materials.[249] A composite composed of graphene sandwiched between two ALD alumina layers
is presented as a model to introduce this composite class. The
alumina-graphene composite has its mechanical properties extracted using the bulge test. Raman spectroscopy and SEM were
used to further characterize the membrane before and after loading. This section ends with a discussion of the results and predictions how the composite membrane may respond when the load is
extended to higher values than was measured in this work.

Figure 33. Process flow for graphene-alumina composite membranes. (a) Double sided ALD alumina on silicon substrate, (b) graphene transfer, (c) Al
seed layer deposition and second ALD alumina deposition, and (d) photolithography and etch-release from the backside. (e) Schematic crosssectional view of membrane: alumina (70 nm)/CVD graphene (monolayer)/alumina (30 nm) and (f) optical image of composite membrane. [Publication VII]
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Fabrication
The fabrication is depicted in Figure 33 and began by coating
double-sided polished (DSP) silicon substrates with ALD Al 2O3 on
both sides. The top alumina layer (70 nm) serves as the lower part
of the membrane while the wafer backside alumina serves as the
mask layer during the membrane release etch step. This two step
procedure could be reduced to one-step using double-sided deposition. Following the ALD steps, monolayer graphene is transferred.[250] A ~2 nm-thick aluminum layer was evaporated onto
graphene after transfer to act as a seeding layer for the subsequent ALD step. [23] A second ALD Al2O3 (30 nm) followed resulting in a ~100 nm-thick membrane. After patterning the backside alumina masking layer using optical lithography, DRIE was
performed to remove 0.5 mm-diameter circular holes in silicon
thus releasing and creating the suspended composite membrane.
The graphene layer completely covers the suspended region and
extends well beyond the cavity which ensures avoidance of nonuniform strain at the graphene edges.[160] Reference membranes
were also fabricated per the described process less graphene insertion.
While the total aluminum oxide thickness of the composite and
reference membranes are identical, the composite membrane is
composed of two thinner Al2O3 membranes separated by a graph-

Figure 34. Comparison of unreinforced alumina and graphene–alumina composite membranes. (a) Deflection, h, of two graphene–alumina composite
membranes and reference alumina membranes versus differential pressure, P, as measured during the bulge test. (b) The corresponding stress
versus strain for the two graphene–alumina composite membranes and reference alumina membranes. The composite membranes were intact after
being subjected to 2.0 bar differential pressure whereas the reference alumina membranes were destroyed already at 0.6 bar differential pressure.
[Publication VII]
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ene layer. This division of the Al2O3 into thinner layers is not trivial as thinner alumina features a higher strain threshold for cracking.[251]
Mechanical Assessment
The membranes were flat before and after each bulge test series,
indicating the membranes were under tensile residual stress, as
is expected of thermal ALD alumina.[59,60] The deflection behavior with respect to differential pressure and stress versus
strain curves of the composite membranes and reference membranes are presented in Figure 34. For the reference alumina
membranes, the effective YM was 161 ±23 GPa and the residual
stress was 298 ±61 MPa based on the measured stress–strain
curves. The membranes ruptured at ~0.6 bar. The corresponding
values for the composite membranes were 180 ±15 GPa and 352
±59 MPa, respectively. The composite membranes withstood 2.0
bar differential pressure without rupture; greater than a threefold
increase over the unreinforced alumina membranes.
The experimentally obtained YM and residual stress for the
membranes are in line with well-established literature values for
ALD Al2O3.[53,57–60,252,253] The validity of the ‘rule-ofmixtures’ model (based on volume fractions of composite components) used to determine the effective YM for the composite
membrane appears valid. In our case the volume fraction of
graphene in the composite membrane is merely ~0.35%, i.e.,
practically negligible. In addition to subjecting the composite me-

Figure 35. Cracking of the composite membrane. SEM micrographs of cracks in
a composite membrane after bulge measurements that brought the differential pressure up to 2 bar. Composite membrane remains intact despite the
presence of significant cracking. [Publication VII]
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mbranes to 2 bar differential pressure, another composite membrane was bulge tested to 1.2 bar.
After bulge testing, SEM was utilized to inspect the composite
membranes. Composite membranes brought to 2 bar differential
pressure exhibited channeling type cracks in the 30 nm ALD
Al2O3 layer deposited atop aluminum-seeded graphene.[254] Figure 35 presents some images of the type of cracking observed. No
cracking was detected in the alumina layers of the membrane
tested up to 1.2 bar differential pressure. The development of
cracking in the thinner alumina layer, as opposed to the thicker
layer, runs contrary to the expected cracking behavior and indicative of the alumina grown atop graphene is of poorer mechanical
quality than the layer below.[251] The poorer quality is likely a
consequence of how growth initiates atop aluminum seeded
graphene. Despite the cracking of the 30 nm alumina, the membranes could maintain 2.0 bar differential pressure as the
graphene and underlying alumina layer remained intact. Cracking
did not transverse vertically through the graphene to the alumina
layer below. Importantly, no perturbation is observed in the
stress–strain curve of the cracked samples meaning fragmentation of the alumina layer did not result in diminishing this layer’s
contribution to the membrane’s stiffness.

Figure 36. Raman analysis of the membrane area with Al 2O3 cracking after
bulge testing to 2 bar. (a) Optical and (b)–(d) Raman mapping images of D,
G, and 2D line. (e), (f) Raman images of D/G and 2D/G. (g) Raman spectra
corresponding to the points indicated by Arabic. [Publication VII] (measurement by Wonjae Kim)
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Raman analysis of the graphene after membrane fabrication indicates the embedded CVD graphene incurred no damage during
processing as the Raman fingerprint for high quality monolayer
graphene is observed.[255] Furthermore, the detailed Raman
characterization performed after bulge testing to 2.0 bar reveals
no deterioration of the graphene film as shown in Figure 36. Particularly noteworthy is that even in and around the cracked regions of the alumina the graphene showed no signs of damage as
evidenced by a very low D/G–ratio in Raman maps and practically non-existent D-band in the Raman spectra at around 1250 cm-1.
Mapping of the spectral position of the 2D band reveal no significant variation, particularly no correlation with the cracking (not
shown here). As the 2D band position in graphene is susceptible
to strain, it can be concluded that cracking has not induced additional strain to graphene.[256] A slight increase in the 2D peak is
in fact observed in Figure 36d around the cracks which we speculate might be related to a loss of adhesion of the alumina. This
observation is of great importance as it signifies that despite severe cracking of the alumina the embedded CVD graphene film
remains intact even at the grain boundaries and is capable of
maintaining the integrity of the membrane. These results further
indicate good stitching of the grain boundaries in the embedded
CVD graphene.[158,257]
Discussion
The graphene-ALD alumina composite membranes studied in this
thesis serve as a model for a promising new class of hybrid materials utilizing CVD graphene sandwiched between ALD layers.
The effects of graphene insertion are two-fold and have profound
effects on the mechanical robustness of the membrane:
1. The division of the ALD layers into thinner layers has the
effect of increasing the critical strain tolerance before
cracking of the ALD layers without any loss of membrane
stiffness.[53,251] The end result is a composite with higher fracture strength without sacrificing stiffness. It is important to note that graphene itself plays no direct role
here as dividing an ALD layer into thinner layers by inserting any hypothetical 2-D material should still result in
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a composite membrane possessing higher fracture
strength. Such a composite will be as stiff as its noncomposite counterpart owing to the negligible volume
fraction of the 2-D material. Thus, being equally stiff but
composed of layers tolerant to higher strain it follows that
such a composite is stronger by simply allowing an extension of the stress–strain curve.
2. Complimentary to the preceding, graphene acts as a very
high strain tolerant reinforcing layer that will be the last to
fail, assuming no defects, of the composite structure.
Graphene should thus maintain membrane integrity in the
presence of failures in the other layers predicated on the
assumption that failure of the other layers do not result in
immediate loss of membrane stiffness. Theoretically, this
translates to strains up to ~25% upon which graphene itself should fail.[153,159] Grain boundaries however may
significantly reduce this and must be considered although
several published reports indicate that the grain boundaries in CVD graphene can still reach that of pristine
graphene.[158,165,257] The preceding considerations may
be rendered moot in the future as the production of pristine wafer-scale CVD monocrystalline graphene has already been demonstrated.[167–169]

Predicting ALD Ceramic-Graphene Composite Response at
Higher Loads: Foundation for Developing a Model of Load Behavior for ALD Ceramic-Graphene Composite Membranes
Before proposing a model for the stress–strain response of the
composite membranes presented in this thesis, it is helpful to first
consider a hypothetical case were the graphene is replaced with
frictionless 2-D material. In Figure 37a a hypothetical frictionless
2-D material is encapsulated by layers of the same material and
quality. Upon failure of the thickest layer, owing to it possessing a
lower critical strain tolerance, the remaining thinner layer would
be expected to also instantly fail due to the loss of support from
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Figure 37. Exemplary stress–strain curves for ALD ceramic membranes composed of an imbedded (a), (b) hypothetical 2-D frictionless layer and (c) a
graphene layer. Membrane ALD material: (a) is the same, (b) different materials, with the grey film being less strong, and (c) of arbitrary ALD ceramic
material. The membrane structure examined in this thesis is hypothesized
to have a similar stress–strain response as depicted in (c). Experimental results indicate the composite membranes brought to 2 bar differential pressure had entered region II.

the thicker layer. Another such membrane can be considered
were the layers are of varying mechanical strength and the stress
leading to failure of the weakest layer does not result in failure of
the remaining layers. If one would plot the stress–strain curve of
such a mixed membrane, one would obtain a stress–strain curve
with a clear decrease in YM, as shown in region II of Figure 37b,
at the point of the weaker layer’s failure. This apparent drop in
rigidity, an intensive property, is actually a decrease in membrane
stiffness, an extensive property, due to loss of mechanical support
from the layer which failed.
Our results demonstrate that the fragmentation of the alumina
layer did not result in changes to the membrane’s effective YM,
meaning the model in Figure 37b does not suffice. Instead, the
composite membranes are represented by region I and II of Figure 37c. Although this may appear surprising it is in fact a consequence of the high frictional force/adhesion existing between the
layers and is why behavior resembling Figure 37b was not observed in the composite membranes.[258–260] A few questions
emerge from this observation. First, will continued fragmentation
of the alumina into smaller fragments eventually manifest as a
decrease in effective Young’ modulus? Second, at what strain values will slippage between the alumina and graphene values occur? It is known that there is a strain dependence on the frictional force graphene has with a surface.[160,259] Furthermore, a
slight increase in the 2D peak around the cracked region was ob73

served and interpreted as indicating a possible localized loss of
adhesion between graphene and the 30 nm-thick capping alumina layer. It is therefore postulated that these two factors, fragmentation and slippage, can manifest as illustrated in region III
of the stress–strain curve of Figure 37c. The preceding model is
predicated on a graphene layer not mechanically compromised
with defects.
The preceding model for the presented composite membranes
raises interesting questions: First, how much strain, or likewise to
what degree of ALD layer(s) fragmentation, can the membranes
tolerate until membrane stiffness is affected? The results presented already indicate that a very significant linear and proportional
extension of strain, roughly 3 times, was accommodated for. Second, will continued fragmentation and/or slippage cause a transition in the stress–strain curve as illustrated in region III of the
stress–strain curve of Figure 37c? Finally, what will the ultimate
tensile strength of such membranes be? Such a prospect warrants
further study and optimization of the composite membrane design, such as the incorporation of additional graphene layers,
patching of graphene defects with ALD prior to graphene seeding,
and finding the optimum division of the layers.[151,171]
The results suggest that graphene reinforcement is a promising
facilitator for constructing large robust free-standing membranes
such as used in vacuum-tight thin film windows. Current state-ofthe-art large-area windows are based on LPCVD Si3N4 thin films
which require a mesh support that occupies a significant fraction,
~23%, of the window region.[261] It is envisioned that incorporating graphene into this and similar kinds of structures could
increase the sensing area by allowing a reduction of the mesh area
and increase transmission and aperture by reducing grid-induced
collimation. Scaling upwards, it is plausible that these and similar
graphene composite membranes will allow the realization of currently unrealizable large area membranes based on nanoscale
thicknesses.
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6. Summary and Outlook

This thesis focused on ALD and presented results that can be
broadly divided between two parts. The first part, the study of the
effects PEALD processing conditions have on AlN material properties was presented. The remainder of the results focused on the
utilization of ALD thin films for various nanotechnology applications.
In this thesis it was demonstrated that the choice of nitrogenbased plasma gas affects impurity incorporation and growth of
PEALD AlN films. The nature and source of impurities were
greatly elucidated upon by combining the complimentary techniques of FTIR and TOF-ERDA. This provided for a rigorous assessment of the material composition and a good benchmark for
comparison to other works. The observation in the IR absorption
spectra of bands corresponding to nitrile groups indicates that
carbon impurities can be partially attributed to an undesirable
reaction occurring during the plasma step between nitrogen species and CH groups. Unremoved ligands from the metal precursor
are the other source of carbon. Furthermore, a comparison of the
hydrogen content within the films as determined by IR absorption spectroscopy and TOF-ERDA suggests the NH3-based films
have large quantities of unbonded hydrogen, whereas hydrogen in
the N2/H2-based films is mostly in the form NHx. Although this
study elucidated upon the compositional nature of PEALD AlN
films and dependency on plasma chemistry, work however remains on expounding the surface reactions which dictate the material characteristics. This is no easy task as the number and type
of plasma generated species partaking in film growth is manifold.
One can begin to appreciate the challenge by noting the complexity of TMA/water surface reaction as simulated by DFT
analysis.[94,96] Nevertheless, the work provided in this thesis
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provides crucial experimental data regarding the detailed compositional nature of various PEALD AlN films which can be used be
useful as a reference for future modeling of the surface reactions.
For the experimentalist, the large processing variability afforded
by PEALD is opportune for investigating different approaches to
film growth and tuning. For example, introducing additional
plasma exposure steps is one approach. In an effort to reduce
hydrogen in the film, a nitrogen plasma treatment step can be
introduced following the traditional nitrogen-hydrogen plasma
step.[262] To reduce unwanted reaction between plasma species
with reaction products, dividing the plasma pulse to short plasma
exposure times maybe be appropriate. Finally, preliminary experiments performed investigating direct-plasma indicated that this
mode can be used to reduce film impurities and allow stressengineering of the film.
An in-depth discussion of PEALD necessitates the mentioning of
a tool-dependency on film growth. A comparison of the results
presented in this thesis along with the work done earlier on the
same tool by Bosund et al. against the results reported by other
groups suggests that reactor configuration has a significant influence on the film growth. This observation has significant implications as it reveals that, unlike with the thermal ALD method,
PEALD material properties exhibit a tool-dependency as has already been recognized by others.[66] This dependency hampers
reproducibility between different tools and introduces a level of
ambiguity to the already complex underlying chemical, and sometimes physical, film growth mechanisms. This is exacerbated by a
lack of in-situ characterization tools which magnifies the ambiguity regarding processing conditions. At the moment, the lack of
in-situ tools restricts one to making inferences of processing conditions using ex-situ techniques. In particular, the exact nature of
the plasma species arriving to a sample surface is generally not
measured. Quantifying the plasma species arriving to a sample
surface and in turn the plasma-driven surface reactions will go a
long way toward advancing PEALD processing understanding and
help guide future equipment configurations.
The remainder of the thesis focused on the implementation of
ALD for diverse applications. Foremost, this is an example of the
great variety of applications that can utilize ALD. As nanotech76

nology further progresses, there will be a greater need for growing
high quality conformal ultra-thin films that can fill multiple roles.
One such role is in dry etch masking which is important for creating 3D structures from silicon. PEALD AlN was investigated and
shown to be an excellent plasma etch mask, comparable to ALD
alumina, for fluorine-based silicon etching. In addition to being a
nitride alternative to alumina, PEALD was shown to be easier to
pattern than ALD alumina as it is readily removed in NaOH developer which simplifies processing. The availability of PEALD
AlN as a dry etch mask expands the masking options for silicon
plasma etching and provides an attractive option when a nonoxide material is desired.
High-κ GaAs MIS capacitors were constructed from an insulator
stack comprising a thin PEALD AlN layer and an ALD HfO2 layer.
The PEALD AlN process provided ex-situ passivation of the GaAs
surface which led to unpinning of the Fermi level. This thesis described the effects PEALD AlN processing has on the GaAs surface which leads to Fermi level unpinning. These effects include
clean-up of the native oxide, passivation of GaAs surface bonds
and the possible passivation of sub-surface defects by hydrogen
species. In addition, the barrier properties of AlN as it relates to
GaAs passivation were discussed. Experimental evidence for
Fermi level unpinning was obtained by capacitance-voltage and
current-voltage measurements. Evidence of Fermi level unpinning was provided by the fact that under illumination or increased temperature deep depletion operation was prevented.
The ALD HfO2 layer served as a high-κ material and was further
observed to exhibit improved electrical quality, by possessing
significantly reduced leakage current, when deposited atop the
amorphous AlN layer. Follow up work would be to optimize the
PEALD AlN process, investigate the effects of annealing, and to
fabricate metal oxide semiconductor field effect transistor
(MOSFET) devices using the GaAs MIS component.
ALD AZO was investigated as a platform for GaAs NW growth
on a variety of materials not normally conducive to NW growth. It
was shown that ALD AZO allows GaAs NWs to be grown on arbitrary substrates provided they can withstand the temperature
required for NW growth. The GaAs NWs were uniform irrespective of the substrate indicating that growth is dependent only on
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the AZO material. The NW growth initiated as in-plane growth
which transitioned to out-plane growth after some time which
depended on growth temperature. Photoluminescence measurements, at 12 K and room temperature, showed the nanowires had
incorporated Zn from AZO. The optical properties of the Zndoped GaAs NWs were deemed good as they illuminated even at
room temperature. In contrast, reference GaAs grown on silicon
did not illuminate even at 12 K. The NWs grown on the AZO layer
possessed either twin planes or diagonal defect planes, which
were related to perturbations in the seed particle during the
growth. Higher growth temperature reduced the in-plane growth
and lead to more diagonal NWs.
ALD TiO2 or Al2O3 was deposited on ZnOr to form an intermediary surface modifying layer between ZnOr and a porphyrin
based organic SAM. Fluorescence measurements indicated a 5
nm-thick Al2O3 layer is sufficient barrier to isolate and allow the
study of the organic layer itself. On the contrary, a 5 nm-thick
TiO2 resulted in fluorescence quenching thus indicating an interaction between organic layer and semiconductor ZnOr layer. Further studies using femtosecond absorption spectroscopy revealed
that 5 nm-thick TiO2 enables sub-picosecond electron transfer
reactions thus allowing charge separation to occur between the
organic and semiconductor materials. Dye sensitized solar cell
experiments provided further validation that a 5 nm-thick TiO2
shell decreases charge recombination as indicated by a remarkable increase in open circuit voltage of the cell. Further work could
look into the effects of a thicker TiO2 modification layer as the 5
nm-thick TiO2 is not expected to have a well defined crystal structure. In addition, depositing TiO2 at higher temperatures, substituting water with ozone, or even employing PEALD can be expected to influence the electronic structure of the TiO2 modification layer.
A composite membrane comprised of a CVD graphene layer
sandwiched between two ALD Al2O3 layers was introduced and
discussed in detail. The graphene reinforced composite was
measured using bulge testing to extract its mechanical properties.
The composite membrane was found to possess a Young’s modulus and residual stress in agreement with well established values
for ALD Al2O3. The composite membrane however was shown to
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be significantly more robust than plain alumina as indicated by
the ability of the membrane to withstand in excess of 3 times
greater differential pressure. Raman measurements indicated the
graphene reinforcing layer remained undamaged after bulge testing despite cracking in the ALD layer. Cracking in the ALD alumina capping layer suggests that the graphene seeding method
used in this study, evaporation of aluminum, does not produce
alumina that is mechanically comparable to alumina produced on
other layers.
In conclusion, this work presented results investigating various
aspects of ALD deposition and material utilization in different
nanotechnology applications. The work using ALD materials in
the construction of a GaAs MIS structure is an example of ALD
being used to meet the challenges associated with III-V compound semiconductor employment. The remainders of the studies
employing ALD are but a small slice of the numerous areas ALD
is being investigated as an enabling technology for nanotechnology. The PEALD AlN results, taken in context of the backdrop of
work done by others, is a testament that areas of uncertainty still
exist with PEALD processing and work remains to fully work out
the processing freedom this technique offers as well as the limitations it imposes.
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