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1. Introduction

Present-day photonics is rich with different ideas on how to exploit the properties
of light and matter using nanoscale structures. The same holds for nanoelectron-
ics. Often the difficulty in realizing these ideas is the fabrication. Examples of
difficult-to-fabricate nanoscale devices or structures are large vertical nanowire
arrays [1], low refractive index coatings with a refractive index gradient for
suppressing reflections [2] and high electron mobility transistors (HEMTs) with
a recessed gate for normally off operation [3]. All three examples are such that
they can be fabricated by present techniques, but the present techniques are very
limited in their scalability, like electron beam lithography for nanowire arrays
(serial technique) or using glancing angle deposition, which is a line of sight
technique, for gradient-index AR coating. It can also be that the processes are
very delicate, like etching the HEMT gate recess using traditional reactive-ion
etching (RIE).

Making nanoscale photonic and electronic structures or devices is challenging
as the materials often have unusual structure like nanowires and nanoporous
films, or are compound semiconductors which are chemically more complex
than atomic semiconductors. The novelty of the materials, their often complex
nanoscale structure and incompatibility with many standard silicon processes
all make the fabrication more demanding. In some instances the situation can
be such that there are no suitable techniques that would allow a particular
structure to be fabricated.

This work presents new and scalable techniques for fabricating III-V semicon-
ductor and dielectric nanostructures for photonic and electronic applications.
The central scientific findings of this theses are presented in Publication I, Pub-
lication III and Publication IV.

In Publication I a technique is presented for making large-scale arrays of
vertical compound semiconductor nanowires using azopolymers and laser in-
terference. Nanowire arrays can be used for example in next generation solar
cells, which use only a fraction of the material of a comparable conventional
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(planar) solar cell [1]. The difficulty in realizing these next generation solar
cells is combining the low cost (fast) patterning of the substrate with the needed
nanometer resolution of the nanowire position. The method presented in Publi-
cation I shows that both large-area patterning and nanoscale accuracy can be
combined without the need for expensive lithography equipment.

Publication III presents a technique of making a gradient refractive index film
of alumina (amorphous aluminium oxide) which acts as a conformal, omnidi-
rectional and broadband antireflection coating on glass and likely on other low
refractive index materials like plastics. This coating is also called grass-like
alumina. What makes the findings in Publication III very promising is the
ease of making the gradient refractive index film, the atomic layer deposited
alumina is just immersed into heated water. Obtaining similar low refractive
indices (low being below n=1.3) is an extremely hard task with conventional
techniques. What makes the findings in Publication III surpising is that the
starting material has been in use at least for 30 years [4, 5], but the optical
properties of the material subjected to heated water had not been discovered
before.

Publication IV is the demonstration of the atomic layer etching (ALE) process
of the (0001) crystal plane of GaN. This is the first GaN ALE process presented in
detail. The demonstrated GaN ALE is also the first one to report on the crystal
orientation and polarity of the etched crystal, which have not been reported
previously for this process. In addition the GaN ALE process in Publication IV
was realized using a standard reactive-ion etching (RIE) system (in contrast to
dedicated tools), thus enabling the wide adoption of this technique. The GaN
ALE process is shown to saturate almost to one molecular layer (ML) per ALE
cycle with optimized process parameters. Potential applications for the process
are mainly in the processing of high electron mobility transistors (HEMTs)
which can benefit from a buried gate whose depth must be exactly known and
the etching should be virtually damage free [6–8]. Both requirements are met
with ALE. Even normally-off HEMTs are possible with delicate GaN cap layer
etching [3] to which GaN ALE is ideally suited for.

The outline of the thesis is the following. Chapter 2 gives a short overview of
compound semiconductors, their properties, how they are made and then gives
an overview of common nanofabrication processes. The common nanofabrica-
tion processes are discussed as some of them are used in the published articles
and they are compared to new techniques discovered during this thesis work.
Chapter 3 discusses nanowires, their interesting physical properties, how to
make them, how they can be used and then presents the findings in Publication
I where large ordered arrays of nanowires were made in a new manner.

Chapter 4 focuses on grass-like alumina, whose optical properties were dis-
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covered during this thesis. Grass-like alumina had been unintentionally made
before, but it’s remarkable optical properties were not understood before Publi-
cation III. The optical properties were thoroughly investigated in Publication
III and the findings are presented also in Chapter 4. Chapter 5 presents the
developed GaN ALE process as well as some III-nitride growth technologies.
Chapter 6 is the summary of this work, and tries to fit the findings of this work
to the broader field of nanotechnology and to society in general.
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2. Compound semiconductors and
nanofabrication

This chapter gives an overview on compound semiconductors and nanofabrica-
tion in general. In addition, the fabrication of amorphous and dielectric thin
films is discussed as III-V semiconductor and dielectric nanostructures are the
focus of this work.

2.1 Compound semiconductors

Compound semiconductors are semiconductors that are composed of at least
from two different types of atoms. This is in contrast to elemental semiconduc-
tors like Si and Ge which are composed of only of one type of atoms.

Why then study or produce devices made from compound semiconductors,
which are more complex? This is because the fundamental band gap of the com-
mon elemental semiconductors is indirect [9]. Indirect band gap materials have
low light absorption and are extremely poor light emitters, and this is the reason
why compound semiconductors are needed. Many compound semiconductors like
GaAs and GaN possess a direct band gap which enables efficient light emission
and absorption.

The efficient emission from direct band gap compound semiconductors can be
seen in everyday life, e.g., from blue and white GaN based light emitting diodes
(LEDs) (see Fig. 2.1). The efficient absorption of compound semiconductors
explains why the highest efficiency single-junction solar cells are made from
GaAs [10]. In addition the highest efficiency solar cells overall are made from
compound semiconductors [11].

2.1.1 Crystals

Single crystalline (monocrystalline) silicon is by far the most common semicon-
ductor used to make the electronic integrated circuits for many applications. In
conventional monocrystal semiconductors the semiconducting properties arise
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Figure 2.1. Bright blue emission from a GaN/InGaN multi-quantum well LED test structure.
The black ground electrode is connected to the underlaying n-doped layer, while the
red electrode connects to the top p-doped layer. The active region is between these
two.

from the geometry of the crystal which the covalently bonded constituent atoms
form and from the electrical properties of these constituent atoms [12]. Poly-
crystalline (consists of many crystals, with crystal interfaces in the bulk) and
amorphous (no long range order) semiconductors are also frequently used in
photonics, especially in photovoltaics, but they were not studied in this thesis.

A bulk crystal is built from so called unit cells [12]. A unit cell is the building
block of the crystal by which the bulk crystal can be constructed, by adding the
same unit cell in space with a certain period(s) called the lattice parameter(s)
in certain direction(s) called the lattice vectors, which are linearly indepen-
dent [12]. This order (unit cells and lattice parameters) in crystals is caused by
the constituent atoms minimizing their total energy. The atoms have certain
equilibrium separations and the energy minimum is obtained when the maxi-
mum number of atoms share an identical surrounding [12]. Real crystals have
surfaces, which break the translational symmetry. Interesting physics happens
at the surfaces (for example nucleation and surface plasmon polaritons) and the
performance of many optoelectronic devices is limited by the surface properties
like contact resistance and surface recombination [13].

The unit cell of monocrystalline Si is presented in Fig. 2.2a, and is representa-
tive of the so called diamond crystal structure. As compound semiconductors
at a bare minimum contain more than one type of atom they do not posses the
diamond crystals structure, but the closest equivalent is the zinc blende crystal.
While elemental semiconductors like Ge and Si form crystals by purely covalent
bonding, compound semiconductors form mostly by covalent bonding and partly
by ionic bonding [9] as one of the atoms in the compound semiconductor has
higher electronegativity [12]. Binary III-V semiconductors are compromised
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a) b)

Figure 2.2. a) One unit cell of silicon. b) View of a silicon crystal from any of the <100> directions.
Crystal structures drawn using Vesta 3.4 [14].

a) b)

Figure 2.3. Examples of crystal unit cells. a) Conventional unit cell of zinc blende GaAs. b)
Conventional unit cell of wurtzite GaN. When the smaller (blue) atoms are nitrogen
and the larger (yellow) atoms are Ga the crystal is Ga-polar, also called metal polar.
All III-N materials in this thesis are metal polar except the AlN in Publication V
which is N-polar. Crystal structures drawn using Vesta 3.4 [14].

from a group 13 (group III in the nomenclature of this thesis) atom of the pe-
riodic table for example Ga and a group 15 (group V in the nomenclature of
this thesis) atom such as As, and are a subgroup of compound semiconductors.
Fig. 2.3a shows the unit cell of zinc blende GaAs and Fig. 2.3b presents wurtzite
GaN. These two crystal structures, zinc blende and wurtzite, are common in
compound semiconductors and exhibit the two main crystal systems: cubic and
hexagonal, respectively. Publication I focuses on the fabrication of zinc blende
GaAs nanowires and Publication IV presents the ALE process for a (0001) crys-
tal plane of wurtzite GaN.

2.1.2 Crystal growth and epitaxy

Semiconductor and other crystal fabrication is commonly referred as growth, as
the highly ordered lattice is gradually formed. Crystal growth is divided into
two categories. The first category is the so called bulk crystal growth which
is used to make large single crystals (referred as bulk) out of which semicon-
ductor wafers are cut out of. Silicon wafers are made this way, a single large
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crystal ingot is grown usually with the Czochralski process, which is then cut
into wafers and polished [15]. Compound semiconductor wafers made from
ingots, like the GaAs wafer pieces used in Publication I, are made with the
liquid encapsulation Czochralski (LEC) method [9], or the vertical gradient
freeze (VGF) method. GaN wafers are not readily available, as growing bulk
GaN has proven to be difficult and ammonothermal bulk GaN substrates are
still under development [16,17], though GaN wafers fabricated by halide vapor
phase epitaxy of GaN on foreign substrate and subsequent lift-off of the GaN
layers are available [16]. Sapphire substrates for subsequent crystal growth
are another example of bulk crystal growth, and they are often grown by the
Kyropolous method, which allows large crystals to be grown [18]. In Fig. 2.4 a
photograph of melt grown crystals by some variant of the Czochralski process
are shown.

Figure 2.4. Crystal ingots grown from a melt. French sign reads "Crystal growths for optical,
semiconductor, energy and medical applications." . The red rod is most likely ruby.

The second semiconductor crystal growth category is epitaxy. Epitaxy is growth
of a new crystal on the substrate in such a way that the original crystal surface
determines a well-defined growth direction to the new crystal. The grown mate-
rial can have different atoms, like for example AlAs epitaxy on GaAs [9,12,15].
In AlAs epitaxy on GaAs also the crystal structure is copied, so this can be said
to be ideal epitaxy. In this thesis the used III-V semiconductors (GaAs and GaN)
are all epitaxially grown on either a (111)B (As terminated top surface) GaAs
wafer or a (0001) sapphire wafer (also known as c-plane sapphire) or Si (111).
Though in the case of GaN the actual crystal structure of the substrate is not
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n—GaN 

p++ — GaN 
p — GaN 

MQW

Sapphire

i—GaN 

Current spreading layer

Figure 2.5. Illustration of the GaN/InGaN MQW LED grown by MOVPE. The electron blocking
layer between p-GaN and the MQW and other less essential layers are not drawn,
and the electric contact and wires are drawn in grey. The crystal in Fig. 2.1 has the
same layered structure as this schematic.

copied, but a suitable arrangement of the substrate surface atoms allows single
crystalline and well-defined growth of GaN on the substrate [19,20].

Modern epitaxial techniques (discussed later) allow alloying and doping of the
crystal during growth, enabling fabrication of sharp heterojunction (junction
of two different materials) interfaces, thin (below 3 nm) quantum wells (QWs)
and pn- or pin-structures like the GaN/InGaN multi quantum well (MQW) LED
seen in Fig. 2.1. The layers in the MQW LED structure in Fig. 2.1 are shown in
Fig. 2.5.

Ternary compounds are formed for example when InN and GaN are alloyed
to form InGaN with varying compositions. In this example both the In and Ga
occupy random lattice sites in the group III sublattice [9]. Which is the usual
in III-V alloys as alloying several group V atoms is technologically harder [9].
There are thermodynamic limits on what random alloys (solid solutions) are
possible in the solid state, and not all solid random alloys are possible [9]. For
example red emission from InGaN QW LEDs is difficult as adding more and
more indium usually results in the formation In rich clusters within the InGaN.
Though when (random) alloying is possible the lattice parameter of the alloy is
practically always between the lattice parameters of the unalloyed compounds.
Vegard’s law for the ternary InGaN alloy [9]

aInxGa1−xN = x ·aInN + (1− x) ·aGaN , (2.1)

gives the lattice parameter, more specifically the lattice parameter a, as a linear
combination of the lattice parameters of the individual materials.
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Although alloying is one of the most useful features of compound semiconduc-
tors, it brings the lattice matching problem. A pair of two different compound
semiconductor alloys is seldom lattice matched, the grown epitaxial thin films
are often under stress [9]. The AlxGa(1−x)As range of compound semiconductor
alloys is almost perfectly lattice matched in the whole range of x∈ [0,1] [9].
If the stressed epitaxial layers are too thick or over a critical thickness, the
film will find a lower energy state by forming dislocations that lower the stress
of the film. Supposing that the epitaxial layers are thin enough, the stress
deforms the epitaxial film to adopt the lattice parameter of the substrate, this is
called coherent strain. Lattice mismatch, though usually very problematic, can
sometimes enable interesting structures or methods, for example straining the
epitaxial crystal layers in AlGaN/GaN HEMTs causes extra polarization. This
extra polarization is due to piezoelectricity, as both materials are oriented along
the wurtzite c-axis which is polar (see wurtzite GaN, which is non-inversion
symmetric, in Fig. 2.3b). This can create additional sheet carrier density, which
is beneficial for the HEMT in the on-state [21,22].

Epitaxy is also possible on highly mismatched substrates. Publication II is a
study of GaN growth on (111) silicon-on-insulator (SOI) wafers. The lattice mis-
match between GaN and Si is extremely large (aGaN = 3.189 Å [19] compared to
aSi = 5.4309 Å [13,15]), and epitaxy on the {100} planes is not feasible. However,
the (111) plane of silicon has a silicon surface atom spacing of aSi(111) = 3.840 Å
and most importantly three-fold surface symmetry [23], which enables MOVPE
growth of GaN on Si (111) using buffer layers [20]. To achieve GaN growth on
SOI, similar intermediate alloyed layers are needed. These buffer layers are
multiple different AlxGa(1−x)N layers which we shall refer to as AlGaN. In Chap-
ter 5 the results of this GaN on SOI are discussed in more detail. Publication V
which discusses the effect of 4H–SiC substrate miscut on N-polar AlN is also
dicussed in Chapter 5.

Table 2.1. Lattice paramater a and apparent lattice parameter for different materials. The
mismatch is calculated here as

aepi−asub
aepi

[9]. Apparent lattice constant is the lateral
spacing relevant to the epitaxy, when given mismatches are calculated with it.

GaN AlN Sapphire c-plane Si (111) 4H-SiC

30◦ rotation

Lattice constant a (Å) 3.189 [19] 3.112 [13] 4.758 [19] 5.4309 [13,15] 3.080 [24]

Apparent lattice constant (Å) – – 2.7470 3.840 –

GaN epi mismatch (%) 0 2.47 16.09 -16.95 3.54

AlN epi mismatch (%) -2.41 0 13.29 -18.96 1.04

Table 2.1 shows the lattice parameters of GaN and AlN and associated sub-
strates used in this thesis, as well as mismatches. The apparent lattice constant
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tells the important lateral spacing relevant to the epitaxy. For example in GaN
on sapphire the epitaxial GaN is rotated 30◦ relative to the sapphire, and talking
about lattice mismatch is highly misleading as the epitaxial film does not copy
the crystal structure of the substrate. This is why apparent lattice constant is
used in lieu of the lattice constant when appropriate. Table 2.1 illustrates the
large mismatches that crystal growers need to work with.

Other properties also vary when alloyed. For example the monotonic change
of the band gap energy allows for example different emission colors of InGaN
quantum wells, which is extremely usefull in LED applications. This monotonic
change in band gap when alloying is one of the primary benefits of compound
semiconductor epitaxy. Complicated photonic devices, like MQW LEDs, quantum
cascade lasers and laser diodes, and electronic devices, like HEMTs, can all
be grown. The growth is enabled by suitable mixing of precursors to alloy the
crystal. Depending on the material the alloy band gap is given usually by a
linear or quadratic relationship like the one for InGaN band gap [13, p.223]

EInxGa1−xN = 3.42 eV− x ·2.65 eV− x (1− x)2.4 eV. (2.2)

Compound semiconductor devices like the blue multi-quantum well (MQW)
LED seen in Fig. 2.1 need to have differently doped layers [9, 12]. Almost all
light emitting optoelectronic devices, excluding the quantum cascade laser, need
both p- and n-doping, as the emitted photons are created by radiative recombi-
nation of the electron and the hole [12]. The doping is done usually during the
crystal growth in contrast to Si processes, where implantation and indiffusion of
dopants are widely used. In MOVPE the doping is quite undramatic, a small
dopant gas flow is added to the total flow of the group III and group V precursors.

2.2 Metal-organic vapour phase epitaxy (MOVPE)

Fabrication of sharp compound semiconductor homojunctions or sharp hetero-
junctions required in modern devices is a formidable task. In practice only two
methods are used for this: molecular beam epitaxy (MBE) and metal-organic
vapour phase epitaxy (MOVPE). In MBE elemental sources (like Ga, In or As)
are evaporated from so called effusion cells in ultrahigh vacuum onto a heated
substrate [9,25]. MBE is the ultimate research tool for compound semiconductor
epitaxy. The MBE process is theoretically simple and at low growth rates it
is truly epitaxial [25]. As the process occurs in vacuum many in situ charac-
terization techniques such as reflection high-energy electron diffraction can be
used during the epitaxy. In addition to easy characterization MBE can produce
the most sharp interfaces of any epitaxy technique and is especially suited for
growing complex crystals with many abrupt composition changes like the ones
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used in quantum cascade lasers. MBE has major limitations [25]. The ultrahigh
vacuum needed is expensive to keep up, and making large multi-substrate cham-
bers is expensive, while the throughput of the reactor is low due to the inherent
low growth rate in MBE [25]. In addition to high costs, growing phosphorus or
nitrogen containing films with MBE is difficult due to the high volatility of these
elements [25].

MOVPE, the technique used to grow crystals in this thesis, is very different
from MBE. Figs. 2.7a and 2.7b show examples of vertical MOVPE reactors.
MOVPE is a complex process where metal-organic, and other, gases are fed onto
a heated substrate with the help of a carrier gas (often hydrogen or nitrogen).
In Fig. 2.7b a 150 mm (6 inch) Si wafer substrate is placed in the reactor on the
heated susceptor, also in Fig. 2.7b the showerhead with it’s many holes is shown.
The metalorganic-source gases are fed onto the substrate through these holes
and every second brings in the group III compound and every second the group V
compound in order to prevent gas phase parasitic reactions. A pyrolysis reaction
at the wafer breaks the fed gas molecules and brings the desired adatoms onto
the wafer surface. The adatom mobility on the surface is determined by the
temperature. If the temperature is too low and the adatoms are not able to find
suitable crystalline sites for thin film epitaxy [25], then polycrystalline or island
growth can occur. Too hot temperatures can lead to adatoms desorbing from
the surface. The undesired organic groups, often methyl, ethyl or butyl, leave
the chamber via a pumping outlet, though some carbon impurites often remain
in the grown crystal film. Source gases can also be inorganic like ammonia
that is used for the growth of GaN. Fig. 2.6 shows the sceletal structures of the
precursors used in this thesis. Fig. 2.7c shows a metal-organic bubbler where an
inert carrier gas is inserted capturing some of the liquid metal-organic precursor
with it. The name bubbler comes from the fact that the carrier gas is inserted
in the liquid at the bottom where it forms bubbles which saturate with the
precursor. The bubblers must be kept at a fixed temperature for reproducibility
and quality. Fig. 2.7d shows a bubbler heat bath which keeps the bubbler at a
constant temperature.

The parameters affecting the MOVPE growth include substrate temperature,
chamber pressure, reactant flows, the ratio of the flows (also called the V/III
ratio as the desired crystal is grown with metal-organic precursors, where one
brings in a group III atom for example Ga and the other brings in a group V
atom such as As), substrate surface quality, and substrate bulk quality [25].

While the MOVPE growth process is complex it has clear advantages over
other methods. The technique is extremely versatile as almost all III/V and
II/VI compound semiconductors can be grown and is also a quite scalable (big
wafers or many small wafers can be grown in multiwafer reactors, see Figs. 2.7a
and 2.7b). The device quality achieved with MOVPE-grown wafers is in many
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Figure 2.6. Skeletal structures of the MOVPE precursors used in this thesis: a) trimethylgallium
b) tertiary-butylarsine or (1,1-dimethylethyl)-arsine, and c) ammonia.

cases similar to MBE grown devices [25]. The MOVPE technique can produce
close to atomically sharp interfaces [25], is routinely used to make quantum
wells and, and is the de facto leader in producing III-N semiconductors both in
quality and quantity (see [19,25]).

2.2.1 Gallium nitride (GaN)

The purpose of this subsection is to highlight the technological and environmen-
tal importance of GaN, and the unusual way that GaN is grown by MOVPE, that
is very different from the way traditional III-V semiconductors are grown.

The family of III-V nitrides, i.e., the AlGaInN material alloys, are a useful
group of compound semiconductor alloys that possess a direct band gap and the
wurtzite crystal structure (see Fig. 2.3b) [19]. What makes the AlGaInN semi-
conductors extremely useful is the extremely wide range of band gap energies,
namely from 0.77 eV to 6.28 eV (pure InN to pure AlN), that can be obtained
by alloying (see Section 2.1.2) [13]. In practice this range is more limited due to
solubility and epitaxy issues but even in practice the band gap tunability is very
broad as commercial LEDs from the UV to green can be now purchased.

GaN growth by MOVPE has lit up the planet (Earth) quite literally, as GaN
based heterostructures have enabled efficient white LEDs [19]. Traditional in-
candescent and fluorescent lamps have efficiencies and efficacies of 2%–13% [26],
20 lm

W [27] and 25% [28], 80 lm
W [27] respectively. As roughly 20% of the world’s

electricity consumption is used by lighting [29], switching from these to the best
commercial white GaN LEDs with 200 lm

W (commercial) [27] can produce huge
monetary savings, reduce loads to electrical networks and reduce carbon emis-
sions. The high efficacies have caused a LED lighting bonanza. Most notably
the 2014 Nobel Prize in physics was given to Isamu Akasaki, Hiroshi Amano
and Shuji Nakamura for their work on GaN MOVPE and the blue LED.

To make white light one typically chooses between two distinct ways. The fist
way is to create multiple colors in the same device for example red, green and
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a) b)

c) d)

Figure 2.7. Photographs of MOVPE reactors and associated equipment. a) Thomas-Swan 3x2"
vertical flow MOVPE reactor, b) Aixtron 6x2" vertical flow MOVPE reactor, c) a
bubbler, the metal-organic gas source, and d) a bubbler heat bath.

blue (RGB). The second way is to use a single high photon energy emitter (blue
or ultraviolet) and utilize so called phosphors to convert the bluer photons to the
longer wavelengths of the visible spectrum. This mixture of converted photons
is perceived as different shades or temperatures of white. The commonality
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in both approaches is the need for blue color. With visible blue emitters one
can make a device, which emits a spectrum of light that looks white to human
eyes [13, p.353-354]. High efficiency blue LEDs needed a material with high
enough band gap to emit blue or make a quantum well that emits blue (tradi-
tional compound semiconductors are not an option due to their low band gaps).
Furthermore, a reasonably good material quality combined with scalable or
inexpensive fabrication methods was also needed. MOVPE growth of GaN on
sapphire substrates succeeded [19].

In addition to GaN based optoelectronic devices, GaN transistors like field
effect transistors (FETs) are possible, but the GaN/AlGaN high electron mo-
bility transistors (HEMT)s are very interesting. The nitride HEMT involves
interesting physics [22] and is a crucial component in high speed telecommunica-
tions (radio frequency and millimeter wave power amplifiers) [30] and extremely
promising in power switches and other power electronics components [31]. These
nitride HEMTs are enabled by the non-inversion symmetry of wurtzite (see
Fig. 2.3b) which causes the crystal to have both spontaneous polarization (this
exist due to pure non-inversion symmetry, no strain need) and piezoelectric
polarization (this needs strain). Both GaN and AlGaN have the normal wurtzite
crystal structure in HEMTs. Past research has shown that both spontaneous
and piezoelectric polarizations are considerable when forming a GaN/AlGaN
two dimensional electron gas (2DEG) [22] which is the channel in HEMTs. As
the lattice parameters of GaN and AlN are different, strain is induced in the
interface which causes the piezoelectric field in addition to the spontaneous
one. Typically some AlGaN is grown on thick GaN, and the 2DEG forms in
the GaN side of this interface due to charge transfer from surface states from
the AlGaN-air interface [32]. There is a minimum thickness (higher Al con-
tent increases effective thickness) of the AlGaN that is needed for the 2DEG
formation [32]. This critical thickness is related to the position of the AlGaN
surface state donors and the band bending in the AlGaN so that when the critical
thickness is reached the donor sites begin to get depleted and are transferred to
the GaN-AlGaN interface forming the 2DEG [32].

The MOVPE process for growth of III-nitrides differs substantially from that
for conventional of III-V semiconductors. Whereas conventional III-V semicon-
ductors can be grown on fairly lattice matched substrates (GaAs wafers are
widely available as explained in Section 2.1.2), native substrates for GaN are
hard to manufacture and contain unwanted impurities [16], so bulk GaN sub-
strates have mostly been used for lasers [17]. The bulk of GaN devices are not
grown on native (bulk) GaN but on foreign substrates like sapphire, Si and SiC
depending on the application [17]. Sapphire was used in the early phase of
MOVPE growth succesfully [33,34], as it was widely available [35] unlike, e.g.,
SiC substrates [36]. Sapphire substrates are also much more inexpensive [37]
as they are easier to manufacture. Direct growth of GaN on non-native sub-
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strates (excluding SiC) is difficult [33]. This is due to the lattice mismatch (in
the case of sapphire and Si use apparent lattice constants, see Table 2.1 and
Section 2.1.2 [19,23]) which causes huge stress in the grown epitaxial film and
the critical thickness of GaN on sapphire is below 30 nm [38]. In addition,
differences in thermal expansion coefficients can simply crack the film. For
growing GaN on sapphire, the GaN buffer layer developed by Nakamura [34]
was used in this work. This technique was developed from the AlN buffer layer
originally developed by Amano [33]. In this technique (GaN buffer layer) a low
temperature (≈535◦C) GaN layer is grown using ammonia and TMGa [34]. The
buffer layer temperature is raised to ≈1050◦C in the absence of TMGa, which
causes the initially amorphous or polycrystalline film to crystallize to multiple
islands [37] that are completely crystalline and epitaxial [39]. After suitable
annealing the TMGa is turned back on and the GaN islands start to grow, and
when the islands have grown so large that they touch, the islands start to coa-
lesce, after which quasi 2D growth of GaN takes over and smooth high quality
GaN can be grown on this coalesced layer [19, 37]. The so called GaN device
layer is grown using ammonia and TMGa at ≈1025◦C [34]. Device layer refers
to the layer(s) that have a function in the final devices, the underlaying GaN is
there only for epitaxial reasons.

2.3 Characterization methods

A variety of characterization methods were used in this thesis and this subsec-
tion gives brief introductions of the techniques most important to this thesis.

Transmission electron microscopy (TEM), is a powerful technique to study
materials down to the atomic level. While TEM is not typically used to view
single atoms, it is often used to study groups or arrays of atomic columns. A
(collimated) beam of electrons hits the thin (often 10-500 nm) sample. The atomic
columns act like an optical aperture [42, Ch. 10] and from the far-field diffraction
pattern the periodicity of the "aperture" (atomic columns) can be calculated. So
TEM can be easily understood conceptually with standard Fraunhofer diffrac-
tion [42, Ch. 10]. Here it should be noted that the orientation of the thin sample
has a great influence on the periodicity of the "aperture", which has to be taken
into account when analyzing TEM diffraction data. The so called zone axis is
used to tell along which crystal vector the incident electron beam traverses, that
is the collimated electron beam is parallel to the zone axis vector. In the context
of this thesis TEM was used to confirm the epitaxial growth of GaAs nanowires
on GaAs (111)B (Publication I). TEM can be used to take rather intuitive images
of for example the crystal structure of GaAs nanowires so that individual atomic
columns are seen and the lattice parameter and possible dislocations can be
found. Fig. 2.8 presents a diagram of a TEM system.
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Figure 2.8. Diagram of a TEM system. On the top of the diagram there is a thermal electron
source (a filament heated by current), a so called Wehnelt cylinder that helps to
direct the electrons down, and an accelerating anode [40]. The electron gun circuit
is simplified/modified for illustrative purposes. A series of magnetic lenses help to
guide and focus the beam. The device structure is simplified again for illustrative
purposes. The collimated electron beam diffracts from the thin sample, and the
diffraction pattern (Fourier transform of the sample structure) is formed on the
screen [41]. An optional EDX sensor is shown and the squiggly arrows depict X-ray
photons. The screen in this image is a traditional fluorescent screen that emits light
when electrons impact it.
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Figure 2.9. Diagram depicting a SEM system. The electron optics of TEM are very similar to
SEM and share many parts, see Fig. 2.8. The electron gun and electron optics is
modified/simplified for illustrative purposes like in Fig. 2.8. The scanning coils deflect
the electron beam thus enabling scanning of the sample surface. In addition to the
secondary electron detector there is an EDX sensor in the depicted SEM system and
the squiggly arrows depict X-ray photons. The electron impacting the depicted GaAs
sample are colored blue, and the emanating secondary electrons are colored red.

Scanning electron microscopy (SEM) is the workhorse of academic nanoscience.
With SEM a scientist can produce images of nanoscale structures. This is
possible as the de Broglie wavelength of a normal (10-15 keV) SEM electron
beam is roughly 10 pm compared to the hundreds of nanometers in the visible
spectrum of light. SEM operates by focusing a beam of electron on the sample
and measuring the secondary electrons emitted [40, p.630], see Fig. 2.9. The
beam is scanned and at each spot the emission current of secondary electrons is
measured. This way a image can be drawn corresponding to higher and lower
areas of electron emittance. Typically this correlates with electron density, but
also narrow sharp features can show high electron emittance as the secondary
electrons can escape these kinds of features more easily. To conclude SEM can
be used to take images that resemble photographs of features that are much
smaller than any optical microscope can take, a proficient user can furthermore
reason for example which features are metals and which dielectrics from the
brightness.
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Energy dispersive X-ray spectroscopy (EDX) studies the X-ray photon emis-
sion energy distribution (spectrum) of a sample that is impacted with energetic
electrons, see Fig. 2.8 and Fig. 2.9. It is common to incorporate EDX in SEMs
(like in Fig. 2.9) as the X-ray energies are often 1-30 keV , and such acceleration
energies can be provided by standard SEMs. The primary use of EDX is to gain
information about the elemental composition of a sample. X-rays are emitted
from the studied sample by two processes: (1) Bremsstrahlung ( eng. break-
ing radiation), and (2) incident electron-atomic level electron interaction [40].
Bremsstrahlung is detrimental to the EDX analysis as it is a continuum band
(being stronger at the lower end) without distinct features and can cover up data
from the second process [40]. In the second process, the bombarding electrons are
so energetic that inelastic scattering can remove an inner atomic level electron,
which causes a higher shell electron to drop to the lower energy state, and to
emit a photon [40]. These inner shell transitions are practically independent of
the bonding of the atoms as the inner shell energies remain relatively unaffected
in solids [40]. From the EDX spectrum it is easy to say which elements are
present (the Bohr model can be used as a first approximation), but calculating
the composition of a sample is more complicated and requires computational
methods combined with experimental data from pure elemental samples [40].
Sensitivity of EDX is ≈1 atomic percent (at%) [40], and often the way the energy
of the X-ray is resolved is by counting how many electrons is generated in the
detector for each current train created by an absorbed photon. In the context
of this thesis EDX was used to study the composition of GaAs nanowires in
Publication I .

Atomic force microscopy (AFM) is a surface characterization method where a
cantilever (or the sample) is scanned along a surface and the surface topography
can be deduced from the cantilever movements for example by using a laser and
a four quadrant photodiode, see Fig. 2.10. Often the signal on the photodiode is
kept constant, meaning that the cantilever has a constant position z-wise, and
while the sample is scanned in the horizontal plane the cantilever deflection
(the signal) is kept constant by moving the sample also up and down using an
electronic feedback circuit [40]. This gives accurately the sample topography.
The cantilever tip can be for example in continous contact (contact mode) or be
driven by a piezo oscillator to be in intermittent contact (tapping mode) [40].
Tapping mode enables high resolution like contact mode, but causes less wear
on the AFM cantilever tip and less damage on the sample surface. The devi-
ations of the AFM cantilever are due to microscopic repulsion and attraction
forces between the tip and the surface. Single atom accuracy can be routinely
attained, but in this work AFM was used to study larger topographical features.
In Publication IV AFM was used in determining the etch rates of the developed
ALE process and surface roughnesses of ALE etched surfaces. AFM was also
used in Publication III for measuring the surface roughness of water treated
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Figure 2.10. Diagram of AFM. The sample or the cantilever are scanned to map the topogra-
phy (tapping mode in this figure). The photodiode registers the movement of the
cantilever by measuring reflected laser beam position.

ALD alumina films, and to study the step bunching (formation of mulilayer steps
due to growing crystals on miscut substrates) on nitrogen polar wurtzite AlN in
Publication V.

Linearly polarized light experiences different phase shifts to the s- an p-
polarized fields, according to the Fresnel reflection coefficients [41,42]. Typically
linearly polarized light is transformed into some kind of elliptical polarization
upon reflection, as real life materials have a complex refractive index. Ellipsome-
try measures this change of polarization state (and amplitude) to determine thin
film characteristics, hence the name ellipsometry. In this work rotating angle
ellipsometry is used where a linearly polarized He-Ne laser is reflected from the
sample, and this beam is passed through a rotating polarizer (analyzer) and
the subsequent signal is measured. The signal gives the ellipsometric angles
that can be used to fit a thickness and refractive index to the measured layer.
Ellipsometry is a powerful optical thin film charaterization method that gives
out the layer thickness and refractive index as it is sensitive to the optical
path length (OPL, OPL= nL where L refers to travelled distance). If a priori
knowledge or an educated guess is available both the thickness and refractive
index can be obtained.

2.4 Nanofabrication

Nanofabrication is defined here as the intentional fabrication of sub-micrometer
features, though often the 100 nm limit is set for nanotechnology. The intent
in fabrication is important as in many everyday objects nanoscale features
are unintentionally made, yet not thought of as nanotechnology. For example
many historic church windows were intentionally made to have vivid colors,
when viewed so that the light source is on the opposite side of the window
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than the viewer (e.g., viewing the windows at mass during the day). On the
other hand, the metal nanoparticles responsible for the color were not known
or understood so they were not made intentionally, only the fine color was
intentional. Therefore, the ancient glass makers and church builders are not
considered here as nanotechnologist, as they did not know that they were making
nanostructures. This section introduces the nanofabrication techniques used or
developed during this thesis.

2.4.1 Physical vapour and chemical vapour deposition

After the semiconductor wafer has been made or the desired crystalline films
grown on it using epitaxial methods (MOVPE in this context) the next steps in
making an optoelectronic or other device are often different thin film depositions.
For example in the case of the GaN LED process, metal electrodes must be made,
and often electron-beam evaporation is used. Electron-beam evaporation is a
classic example of a physical vapour deposition (PVD) process. Electron beam
evaporation is schematically outlined in Fig. 2.11.
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Figure 2.11. Diagram of electron beam evaporation. The hot filament emits electrons that are
accelerated by the anode, which then are turned by the magnetic field to hit the
center of the target (evaporation crucible). The target material sublimates from the
heat, and the resulting metal vapor coats the sample placed above the crucible.

In PVD processes the desired material, e.g., Au in evaporation or sputtering is
transported onto the substrate usually in it’s final form, whereas in chemical
vapour deposition (CVD) like MOVPE the final material is formed on the sub-
strate by chemical reactions or by plasma enhanced chemical reactions. This
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is seen in practice as the PVD sources for evaporation or sputtering are often
the elements or compounds that are formed on the substrate, but in CVD this is
rarely the case. In Publication I electron beam evaporation is used to deposit
the Au layer which is then processed to arrays of Au seeds, and in Publication II
the contacts for measuring the through wafer current were evaporated.

2.4.2 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a chemical vapour deposition technique that
despite it’s name does not generally deposit atomic layers or monolayers [15,43].
ALD utilizes cyclic self-terminating, therefore irreversible, gas-solid chemical
reactions to obtain a well-defined growth per cycle (GPC) [43]. ALD is unique
in CVD that it can conformally coat objects with complex topography with high
quality thin films, at least in the context of thermal ALD and inorganic materials.
Thermal ALD means that the chemical reactions are heat driven, that is the sub-
strate is at a high enough temperature and enough time is given that the coating
occurs without the need for plasma or other means of hastening the reactions. In
plasma assisted ALD one precursor is often split into more reactive species like
radicals using radio frequency (RF) fields like in dry etching which is explained
later in Section 2.4.4. A typical ALD cycle consists of 4 steps: self-terminating
gas-solid chemical reaction with reactant A (reaction A), purging excess reactant
A and possible reaction products (purge A), self-terminating gas-solid chemical
reaction with the now modified surface with reactant B (reaction B), and purging
excess reactant B and the reaction products (purge B).

The water-trimethylaluminium (TMA) ALD process is taken here as an ideal
example of an ALD process [43]. ALD alumina in this work refers to this specific
process in all instances. In the ALD alumina process reaction A can be written
as

||Al−OH+Al(CH3)3 (g)−−−→ ||Al−O−Al(CH3)2 +CH4 (g), (2.3)

and reaction B can be written as

||Al−CH3 +H2O (g)−−−→ ||Al−OH+CH4 (g), (2.4)

where ||X denotes a surface site terminated with X and the solid line is the
covalent bond [43].

The water-TMA ALD process proceeds by ligand exchange of the incoming
TMA molecule with a hydroxylated surface [43]. One hydrogen from the hy-
droxyl combines with one of the methyls of the TMA forming the methane
byproduct which is pumped away, and the aluminium forms a covalent bond
with the oxygen as seen in Eq. 2.3 , forming a methyl ligand rich surface. In
reaction B this surface is exposed to the gaseous water and ligand exchange
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occurs this time between the chemisorbed dimethylaluminium and water as
seen in Eq. 2.4 , and again methane is released. For clarity Eq. 2.4 shows only
the single reaction between the relevant surface group with water and not the
whole dimethlyaluminium.

In reaction A the TMA reacts with almost all of the surface hydroxyl groups,
and if the hydroxyl surface density is high, the amount of reacted TMA is limited
by steric hindrance [43], which means that the TMA molecules are ”too large” to
be packed this close. Reaction A proceeds until there are no hydroxyl groups left,
but typically terminates due to steric hindrance as usually the hydroxyl surface
density is so high that more TMA can not chemisorb. Here we assume always
that each step length is long enough for the gas pulse to drive the chemical
reactions to saturation. Almost all the possible reactive surface methyls in
reaction B react with the water, and excess water is known to react with surface
oxygen bridges (oxygen is twice covalently bonded with the surface) forming
surface hydroxyl [43]. Reaction B is also self-terminating but some surface
dehydroxylation can happen releasing water, dictated by the temperature [43].
Though in practice the higher temperatures of ALD will reduce rapidly the hy-
drogen impurity content leading to a higher refractive index indicative of higher
density [44], which masks the dehydroxylation. TMA also decomposes at temper-
atures exceeding 300◦C [43]. This is therefore the upper limit in temperature of
the ALD window. ALD window is the energy (in practice temperature) window
where the deposition process is self-terminating. Too low temperature could
cause no deposition at all or to cause TMA to be physisorbed and therefore to be
non-self-terminating. For the ALD alumina process the typical process tempera-
tures are 120◦C-300◦C [45], but there have been reports of thermal ALD alumina
on plastic lemonade bottles at temperatures as low as 33◦C [46]. These low
temperature ALD alumina depositions require extremely long purges [46], but it
seems that the ALD window of ALD alumina is from room temperature to 300◦C.

The water-TMA process is a thermal ALD process and due to this a very
conformal coating process as seen for example in Publication III where black
silicon, which has an extremely rough and high aspect ratio surface, is confor-
mally coated with ALD alumina. A conformal film is a film that has the same
thickness on all surfaces of the coated objects regardless of the topography of
the coated object.

2.4.3 Lithography

Publication I presents a laser-interference lithography (LIL) based process for
fabricating nanowire arrays so it is worth briefly to note on the differences
between conventional photolithography and LIL. In photolithography a chemical
called a photoresist is deposited on the substrate to be patterned. This is most
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Figure 2.12. Photomask and a processed GaN on sapphire LED wafer.

often done via spin coating though other means like dip coating or spray coating
are possible. Often a heating step called baking is needed to ensure sufficient
adhesion and to remove unwanted solvents from the photoresist. This soft bake
is often done in an oven or on a hot plate. A photomask is placed into contact or
near contact with the coated substrate and a brief exposure to blue or UV-light
follows. The photomask is often a quartz plate where opaque metal (like Cr or
Ni) forms the desired pattern. Fig. 2.12 shows a photomask and a processed
GaN on sapphire LED wafer where 4 photolithography steps were made. The
opaque metal patterns protect the underlaying parts from the light. In a so
called positive photoresist the areas that were exposed to the UV-light are ren-
dered soluble in a special liquid called the developer. The developer removes the
exposed photoresist and retains the non-exposed resist on the wafer (in positive
photoresists). In negative photoresists the opposite happens. Photolithography
is a parallel lithography process as it can pattern a whole wafer, that contains
tens or even thousands of devices, in seconds. A stepper variant exists where a
smaller part (one complicated chip area) of the wafer is exposed to obtain high
resolution sometimes using image reduction. Photolithography can be compared
to a true serial lithography process like electron-beam lithography (EBL) where
the electron beam is scanned to write all the details one after the other.

Figure 2.13. A diagram of LIL using a Lloyd’s mirror type interferometer. The polarizer is
optional when using conventional photoresists, but highly beneficial when using
azopolymers, which is explained later in Chapter 3 as is the role of the spatial filter.
Reproduced from Publication I.

Laser-interference lithography (LIL) is a parallel lithography technique where
a large area (e.g. a wafer) is exposed to a laser interference pattern. Two plane-
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waves form a standing wave pattern with maxima and minima with a certain
period. In a Lloyd’s mirror type interferometer, like the one in Fig. 2.13, the
period of the interference patterns is given by Δx = λ

2sinθ
. There are multiple

advantages of LIL techniques over the standard photolithography and one fea-
ture that is often seen as a large disadvantage. Advantages can include very
large exposure areas compared to the usually maximum single wafer exposure
in photolithography, and the ease of which to make gratings or other periodical
structures whose period is close to λ

2 . In photolithography λ
2 features are hard

to pattern densely as such features cause significant diffraction, and can cause
complex photoresist exposure due to diffraction and near fields. The natural
feature of LIL is the periodic nature of it, as arbitrary patterns are impossible.

2.4.4 Dry etching

Dry etching refers to a wide group of methods that chemically, kinetically, opti-
cally, with a combination of these, or otherwise remove material in the absence
of a wet etchant. Wet etching is the removal of material by immersing the object
into a liquid. The wet etching process is often non-directional or isotropic, but
directional or anisotropic wet etches also exists for example for Si [15] and even
for wurtzite GaN [47]. Wet etching itself was not used much in any of the publi-
cations, unless the formation of grass-like alumina is thought as etching. On
the other hand Publication IV describes a new dry etching method (GaN atomic
layer etching for the (0001) crystal plane) and in Publication I sophisticated dry
etching methods are used.

The semiconductor industry has replaced wet etching with dry etching, specif-
ically directional plasma etching, as the preferred method for pattern trans-
fer [48]. In the context of this thesis plasma etching is equivalent to dry etching.
Initially the motivation was to reduce chemical waste from wet etching [48],
but a shift to dry etching was necessary when the wet etching undercut be-
came significant to the integrated circuit linewidth [15]. As dry etching offers
greatly reduced mask undercut, it enables the present miniaturization of elec-
tronics [48,49], because no additional undercut compensation width is needed
and device density can thus be increased [15].

One of the most common dry etching techniques is reactive ion etching (RIE).
Fig. 2.14a displays a common RIE system, more specifically the inductively
coupled plasma (ICP) RIE system used in this work. In capacitively coupled
plasma ("normal") RIE [49, 50] the substrate to be etched is pumped to a vac-
uum, often 1–5 Pa, and then the reactive gases are introduced. High power
(in this work 20–150 W) radio frequency (RF) radiation at 13.56 MHz, which
is a reserved frequency for plasma tools, is applied to the gas by the powered
bottom electrode [48] on which the substrate lies. In RIE there is typically
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a) b)

Figure 2.14. a) ICP-RIE system used in this thesis work, with reactor open. All samples in
Publication IV were made using this system. b) The aluminium reactor with the
platen (RF electrode) in the center. The yellow part is a quartz clamp that allows a
closed He flow between the wafer and the platen for cooling without introducing
large amounts of He in the chamber, and keeps the wafer in place during etching.

just one RF source below the wafer that is the lower electrode which is also
called the platen (see Fig. 2.14b). Once the plasma is ignited some hot electrons
transfer from the plasma to the walls [49]. As the walls are grounded in a typical
RIE chamber [49] this transition of electrons is undramatic as typically only
a small potential difference is formed between the plasma and the grounded
chamber wall (in literature this is marked as Vp for plasma potential) [51]. The
platen is connected to a blocking capacitor which is then connected to the RF
power source which is then connected to the ground (all three in series) [51].
This blocking capacitor is responsible for the anisotropic nature of RIE. The
electrons that escape the plasma can escape from the grounded RIE chamber
walls, but cannot escape through the capacitor. So electrons are accumulated
to the platen side of the blocking capacitor and this accumulation of electrons
forms a negative potential. This negative potential between the platen node
of the blocking capacitor and ground is the DC bias and it is the conventional
measure of the mean bombarding ion energy [50,51]. The ion energy plays an
important role in atomic layer etching which is discussed later in Section 2.4.5.

RIE plasmas are weakly ionized which means that the actual plasma density
is low compared to the neutrals, typically the ion density is 4 or 5 orders of
magnitude lower than the density of neutral species [49]. The most important
neutral species in normal RIE are the radicals (for example gaseous atomic
fluorine), which are generated by collisions (mostly) with hot electrons [49]. In
RIE the ions and the neutrals contribute to etching. When the etch rate is
dominated by the radicals the resulting profile is often isotropic, while ion driven
etch processes enable anisotropic profiles [52]. Ideally the feedgas molecule, e.g. ,
Cl2(g) enters the plasma, is impacted by a hot electron thus creating a radical(s)
(2Cl(g) in this example). Then the radical chemisorbs onto the surface after
which a directional bombarding ion (chlorine ions in a chlorine only plasma [53])
created by impacting electrons in the plasma [49] impacts this chemisorbed site
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giving enough energy for a volatile etch product to be created and to be pumped
away [52]. This process is sometimes referred to as chemical sputtering (see
original paper by Coburn and Winters [54]) and is the RIE etch mechanism
and it is virtually always present even in more nuanced RIE chemistries [48].
According to multiple sources almost all materials etch significantly faster when
exposed to both ions and neutral flows (like in the Cl2 example) than the sum
of the two individual etch rates [48, 52], or in other words the two processes
are synergistic. In the presented Cl2 example, the chlorine is actually reactive
enough on it’s own, without plasma, to chlorinate the surface [55,56] but without
the ions [56] or very high temperatures [55] no or very little etching will occur as
the chlorinated surface atoms cannot desorb. Sidewall passivation in many types
of etch processes is accomplished by forming a chemically inert surface on all the
surfaces, then bombarding ions remove the passivation from horizontal surfaces
which the radicals then start isotropically etching before new passivation sets in.
This enables highly anisotropic etching [57]. Even in these cases the substrate
etch rate is enhanced by the ion bombardment compared to etch rate by the
radicals in absence of passivation [48, 52]. SF6/O2 plasma etching of Si is an
example of this [48].

A critical factor in (in addition to the chemical reactions and ion energy) is
the volatility of etching products. Volatility is here defined as the tendency
of the chemical reaction product (called the etch product) to evaporate from
the surface enabling it to be pumped away and the etching to procede. In RIE
where anisotropy is often wanted, an extremely high volatility is unwanted as
then the chemisorbed radicals can simply absorb some heat and with this small
energy to desorb. Often anisotropy is wanted (reduced undercut or vertical fea-
tures) and typically in RIE the bombarding ions provide enough energy for the
chemical sputtering process which the substrate is thermally unable to provide.
In practice the boiling point of the etch product defines the volatility [15, 50],
and the boiling point is very usefull for determining if the chosen chemistry
(substrate-ethcant pair) is suitable for RIE [15,50]. A rule of thumb is given by
Karouta [50], that if the boiling point is on the order of several hundred degrees
Celsius the necessary energy for chemical sputtering can be provided by the
bombarding ions [50].

III-V semiconductors like GaN and GaAs are often plasma etched using a com-
bination of Cl2 and Ar in an ICP-RIE or RIE system. The fluorine chemistry that
is broadly used when etching silicon [15], is not practical as group III fluorides
have very high boiling points [15, 50, 58] and do not easily form volatile etch
products [15,50,58]. III-chlorides have reasonably low boiling points with InCl3
having the highest boiling point at 600◦C of the common group III elements
used in compound semiconductors [58], and GaCl3 boils at a balmy 201◦C [58].

In this thesis RIE was used in Publication I to open up azopolymer trenches
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using oxygen plasma (the etching is again mostly by radicals). Oxygen is a com-
mon choice for etching organic polymers and it was also used here. Ion milling,
which is the etching of materials by impact of high kinetic energy ions, usually
argon or other noble gas, was then used to pattern the gold layer under the
polymer using the same RIE tool. The oxygen plasma etched/trimmed polymer
acting as an etch mask in the ion milling. Although ion milling is not RIE, RIE
tools almost without exception can perform ion milling.

2.4.5 Atomic layer etching (ALE)

Atomic layer etching (ALE) utilizes cyclic self-limited chemical reactions to ob-
tain a well-defined etch per cycle (EPC) [59], in analogue to the GPC of ALD [43].
ALE is increasingly seen as an attractive technique in semiconductor fabrica-
tion as device sizes shrink towards the atomic-scale. ALE offers low process
variability and deterministic etch depths due to ALE’s self-limitedness [59].
A typical ALE cycle, like the one seen in Fig. 5.2, consists of 4 steps: surface
modification (reaction A), purging reactant A from the chamber by using an inert
gas (purge A), removing the modified surface (reaction B) and purging reactant
B and associated reaction products with an inert gas (purge B).

Anisotropic or directional ALE is interesting as it offers the same reduced
undercut that dry etching offers [48,59]. It has been speculated that directional
ALE particularly anisotropic plasma ALE will enable the next generation of
atomic scale electronics [59,60].

A note on the EPC. As the technique is cyclic and ideally self-limited it is more
useful to speak of an etch per cycle instead of an etch rate, like in normal dry or
wet etching, as some ALE process step times can be modified without a change
in EPC. To simplify, an ALE process with the same materials and chemistry
can posses varying etch rates (nm/s) but a constant EPC, and this is why the
EPC is used, though the cycle time is an important parameter in practice. If the
EPC equals an atomic or molecular layer and the process is self-limited, then
ultimate atomic scale etch control is achieved. Publication IV presents one such
process, which is discussed in Chapter 5.

ALE processes can be divided into two main branches: isotropic and anisotropic.
Isotropic ALE ideally etches all available surfaces equally, like thermal ALD
coats all available surfaces equally. Isotropic ALE usually involves either
more complicated chemistry than anisotropic ALE [61, 62], or ramping the
substrate temperature to provide enough energy to thermally desorb the modi-
fied layer [55]. In all isotropic ALE processes that the author knows of reaction B
is not a directional plasma step. In anisotropic ALE there is a definitive etching
direction like in normal dry etching. Directionality is achieved by performing
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reaction B with an energy delivery mechanism that is directional, like ions from
different sources [63], or neutral beams [64].

It should be noted that in theory an isotropic ALE process can perform reac-
tions A and B using plasma as long as it is not directional. Plasma chlorination
is a widely used surface modification step [63,65], and reaction B too could be a
”soft” non-directional plasma step. As it happens an ALE process where plasma
is used in both reaction A and reaction B has been reported [66], and the people
at Oxford Instruments (Goodyear and Cooke) have developed an ALE processes
using a conventional ICP-RIE where the plasma is on during all of the steps but
the substrate is only biased (directional plasma is on due to radio frequency (RF)
power being applied to the substrate) during reaction B [63].
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3. Nanowires

Nanowires are needle-like objects that have nanoscale diameters in two dimen-
sions. The length or vertical direction can be much greater than the diameter
even by multiple orders of magnitude. In this work compound semiconduc-
tor nanowires were fabricated among other things, and this chapter examines
nanowires from the nanofabrication perspective in accordance with the topic of
the thesis.

3.1 Nanoscale physics and devices, the motivation

Why are nanowires interesting? The reasons are low volume, high surface area
and quantum confinement or other quantum phenomena. The low volume and
high surface area compared to a bulk layer of similar thickness stem just from
the needle-like geometry. This means that for the same volume of semiconduc-
tor the surface area of nanowires is enormously greater (large area to volume
ratio), which can help or hinder applications. Examples of quantum phenom-
ena associated with nanowires are the peaked density of states of carriers in
nanowires [67] and quantized conductance [12]. In addition, just due to the
quantum confinement large blue shifts (more energetic emission/absorption)
have been experimentally observed in compound semiconductor nanowires [68].
This is not unexpected from the 1D infinite potential well analogy, as the energy
difference between states is expected to rise with decreasing width of the quan-
tum well or the decreasing diameter of the nanowire (in the nanowire case the
solution is different to be exact).

Where can these exiting properties of nanowires be used? Nanowires can
be used in nanowire LEDs [69,70], nanowire phototodetectors [71], nanowire
photocatalytic water splitting devices [72], nanowire cancer marker chemical de-
tectors [73], nanowire gas sensors for ethanol [74], and a deluge of other uses [75].
Efficient nanowire solar cells that use only a fraction of resources compared to
the planar version can also be made [1], even breaking the Shockley-Queisser
limit [76]. Perhaps the most useful application of nanowires is in quantum
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technology, e.g., single photon emitting LEDs [77].

3.2 Fabrication of GaAs nanowire arrays

Here an original nanowire fabrication technique, specifically for large-area
position-controlled growth of GaAs nanowire arrays by azopolymer laser inter-
ference lithography (LIL), dry etching and Au catalyzed vapour–liquid–solid
(VLS) growth, is described. Fig. 3.1 shows schematically the nanowire array
process steps, that are explained in more detail in the following subsections.

Figure 3.1. Fabrication process for GaAs nanowire arrays. a) The sample is spin coated with
an azopolymer thin film and then annealed at 80◦C. b) The sample is exposed two
times orthogonally to a p-polarized laser interference pattern. c) Oxygen RIE is used
to open up the valleys of the azopolymer to expose the underlaying Au film. d) The
remaining azopolymer is then used as an etch mask for argon milling that results in
a 2D array of Au islands. e) The Au islands are annealed in H2 and TBAs. f) Growth
of GaAs nanowires in a MOVPE system. Reproduced from Publication I.
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Figure 3.2. Molecular structures of trans-pDR1a and cis-pDR1a. The azobenzene is colored red
in both images. The chemical strucure is well known [78–80] and the monomer
structure has been confirmed by X-ray crystallographic methods [81].

3.2.1 Azopolymer laser-interference lithography

Polymers that are functionalized with an azobenzene group are referred to as
azopolymers. In the context of this thesis we will discuss amorphous azopolymers
in contrast to liquid crystalline azopolymers. Fig. 3.2 shows the structure of both
geometric isomers of poly(Disperse Red 1 acrylate) (pDR1a) which is the azopoly-
mer of interest in this thesis, and the azobenzene moiety (functional group) is
colored red to focus the attention on this group. Azobenzene derivatives are
optically active and one of their first historic uses was dyes [78]. Here the most
important property of azobenzene is the photochemical trans-cis and cis-trans
isomerization under ultra violet or visible light [78]. This photoisomerization is
brought upon by the photoexcited azobenzene nonradiatively decaying either to
the trans or to the cis state [78]. The trans state has the lower energy level [80]
and eventually all cis states relax thermally to the lower energy trans state in a
macroscopic (seconds to hours) timescale [78]. However, both photoisomerization
processes of trans-cis and cis-trans happen on a picosecond timescale [78], which
means that under continous irradiation continous trans-cis-trans photoisomer-
ization of the azobenzene-group takes place.

The continous trans-cis-trans photoisomerization causes motion on three
length scales: molecular (several Ångströms), nanometer and micrometer [78,82].
At the molecular level the light causes trans-cis-trans photoisomerization, which
for the azobenzene means it’s length rapidly changes from 10 Å to 6 Å [79]
and back. This relies on the azobenzene to be able to absorb a photon [78]. If
the local electric field is normal to the transition dipole moment of the highly
anisotropic trans-azobenzene then absorption is zero [78,83], and the azoben-
zene remains immobile. This can be used to optically write dichroic and/or
birefringent films [78], that can be momentary or permanent, or even birefrin-
gent holographic gratings [84]. The nanometer scale motion of azobenzenes is
related to organized films like liquid crystals [78], but is not relevant to the
amorphous films discussed in this work. The micrometer scale motions are
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related to azopolymer thin films being subjected to laser interference patterns of
linearly or circularly polarized light, which causes surface relief grating (SRG)
formation on the azopolymer films that originates somehow (not yet understood
fully [78]) from the azobenzene photoisomerizations [78]. As it happens, pDR1a
was the azopolymer where optically induced SRG formation under polarized
laser interference patterns was invented by two groups independently [85,86].
In contrast to photolithography the polymer moves and no new chemical bonds
are formed. The driving mechanism behind the mass transport is not presently
understood, but not only is it wavelength dependent [78,87] but also polarization-
dependent [80]. Even pure polarization patterns with no irradiance modulation
like the ones made with circularly polarized light in a Lloyd’s interferometer
lead to height differences or a SRG [88]. The height difference between the
lowest and the highest point in the SRG is called the modulation depth.

Figures 3.1a and 3.1b show the metallized (111)B GaAs sample being spin
coated with an azopolymer and then being irradiated with a sinusoidal light
interference pattern. The azopolymer reacts to light and forms a surface relief
grating (SRG). The spin coating was done by first mixing a two weight percent
solution of poly(Disperse Red 1 acrylate) (pDR1a) in 1,2-dichloroethane. This
solution was then filtered through a 0.2 micron pore size polytetrafluoroethylene
(PTFE) syringe filter. The solution was then spin coated on the samples (30 s
at 5000 rpm), after which the samples were dried in an oven at 80°C for 1 h to
remove the solvent, forming a roughly 100 nm thick polymer coating determined
by ellipsometry.

The optical experiment, called here the LIL setup, used for grating writing
is presented in Fig. 3.3. The microscope objective and pinhole form together
the spatial filter, which transforms the incoming laser beam into a beam with a
”Gaussian” irradiance distribution (Airy disk with only the central maximum
allowed to pass [42]) that is expanding in width as the light travels away from
the pinhole. The following 300 mm free propagation of the expanding Gaussian
wavefront produces a beam which has a very flat irradiance profile in the center.
This beam is then collimated. A macroscopic iris is then used to choose the
central part of the beam. The result is an extremely good approximation of a
plane-wave that can be used in the Lloyd mirror interferometer. The grating
period can be changed by merely turning the angle of the Lloyd mirror relative
to the incoming beam, using a micrometer screw gauge which adjusts a high-
precision rotation mount on which the Lloyd mirror stands.

Azopolymers are interesting in nanofabrication mainly due to their ability
to form SRGs. The SRGs can in some instances be used directly as diffractive
gratings or distributed bragg reflectors [79], but they can also be used as etch
masks [89,90]. Azopolymer SRGs can be written quickly (20 min) on large areas
(2 inch diameter wafer) with small (even below 300 nm) periods. The inter-
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Figure 3.3. Photograph of the LIL setup. All the relevant optical components are marked.

Figure 3.4. AFM image of a pDR1a SRG made by a single laser exposure. The period is 255 nm.

ference patterns used in this thesis are one dimensional irradiance sinusoids,
that is regular laser interference patterns with bright and dark lines. As the
azopolymer thin films have a tendency to move away from the high irradiance
areas, they form sinusoidal SRGs as seen in the AFM measurement data in
Fig. 3.4. Two-dimensional (2D) gratings were made by two orthogonal laser
exposures by simply rotating the sample after the first SRG writing. An AFM
measurement of one such grating is presented in Fig. 3.5. Fig. 3.6 shows a
photograph of one of the numerous SRG fabricated in this thesis. This sample is
a bit smaller than the typical nanowire array made in Publication I.

35



Nanowires

Figure 3.5. AFM image of a two-dimensional pDR1a SRG made by two orthogonal laser expo-
sures. The period is roughly 255 nm in both directions.

Figure 3.6. Azopolymer surface relief grating on metal coated silicon. The azopolymer is pDR1a,
and the grating period is 1 μm. Note that the nice diffracted spectrum has a very
weak blue component. This is due to the high optical absorption of pDR1a in the
blue. The absoprtion peaks at ≈450 nm [87].

3.2.2 Dry etching of the Au nanoparticles

After a suitable azopolymer SRG pattern has been written on the metallized
GaAs sample (Fig. 3.1a,b) two dry etching steps ensue: oxygen RIE depicted in
Fig. 3.1c and argon milling depicted in Fig. 3.1d. The oxygen RIE step is used
to open up the azopolymer valleys, and to form an array of azopolymer mask
islands that are used in the next step. The next step is argon milling, which is
used to kinetically remove Au from the azopolymer free areas. The argon milling
step is continued until no azopolymer remains on top of the Au islands. Details
on both steps can be found in Publication I. Fig. 3.1e shows how the argon milled
Au islands are annealed (parameters in Publication I) to form spheroidal seeds
as seen in Fig. 3.7.
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Figure 3.7. SEM image of the annealed Au islands forming the Au seed array for nanowire
growth with a period of a) 255 nm and b) 1000 nm. After annealing some extra
milling was needed to remove unwanted Au particles, which cause the asphericality
of the seeds seen in the enlarged individual seed image in the inset in Fig. 3.7b.
Reproduced from Publication I.

3.2.3 Vapour-liquid-solid growth

The nanowire epitaxy method used in this thesis is the vapour-liquid-solid (VLS)
growth [91]. VLS is the most common method of NW epitaxy and employs small,
in this case, Au particles that act as ”seeds” [91]. In GaAs MOVPE the precur-
sors pyrolyze on the surface where they form the usual adatoms or directly on
the seed which can be a preferred site for deposition [91]. The adatoms travel
randomly until they meet the seed which is often thought to be in the liquid state
and to form a liquid solution of Au, Ga and As. The seed supersaturates from the
adatom molecules and new semiconductor material is epitaxially crystallized to
the Au-GaAs interface [91]. The growth proceeds so that the Au seed is "lifted
up" as the nanowire grows in height. The Au seed is not typically consumed in
the process but acts as a preferential sink for the adatoms.

In Publication I the growth from Au seeds was done in an atmospheric pressure
horizontal flow MOVPE system by first removing possible oxides at 650◦C in H2

flow of 5 slm for 10 min, after which the nanowire growth was done at 470◦C
in H2 flow of 5 slm for 2 min with TMGa flow of 6.12 μmol/min and TBAs flow
of 42.12 μmol/min. Then the reactor was cooled to 270◦C under TBAs flow after
which the flows were shut off. Prior to growth the Au islands were annealed
in H2 flow of 5 slm and TBAas 180 μmol/min to obtain Au spheroids. Fig. 3.7
shows SEM images of such Au particles with different pitches.
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3.3 Analysis of the nanowire arrays

Figure 3.8. SEM images of the 2D nanowire arrays with the periods of a) 255 nm and b) 1000 nm.
c) The SEM image of the array with a period of 255 nm taken with a lower magnifi-
cation. Reproduced from Publication I.

Fig. 3.8 shows the finished GaAs nanowire arrays. Fig. 3.8a and Fig. 3.8c are
SEM images of the 255 nm period array with higher and lower magnification.
From Fig. 3.8a it can be seen that the nanowires are qualitatively very uniform
and the spacing is precisely periodic. Fig. 3.8c presents the massive scale of
the uniform nanowire arrays that can be obtained with interferometric means.
In Fig. 3.8b the image from the nanowire array with a period of 1000 nm is
displayed. Table 3.1 shows the mean seed and nanowire dimensions together
with the standard deviations and the number of nanowires or seeds measured
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Table 3.1. Mean seed and nanowire dimensions together with the standard deviations and the
number of nanowires or seeds measured (N) in the two samples with different periods.
Reproduced from Publication I

.

Period d=255 nm d=1000 nm

Seed diameter 46.3±2.8 nm, N=132 37.3±11.9 nm, N=25

NW diameter 49.8±2.7 nm, N=646 83.2±5.7 nm, N=58

NW length 1841±24 nm, N=13 2662±102 nm, N=11

(N) in the two samples with different periods. For the smaller period the seed
diameter and nanowire diameter are extremely close to each other with similar
standard deviations. For the larger period these are not so well correlated,
though this was speculated in Publication I to be due to a problem with the com-
puter program (ImageJ) [92] to distinguish aspherical particles as the standard
deviations are so different (see Publication I).

Fig. 3.8b shows that the nanowire array with the 1000 nm period is tapered.
This tapering is due to the 16-fold availability of precursors for each seed com-
pared to the smaller period array. The excess (most likely Ga) precursor is seen
also in the lengths, as the longer period nanowires are not sixteen fold in length
the seeds can not consume all the excess Ga which contributes to radial growth.

Fig. 3.9 features TEM images of the grown nanowires and some corresponding
EDX spectra. The grown nanowires exhibit single phase zinc blende structure
and grow in the [111] direction.This is expected as the substrate was (111)B
GaAs. The EDX data in Fig. 3.9b indicates that the Au seed is Au to the detection
limit of the EDX without major Ga or As residue, and that the nanowire bulk or
”trunk” is Au free. In Section 2.3 the atomic composition sensitivity for EDX was
noted to be ≈ 1 atomic percent (at%) [40] and therefore, trace amounts cannot
be detected.

This interferometric technique presented in Publication I and discussed here
can produce large (no physical limitations for let’s say 150 mm wafer pattern-
ing in one go), uniform nanowire arrays with good quality. As the size of the
substrate can be scaled up by obtaining larger optical components, which is not
prohibitively expensive, and either increasing exposure time or laser power, the
presented technique for large-are, position controlled nanowire array fabrication
is scalable. The available MOVPE reactor sizes limit the exposed wafer size,
but a 150 mm wafer fits for example into the MOVPE reactor in Fig. 2.7a with
an appropriate susceptor, and into normal RIE reactors, see Fig. 2.14a. For
many applications this wafer size is sufficient. As for throughput, nanoimprint
lithography [93–95] beats azopolymer LIL for nanowire array fabrication. With
LIL the throughput is on the order of several wafers per hour for the patterning,
but with high-end NIL even tens of wafers per hour, though in practice the
throughputs seem similar as high-end systems are rare. In contrast to LIL, NIL
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Figure 3.9. TEM images and corresponding EDX spectra of the nanowires. a) TEM image of
a single nanowire. b) EDX spectra from two points on the nanowire. The lines in
Fig. 3.9a point to the EDX measurement areas on the nanowire. c) A high resolution
TEM image of a grown nanowire. d) A magnified image of the boxed area in Fig. 3.9c.
The inset shows the Fourier transform of the magnified area. The growth direction
is marked with an arrow and the corresponding crystal direction is also marked on
the TEM images. Reproduced from Publication I.

requires stamp fabrication, and scaling up the stamp size is not as straight-
forward as scaling up LIL. With LIL the substrate size can be scaled up by
simply placing the sample further away from the spatial filter and switching the
collimating lens and moving it’s position, see Fig. 3.3. All in all the limitation in
scalability is that although the wafer size can be scaled up, only one wafer at
a time can be comfortably patterned, and this wafer must fit the MOVPE. [96].
For nanowire array fabrication this scalability is more than sufficient, and poses
no practical limitation.
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4. Grass-like alumina

This chapter analyzes the formation and optical properties of grass-like alumina,
as well as the possible applications for this film. Alumina is a widely used
synonym for aluminium oxide (Al2O3). The discussion on the grass-like alumina
formation follows Publication III but the discussion on the optical properties,
most notably calculating the refractive index gradient from optical transmission
data using the transfer matrix method, is more detailed than in Publication III.

4.1 Anti-reflection coatings

AR coatings are a most universal feature in optics, and they are used in count-
less of applications from camera lenses to high performance solar cells and
telescopes. AR coatings seek to minimize the Fresnel reflection of the coated
surface by texturing it [97] or by coating the surface with a suitable dielectric
layer or layers [41]. The classic quarter wavelength

(
λ
4
)

AR coating is an effective
planar coating that minimizes well the normal incidence reflection at a specified
wavelength. The quarter wavelength refers to the thickness of the coating. This
means that for the classic quarter wavelength coating the thickness is λ0

4nAR
as

λ = λ0
n . So for the quarter wavelength coating the optical path length (OPL)

is always λ0
4 (normal incidence). OPL is defined as OPL= nL, where n is the

refractive index [41,42,98] and L refers to the travelled distance. This coating
provides a π phase shift between the light reflected from the top surface and the
light that first propagates from the top surface to the coating-glass interface is
reflected back from the coating-glass interface and travels back to the incident
medium (this light experiences OPL= nAR2 λ0

4nAR
= λ0

2 , which equals a π phase
shift as δ = k0OPL = 2π

λ0
OPL), resulting in destructive interference and thus

minimized reflection. In addition to the λ
4 thickness the refractive index of

the AR coating must be chosen right to maximize the destructive interference
(minimize the reflection). The optimum refractive index for the λ

4 AR coating is
nAR =�

nsubstrate nair [42]. This results in zero reflection (R = 0) at the chosen
wavelength with normal incidence. This means that glass, the most widely
used and important optical material by far, with a refractive index of around
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1.5 (depending on the specific glass), should be coated with an AR coating with
refractive index of 1.22. While theoretically simple, just choose a material with
a suitable refractive index from a table, this is impossible in practice as MgF2,
the material having the lowest refractive index of inorganic materials [99], has
a refractive index of 1.38 [99]. One possibility is to use organic coatings, as
the theoretical low limit for the refractive index of organic polymers is roughly
1.29 [100], but organic coatings usually have the problem of low environmental
durability (humidity, radiation et cetera). This means there are no ideal options
for λ

4 AR coatings for glass.

As a final note on λ
4 AR coatings, even if a suitable material is found, the

condition of minimized reflection is valid only for one specific wavelength or
central wavelength and zero angle of incidence. Higher incidence angles increase
the reflection. Despite these facts λ

4 AR coatings are extremely common due to
their simplicity: a coating consisting of a single homogenous layer.

4.1.1 Nanoporous materials

One method of obtaining inorganic coating materials with lower refractive index
than MgF2 is to introduce nanoscale porosity. The increased porosity lowers
the density, and as air has a refractive index close to unity the porosity also
lowers the effective refractive index. Nanoporous materials have been under vig-
orous study as AR coatings for glass and other materials [2,99,101–108]. Here
nanoporous is used to mean that the void or pore sizes are between 1 nm and
100 nm, though according to the International Union of Pure and Applied Chem-
istry mesoporous (2 nm to 50 nm [109] ) actually fits the pore scale in Publication
III. Nanoporous AR coatings are frequently fabricated with a gradient refractive
index profile [2,103–107], due to the well known broadband and omnidirectional
AR properties that a gradient-index layer provides [110,111]. The most typical
deposition methods for nanoporous AR coatings are spin-coating [101,107] and
glancing angle deposition [2, 102–104, 106, 108]. Neither of these techniques
scales well to coating hundreds or thousands of components in parallel, and
neither permits coating all the surfaces of an object with a single run. One of the
earliest methods involves chemically etching an annealed glass surface to obtain
a porous layer [112]. The technique can actually obtain good scalability and
performance, but the required temperatures (around 600◦C) are highly limiting
and the process is only applicable to glasses, and not for example to plastics and
semiconductors.

The pore size must be much smaller than the incident wavelength in order for
the light to see the material as a homogenous mixture of the refractive indexes
of air and the original coating. When the poresize is on the order of λ

10 or smaller
a propagating plane-wave can be modeled as if it did not interact with the two
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materials separately, but behaves as if propagating in a material with an effec-
tive refractive index. This effective refractive index is something between the
refractive index of the pores (usually air) and the dielectric. Porosity is defined
as the fraction of the pores to the total volume of the film [113]. Publication III
deals with AR properties of grass-like alumina on glass, so the actual measured
angular spectral transmittance is important as are the refractive indexes that
can be calculated using this data which explain the performance.

In Publication III the scattering by λ
10 sized pores was approximated to zero

as the film thicknesses were on the order of the wavelength. Somewhat similar
conclusion have been drawn by other members of the gradient refractive index
coating community [2,114]. The mean free path (inverse of scattering coefficient)
for alumina with 70 nm pores is 5 μm for 760 nm light, with an increasing trend
both with shrinking pore diameter and bluer wavelengths [115]. This means
that photons travelling in alumina films with pores smaller than 70 nm in the
visible region have low probability to scatter before 5 μm. The film thicknesses
discussed here are below one tenth of this value and therefore scattering can be
neglected.

4.1.2 Gradient refractive index anti-reflection coatings

Gradient refractive index anti-reflection coatings are, as the name explicitly
states, AR coatings that have a gradual change of the refractive index. In prac-
tice n varies from the incident material n = ninc (usually n = 1) to the substrate
n = nsubs which is practically always glass (n ≈ 1.5) .

The catalyst for gradient refractive index AR coatings can be said to come
from nature, as the eyes of some nocturnal animals, like the moth, contain a
gradient refractive index AR coating [97]. It is quite common to refer to gradient
refractive index AR coatings as ”moth eye coatings” or using the ”moth eye
principle”.

Gradient refractive index AR coatings work by giving a smooth transition to
the light so that minimal reflection occurs. This can be thought as follows, at an
air-air interface no Fresnel reflection [41,42,98] occurs as there is no refractive
index difference. Fresnel reflection of the irradiance is proportional to (Δn)2

and field reflection to Δn. So the smaller the Δn the smaller the reflection. If a
gradient-index film is thought to consist of multiple extremely thin layers it can
quickly be seen that reflections between layers is lessened. This way the perhaps
complex mathematical shape of the refractive index profile used in gradient
layers [111] is simplified to a series of thin slabs with varying n. This type of
discretization is common [97,116] and works well as highly efficient gradient
AR coatings have been made where the continuous refractive index profile is
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Figure 4.1. a) Refractive index profiles of a linear, cubic and quintic gradient refractive index
coating presented by Southwell [111]. b) Spectral reflection at zero incidence angle
from a semi-infinite half plane of bare glass and the same bare glass coated with: λ

4
AR coating for 550 nm made from MgF2 (n = 1.38), the linear, cubic or the quintic
from Fig. 4.1a with the same thickness. c) Same as Fig. 4.1b but the gradient
refractive index films are λ

2 thicker. The wavelength λ giving the gradient film
thickness in b) and c) is naturally the one in the MgF2 AR film, and the horizontal
axes in b) and c) are naturally the vacuum wavelengths.
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replicated by a finite amount of homogenous refractive index slabs [2,114].

Perhaps the easiest way to show the good performance of gradient refractive
index AR coatings is by example. Fig. 4.1a shows three refractive index profiles
by Southwell [111], that are set to the same thickness as λ

4 MgF2 AR coating on
glass for 550 nm. Fig. 4.1b shows the spectral reflection at zero incidence angle
from a semi-infinite half plane of bare glass and the same bare glass coated with:
λ
4 AR coating made from MgF2 (n = 1.38), the linear, cubic or the quintic from
Fig. 4.1a with the same thickness. Now, one could draw the following conclusion:
as direct incidence reflection is usually the most important in optics, save for
some photodetectors or photovoltaics, the traditional λ

4 AR coating is better. This
conclusion is only valid for �100 nm thicknesses. Fig. 4.1c shows the spectral
reflectance when the thickness of the graded layers is increased by λ

2 to a total
of λ

4 + λ
2 ≈ 300 nm. This elimination of almost all reflection in the visible range

is called broadband [2,101,102,116,117]. The superiority of gradient refractive
index AR coatings is clear, when the film is thicker.
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Figure 4.2. Spectral reflectance at 60◦ angle of incidence of the films in Fig. 4.1c.

Fig. 4.2 shows the spectral transmittances of the films from Fig. 4.1c now with
60◦ angle of incidence, and again the graded films are superior. At 550 nm the
liner profile exhibits an Rl inear = 1.4% while the R λ

4
= 5.5%, roughly a four fold

increase in reflectance. It should be noted that even at 60◦ angle of incidence the
linear refractive index profile is much better than the bare glass at 0◦ angle of
incidence (check Fig. 4.1b). An AR coating whose transmittance does not depend
on the incidence angle is called omnidirectional. In practice an AR coating
with only small increase in the reflectance when the angle is increased is said
to be omnidirectional [101–104,116]. For imaging optics like camera systems,
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and for solar cells, the omnidirectionality is highly wanted. In camera systems
omnidirectionality allows for less internal reflection and more efficient photon
collection to the imaging electronics, and in solar cells higher powers can be
achieved for longer durations as the Sun shines at different angles of incidence
during the day. Section 4.4 explains how these spectral transmittances were
calculated.

4.2 Properties of ALD alumina

ALD alumina is an amorphous oxide typically deposited with the classic water-
TMA process [43], and when a reference in this work is made to ALD alumina
this specific process is meant. This deposition process was discussed in some
depth in Section 2.4.2 including the surface chemical reactions, practical tem-
peratures and other relevant details. The refractive index of ALD alumina at
632.8 nm (He-Ne laser emission) is n = 1.64, which is a bit higher than most
glasses whose refractive index is roughly n = 1.5. The refractive index is actually
a complex number

∼
n = nRe + inIm with nIm < 0 corresponding to loss, but when

discussing dielectrics with extremely low losses in the visible region,
∼
n = n ≈ nRe.

This is well justified as in the visible region the complex part in alumina is
nIm < 10−3 [118]. In the infrared region ALD alumina exhibits practically zero
absorption from 2 μm to 5 μm [119].

The ALD alumina process is one of the most ideal ALD processes [43] and can
produce conformal pinhole free films of high quality, as discussed in Section 2.4.
The ALD alumina process is a widely used, well behaved process that can be
performed even at low temperatures. Notably even plastic lemonade bottles can
be coated with ALD alumina without melting the bottles [46].

ALD alumina contains hydrogen [44, 120] and carbon [44] impurities in dif-
ferent forms so it is critical to differentiate ALD alumina from other aluminas
like sapphire which is monocrystalline and typically has low impurity concen-
trations. This can dramatically be seen by the fact that as-deposited ALD
alumina has been reported to be water soluble [121] and is known to roughen
in water [122] whereas sapphire is, as it is well known, not water soluble (the
author confirmed this himself multiple times by immersing sapphire wafers to
water with no observable changes). The origin of the hydrogen impurities is
steric hindrance shielding the surface hydroxyl (-OH) groups due to Al(CH3)2

adsorbates (dimethylaluminum) and more complicated steric hindrance cou-
pled with chemical reactions of adsorbed Al(CH3)1 and triply bonded surface
Al [123]. Carbon is also present in alumina films usually below 1 at% [45]. The
hydrogen concentration radically drops with increasing ALD alumina growth
temperatures. Normal ALD alumina growth temperatures 120◦C-300◦C cor-
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respond to hydrogen concentrations of ≈10 at%–1 at%, respectively [45], and
films annealed at 900◦C are known to be chemically resistant agains water
attack [122]. This insolubility after annealing at 900◦C can be due to impuri-
ties (mainly hydrogen) leaving the film or crystallization to a polycrystalline
film. Correa et al. attribute this insolubility to the films crystallizing [122], but
the role of leaving impurities making the film water resistant is still possible
and that the crystallization process enables the impurities to leave. Although
the precise mechanism of water "degradation" of ALD alumina is not central
to this thesis it is still good to be aware of the possible origins of the phenomenon.

Chemical instability of ALD alumina films in heated water has been well es-
tablished [121,124], as have the morphology changes during long term exposure
to water [122,125] so it can be said that formation of grass-like alumina has been
known to some extent for some years. Grass-like alumina has been observed also
on topographically complex substrates like nanofibers [126]. Publication III is
the first instance where the optical properties of hot water treated ALD alumina,
that is grass-like alumina, were studied. Especially grass-like alumina was
studied as a powerful AR coating on glass. In addition to these Publication III
presents also a detailed study on how grass-like alumina evolves and especially
what is the average refractive index of the resulting film.

4.3 Effects of water treatment: formation of grass-like alumina

The water treatment of amorphous ALD alumina films in Publication III re-
sulted in grass-like alumina, a nanoporous dielectric with a gradient refractive
index profile. This section explains this experiment.

Amorphous ALD alumina was deposited on Corning microscope glass slides
(n = 1.48, from Brewster’s angle) with a BENEQ TFS500 ALD reactor using
the classic water-trimethylaluminum (TMA) process [43] explained in detail
in Section 2.4.2. The temperature was chosen to be 120◦C so not to limit the
process to substrates that can handle high temperatures. For comparison 120◦C
is the air temperature in a very hot Finnish sauna. More detailed, and less
important, ALD paramaters can be found in Publication III. The used process
resulted in 28-nm-thick (n = 1.64) uniform alumina layers on silicon wafers with
313 cycles (GPC≈0.9 Å). This 28-nm-thick film was grown on a silicon wafer with
the natural oxide and on all the glass samples except the bare glass comparison.
As the naturally oxidized silicon surface resembles chemically the glass surface,
it was presumed that the ALD alumina growth environments on the Si surface
closely match those of the glass surfaces and the deposited thicknesses are equal.

Pieces of the ALD alumina coated silicon wafer were each paired with ALD
alumina coated glass slide and processed together identically. This pairing was
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necessary to measure the refractive index and thickness of the coating from the
silicon sample using ellipsometry (Plasmos He–Ne ellipsometer) before and after
de-ionized water (DIW) treatment, as the measurement is extremely difficult
from transparent glass slides. Both single-sided coated samples and double-
sided coated samples were made. Both were processed in a beaker of DIW inside
an IKA HBR 4 digital heat bath with built-in temperature control. In both cases,
the temperature was stabilized before inserting the sample to have a reliable
water temperature. The DIW immersion time was 30 min in all cases.
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Figure 4.3. a) Refractive index and thickness of DIW treated alumina films as a function of the
DIW treatment temperature measured with ellipsometry from the silicon samples.
The dots mark the measured refractive indexes, and the crosses mark the thicknesses.
b) AFM surface roughness measurements from the silicon samples. The horizontal
axes are identical in panels a and b. c-e) Cross-section SEM images of the ALD
alumina films processed at different DIW temperatures. f) Transmission spectra of
single-sided coated glass samples at normal incidence. The solid arrow shows the
trend of the transmittance as the DIW temperature is increased toward 50◦C. The
dashed arrow shows the sudden increase in transmittance with temperatures over
50◦C. Reproduced from Publication III.

The grass-like alumina formation process was characterized in Publication
III quite thoroughly from the aforementioned ALD alumina coated Si and glass
sample pairs. Fig. 4.3a shows the effect of the DIW treatment on the refractive
index and the thickness of the alumina (both from ellipsometry) as a function
of the DIW temperature, and Fig. 4.3b shows the root-mean-square surface
roughness (Rq) measured using AFM from the films. The changes were so large
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and unexpected that we repeated the deposition with another BENEQ TFS500
reactor to rule out tool error, but the results were similar. Fig. 4.3a and b in-
dicate that very little occurs before 40◦C, as only an insignificant roughness
increase can be measured. Between 40◦C and 50◦C the refractive index suddenly
decreases, while the thickness does the opposite and increases just as suddenly
(Fig. 4.3a). This coincides with the film roughness ascending from virtually zero
to 40 nm. The refractive index of the initial film drops below n = 1.2 and the
thickness roughly quadruples to over 120 nm. After 50◦C all the way to 90◦C
the refractive index and the thickness as well as the roughness saturate. Of
these saturated values, n = 1.2 is remarkable as this low of an refractive index
for dense inorganic materials has not been reported. All these results hint at
the material density decreasing. This major morphology change is actually the
formation of grass-like alumina. This metamorphosis from film into a grass-
like state is seen in Figs. 4.3c–e where the SEM cross section images of the Si
samples are presented at DIW treatment temperatures of 20◦C, 50◦C and 90◦C.
The roughening of the film in the SEM images matches very nicely the AFM
roughness measurements in Fig. 4.3b. The film does not deform at low tem-
peratures (20◦C), obtains minor roughening at moderate temperatures (50◦C),
and undergoes major morphology change at higher temperatures (90◦C). In fact
the roughening is so extreme and at the nanoscale that when the grass-like
alumina’s surface roughness is measured with AFM it shows a lower value than
films that have undegone a more moderate treatment (50◦C) as the AFM needle
can not fit into the pores of the film.

The grass-like alumina formation increases the transmittance dramatically,
as seen in Fig. 4.3f where the transmission spectra (spectral transmittance)
of single-sided coated glass samples (the glass counterparts of the samples in
Fig. 4.3a) are plotted. The initial drop in the transmittance of the combined
glass and alumina film can be intuitively understood. First, the alumina coated
glass naturally has lower transmittance as the bare glass as the Fresnel reflec-
tion increases as Δn increases. Then the small initial roughenings shown in
Fig. 4.3d and Fig. 4.3b cause increased scattering which lowers the transmit-
tance even further (see minor roughening marked area of Fig. 4.3f ). When DIW
temperatures of over 50◦C are used in the DIW treatment, grass-like alumina
is formed and the roughness is so dense and at the nanoscale, that transmit-
tance dramatically increases due to the incoming light seeing the porous film
as a lower n material, which virtually eliminates the scattering and lowers the
reflectance. The best transmittances are obtained at DIW temperatures over
60◦C, and the ellipsometer sees these grass-like alumina films as uniform films
with n = 1.2, which is roughly the ideal n = 1.22. The used ellipsometer can not
process gradient refractive index layers, so these refractive index values given
by the ellipsometer in Fig. 4.3a are averages.

Fig. 4.4 shows the transmission spectra of double-sided grass-like alumina
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Figure 4.4. Transmission spectra of double-sided grass-like alumina coated glass at normal
incidence. Reproduced from Publication III.

coated glass at normal incidence. Broadband transmittance is achieved in the
technologically valuable visible range. The broadband behaviour is clear as
all the presented samples have transmittance higher than 97% on the whole
measurement range.

Not only do grass-like alumina coatings have excellent broadband transmit-
tance, but they also exhibit extreme omnidirectionality as presented in Fig. 4.5.
Fig. 4.5a shows that the transmittances of the double-sided grass-like alumina
coated glass samples at 60◦ angle of incidence are all over 95%, which is sig-
nificantly higher than the 91.9% for bare glass at normal incidence. At the
extreme angle of incidence of 80◦ the transmittance of the coated glass slides is
roughly 16 percentage points higher than that of bare glass. Fig. 4.5b displays
the spectral transmittance of the sample processed at DIW temperatrue of 90◦C
at 0–80◦ angles of incidence. Mean spectral transmittances are 94.0% at 60◦,
85.0% at 70◦, and 53.1% at 80◦ angles of incidence. It is clear that the grass-like
alumina on glass is a broadband and omnidirectional AR coating.
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Figure 4.5. a) Angular transmission spectra of double-sided grass-like alumina coated samples
measured at 500 nm. The improvement of the transmittance compared to the bare
glass is clear. b) Spectral transmittance from 0–80◦ angles of incidence for double-
sided coated glass sample treated at 90◦C. Reproduced from Publication III.
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4.4 Transfer-matrix method

As the grass-like alumina films are nanoporous low refractive index coatings
with a refractive index gradient, it is extremely hard to obtain the refractive
index gradient directly by some measurement of the film density or other prop-
erty. In this thesis, that is in Publication III, the refractive index gradient that
is responsible for the broadband omnidirectional optical transmittance was cal-
culated from measured transmittance spectra. The well known transfer-matrix
method (TMM) [41] was used to do this as the problem was one dimensional.
The outline given here follows Pedrotti, Pedrotti and Pedrotti [41], and a good
derivation can be found there [41]. It is assumed that all the discussed mate-
rials are non-magnetic (μ≈ μ0), which is a very reasonable approximation for
glass and alumina, and that each layer is isotropic and homogenous when thin(
layer thickness< λ0

100

)
.

The TMM equation for a 1 layer stack, sandwhiched between the incident
medium and the transmitted medium, relates the incident and transmitted
fields [41]. This equation is

⎡
⎣ Einc +Eref

γinc(Einc −Eref )

⎤
⎦=

⎡
⎣ cosδ1

isinδ1
γ1

iγ1 sinδ1 cosδ1

⎤
⎦

︸ ︷︷ ︸
��M

⎡
⎣ Etrans

γtransEtrans

⎤
⎦ , (4.1)

where the subscript inc refers to the incident beam and trans refers to the
transmitted beam, which are located in the incident medium and the transmitted
medium respectively, and re f refers to the reflected beam which also lies in
the incident medium. In Eq. 4.1 δ=

(
2π
λ0

)
niLi cosθi is the phase shift gained by

traversing layer i once where ni, Li are the refractive index and thickness of
the i:th layer, respectively, and θi is the angle of forward propagation/reflection
relative to the stack normal inside the i:th layer. Furthermore, the gammas are

γinc = ninc
�
ε0μ0 cosθinc , (4.2)

γtrans = ntrans
�
ε0μ0 cosθtrans and (4.3)

γi =
⎧⎨
⎩

ni
�
ε0μ0 cosθi , for s-polarization

ni

�
ε0μ0

cosθi
, for p-polarization.

(4.4)
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In a N-layer stack the transfer matrix ��M can be used repeatedly to propagate
the beam through the stack

⎡
⎣ Einc +Eref

γ0(Einc −Eref )

⎤
⎦= ��M1

��M2
��M3 · · ·��MN−1

��MN︸ ︷︷ ︸
��Mtot

⎡
⎣ Etrans

γtransEtrans

⎤
⎦ (4.5)

with ��Mtot being the overall or total transfer matrix [41]. If the transfer matrix
is written as

��Mtot =
⎡
⎣A B

C D

⎤
⎦ , (4.6)

the field transmission and reflection coefficients can be neatly written as [41]

t = 2γinc

γinc A+γincγtransB+C+γtransD
(4.7)

r = γinc A+γincγtransB−C−γtransD
γinc A+γincγtransB+C+γtransD

. (4.8)

and the reflectance and transmittance as a function of these as

R = rr∗ (4.9)

T = ntrans cosθtrans

ninc cosθinc
tt∗ (4.10)

with * being the complex conjugate [41]. The transmittance of an unpolarized
beam can then be calculated by taking the average of the transmittance of an
s-polarized plane-wave of light and an p-polarized plane-wave of light.

4.5 Grass-like alumina for scalable, broadband, omnidirectional
antireflection coatings on glass

Fig. 4.6a shows the cross sectional SEM image and the calculated refractive
index profile of grass-like alumina treated in 90◦C DIW. The SEM image is
naturally from a Si sample as imaging grass-like alumina coated glass in SEM
without metallization (metallization would hide the real topography) is virtually
impossible. The SEM image in Fig. 4.6a shows a thicker coating (200 nm) com-
pared to the ellipsometry data in Fig. 4.3a (≈120 nm). As mentioned earlier, the
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Figure 4.6. a) Cross-sectional SEM image of grass-like alumina (90°C DIW) with the simulated
refractive index profile. The charging of alumina, which has high resistance, is clearly
seen in the SEM image. b) Spectral transmittance of double-sided coated 90°C DIW
treated sample from Fig. 4.4 (circles) and the simulated spectral transmittance (solid
line). Reproduced from Publication III.
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used ellipsometer assumes a uniform refractive index, and the SEM assumes
nothing. Therefore the 200 nm thickness is considered more reliable.

The simulated refractive index profile in Fig. 4.6a was calculated using the
TMM. Fig. 4.6b shows the calculated spectral transmittance of the profile in
Fig. 4.6a, and the measured spectral transmittance which is the same measure-
ment as the solid black curve in Fig. 4.4. The grass-like alumina was made
with 90◦C DIW and is on both sides of the glass slide. First a cost function was
formed that essentially is

800 nm∑
λ=350 nm

(
Tmeasured −T(�n)calculated

)2
, (4.11)

where �n represents the stack of thin layers of homogenous refractive indexes
that constitute the refractive index profile, or to express this simply: �n is the
refractive index profile. This cost function was then minimized as a function of �n.
The calculation assumed 200 nm thick coating layers which were on both sides
of the glass discretized to 1 nm thick layers and that the coherence length of the
incident light is short enough so that interference effects occur only in the thin
coatings and not in the thick 1 mm bulk glass. The coherence length assumption
is reasonable for thermal sources, for example sunlight has a coherence length
of 1.2 μm [127], which well justifies the assumption. The simulated spectral
transmittance (solid line) and the measured spectral transmittance shown in
Fig. 4.6b match remarkably well. The normalized RMS error is only 0.0013 so
quantitatively the match is excellent. Qualitatively the match is reasonable,
which can be deduced from Fig. 4.6a, as the refractive index is close to n = 1 at
the top of the grasslets, where the film is mostly air, and the refractive index is
n = 1.6 at the bottom where the grass-like alumina is mostly solid. The n = 1.6
at the bottom is very reassuring as the original ALD alumina has n = 1.64, and
it is sensible that the bottom of the film is less affected by the DIW treatment.
As the simulated refractive index profile matches the measured data extremely
well quantitatively and well qualitatively, the real refractive index profile of
grass-like alumina films fabricated by the process describe in Publication III
must resemble closely the profile depicted in Fig. 4.6a.

As ALD alumina is conformal it is to be expected that grass-like alumina could
perhaps be coated on any kind of extreme topography or complex surface. For
this purpose black silicon was fabricated with cryogenic ICP-RIE using common
and widely known parameters from literature [128–130]. Black silicon was
chosen as a test substrate as it possesses extreme topography and, therefore, is
very difficult to coat with traditional methods. Fig. 4.7a shows a SEM image of
an uncoated black silicon surface, Fig. 4.7b shows black silicon with 28 nm of
alumina, and Fig. 4.7c shows black silicon with conformal grass-like alumina.
The conformality is impressive, and similar results using spin-coating [101,107],
glancing angle deposition [2,102–104,106,108] or evaporation are not feasible.
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Figure 4.7. SEM images of cleaved black silicon surfaces. a) Black silicon surface without
coatings. b) Black silicon surface with conformal ALD alumina coating. c) Black
silicon surface with the same ALD alumina after DIW treatment. The arrow points
to one of the conformally coated valleys. Reproduced from Publication III.

To the knowledge of the author Publication III is in fact the first demonstration
of a conformal nanoporous AR coating made from alumina. Optical components
such as axicons, free-form optical components, or Fresnel lenses should be coat-
able with the demonstrated method as the much more arduous case of black
silicon was successful.

What follows from the conformality of the grass-like alumina coating process
is the scalability, namely that hundreds or even thousands of optical components
can be coated in parallel in a batch process. As the original ALD alumina is
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conformal and the resulting grass-like alumina is conformal, as seen in the
previous paragraph and Fig. 4.7, a batch process can be made where hundreds
of components are coated in parallel at the same time. The components are
placed in the ALD reactor, on a metal tray or otherwise, and are first ALD coated
with alumina, then removed from the ALD reactor and immersed in hot DIW,
with the same tray or otherwise, then dried using an airflow. The conformality
point is of major importance as it enables batch processing without line of sight
or other limiting factors. This can be contrasted with for example spin coat-
ing [101,107] that is a true serial technique capable of coating one flat surface at
a time and glancing angle deposition [2,102–104,106,108] which requires line of
sight to the flat targets which prohibits stacking hundreds of components on top
of each other. The conformal coating capability of grass-like alumina enables
the parallel coating of hundreds or thousands of topographically complex objects,
even stacked on top of each other, that non-conformal techniques do not. This
makes the grass-like alumina process a scalable nanofabrication technique.

Figure 4.8. Photograph of an uncoated glass slide on the left, and a glass slide double-sided
coated with grass-like alumina.

Fig. 4.8 shows a photograph of an uncoated glass slide on the left, and a glass
slide double-sided coated with grass-like alumina. Even from the photograph
one can see that the uncoated slide interferes more with the passage of the light
as it is noticeably darker, whereas the double-sided coated sample has greater
transparency. Fig. 4.9 shows a glass slide coated on all sides with grass-like
alumina. The omnidirectional broadband transmittance is so good that it is even
hard to see where the glass slide is. This is a clear demonstration on how low
the scattering is, though almost no scattering was to be expected just from the
pore size seen in Fig. 4.3e and from the mean spectral transmittance ( Fig. 4.4 )
and the angular spectral transmittance ( Fig. 4.5b ).
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Figure 4.9. Glass slide with conformal grass-like alumina AR coating. The text is clearly visible,
and the angular spectral transmittance is so high that it is hard to say where the
glass ends.

58



5. GaN technology

A number of GaN related studies were done in the course of this thesis work,
most notably a GaN ALE process was developed in Publication IV, and the
results are thoroughly explained. Publication II is study of GaN growth on
silicon-on-insulator (SOI) wafers and Publication V presents the growth of N-
polar AlN on SiC as a function of substrate miscut angle and V/III-ratio. Both of
the latter studies are briefly reviewed.

It must be mentioned here that Publication IV was Featured by Journal of
Vacuum Science & Technology A: Vacuum, Surfaces, and Films.

5.1 Atomic layer etching of GaN

This section explains Publication IV, which is the first detailed description of
a GaN ALE process. Before Publication IV the used crystal orientation or po-
larity were not considered or mentioned in GaN ALE studies. The used single
crystalline wurtzite GaN (0001) thin films on sapphire were grown by the au-
thor, and details of the MOVPE process can be found in Publication IV and in
Section 2.2.1, so further discussion of the GaN MOVPE is not given here. First
a brief motivational is given on why GaN ALE is interesting. As explained
in Publication IV there is now a present need for deterministic atomic fidelity
etching due to the 3D integration of nanoelectronics and smaller device dimen-
sions [60, 131, 132]. The recent interest in ALE of traditional semiconductors
has lead to a number of papers [59,63,65,133–136]. ALE of silicon is naturally
interesting in the context of nanoelectronics for computers, but ALE of GaN
has a real need. MOVPE grown GaN/AlGaN heterostructure HEMTs have a
well-defined layered structure with the 2DEG and can benefit from recessed
gates, like the scheme presented in Fig. 5.1, which enable stronger modulation of
the 2DEG [6–8]. What is even more enticing is that the recent progress in crystal
layer design enables normally-off HEMTs to be fabricated by merely etching
away the GaN cap layer over an AlGaN barrier [3], a task where atomic layer
etching excels. This cap layer removal for suppression of the 2DEG formation
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is not unprecedented as a too thin AlGaN barrier will not form a 2DEG [21]
and a too low Al concentration barrier will not form a 2DEG either (or the sheet
carrier density will be low) [137]. The conventional explanation for this is that
the Fermi level must reach the surface donor state and too thin barrier layers do
not give sufficient band bending [21] and too low Al content has the same effect
as the piezoelectronic polarization is weaker [137], thus demanding a thicker
barrier.

i-GaN  3 m

Sapphire

AlxGa(1-x)N 10 nm 
n+- AlxGa(1-x)N 20 nm 
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Figure 5.1. Schematic illustration of a possible recessed gate HEMT. The gate recess in this
scheme is etched using GaN ALE.

The GaN atomic layer etching (ALE) process is illustrated in Fig. 5.2. Note,
that the (0001) crystal direction points up indicating that is the crystal is Ga
polar. Publication IV is the first GaN ALE that tells what direction is etched
(positive c-axis pointing up). In the context of this work GaN ALE refers to
etching the (0001) plane. Under each figure in Fig. 5.2 are the corresponding pa-
rameters to be used in the Oxford Instruments Plasmalab 100 (ICP)-RIE system.
The ICP-RIE system is shown earlier in Fig. 2.14a. The ICP is de-emphasized
as the ICP power was zero at all times so the GaN ALE demonstrated in Publi-
cation IV was done effectively in a RIE reactor. The process is the familiar ALE
cycle (reaction A, purge A, reaction B, and purge B) established in Section 2.4.5,
which is the most commonly used cycle in directional ALE [59]. Reaction A is a
thermal chlorination at room temperature, and thermal means (again) that no
extra energy is provided for the reaction. Cl2 is extremely reactive and even at
room temperature it spontaneously forms a chlorinated surface of well-defined
thickness. Chlorine preferentially reacts with Ga to form different gallium chlo-
rides on the surface [138]. Purge A removes excess chlorine from the chamber
by flushing the chamber with argon, leaving the GaN surface chlorinated. It
was later noticed that a long enough purge A time was extremely critical for
obtaining single molecular layer EPC, as is explained later. In reaction B the in-
coming argon ions give enough energy to the surface chlorides (modified surface)
to desorb (sublimate from the surface, or ”boil off”) via the chemical sputter-
ing [48,52] process. Any additional purely kinetic sputtering that happens is
usually unwanted as it decreases the degree of self-limitedness [59]. Reaction B
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RF = 0 W
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2.59Å

Figure 5.2. The GaN ALE process developed in Publication IV. Reproduced from Publication IV

is explained in more detail later. Purge B removes reaction products from the
chamber and prepares it for the next cycle. The length of purge B is far less
significant than purge A, as reaction B in addition to making the byproducts
also partially flushes them out due to the argon flow. The substrate electrode,
that is the platen (see Fig. 2.14b) where the wafer lies, was set to a constant
temperature of 23◦C when fabricating all the samples.

While Fig. 5.2 shows the process schematically and the associated process
parameters, Figs. 5.3 and 5.4 show the results from the ALE experiments. These
experiments for ALE verification are well known, and they are similar to ALD
criterions with self-limitedness and cyclicity being the most important crite-
ria [43, 139], though in Publication IV most of the tests used were presented
by Kanarik et al. [59] as they were explicitly stated and allow easy comparison.
The tests from Kanarik et al. [59] include a saturation curve (self-limitedness), a
synergy test and an energy scan. Of these three the saturation curve is also used
to characterize ALD processes [43,139] as well as the energy scan which is called
the ALD temperature window in ALD nomenclature [43,139]. The synergy test
is more related to possible ion induced sputtering in reaction B or chemical
etching during reaction A and, therefore, is not typically present in ALD studies
but whose validity for ALE is great. As ALD is based on self-terminating gas-
solid chemical reactions almost ideal synergy is expected, that is the individual
reactants should ideally form only one chemisorbed monolayer on the substrate.
Whereas for directional plasma ALE, sputtering is almost always present due
to difficulties in obtaining Ar ions with a suitably narrow energy spectrum and
even chemical etching during surface modification is possible especially at high
temperatures. This is why synergy tests are typically carried out for ALE and
not for ALD. In addition to these three tests a so called linearity test was done
to see if the etch depth increases linearly with the number of cycles and that
the EPC is constant. Though exactly linear growth is not required for ALD [43],
ALD is commonly thought as linear [139] so it is reasonable to test if an ALE
process is linear as well.
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Figure 5.3. a) Etch depth (circles) and etch rate (crosses) of GaN as a function of the number of
ALE cycles, using the parameters in Fig. 5.2. b) Etch rate of GaN after exposure to
only Cl2 (Reaction A), and only Ar plasma (Reaction B) for 200 cycles. In the middle
bar, both reactions are combined (Reaction A+Reaction B, 200 cycles), which leads
to a significantly higher etch rate than the individual reactions. c) Etch rate as a
function of the Ar plasma exposure time. d) Etch rate as a function of the Purge A
time. Fig. 5.2 shows the used parameters excluding the parameter which is varied.
Reproduced from Publication IV.

Fig. 5.3a shows the linearity test, that is the etch depth and etch rate as a
function of the number of ALE cycles. The etch depth increases linearly with the
number of cycles and consequently the etch rate is a near constant ≈ 3.5 Å

cycle .
This behaviour is well desired. The etch depth and etch rate were measured
using AFM from the height difference in etched areas and masked areas after
photoresist removal. Photoresist was stripped by immersing the wafers into
acetone for 10 min and then rinsing with 2-propanol and deionized water.

Fig. 5.3b shows the synergy test. The synergy test consists of the complete
ALE cycle from Fig. 5.2 and an ALE cycle where reaction B is omitted and
an ALE cycle where reaction A is omitted. This means that the effect (etch
rate) of reaction A, here thermal chlorination, and reaction B, here argon ion
bombardment, can be studied individually and independently from each other.
Fig. 5.3b shows the synergy test for 200 cycles with the etch rate, EPC with ALE,
again calculated using AFM measurements of the etch depth. It is clear from
Fig. 5.3b that exposure only to chlorine gas (reaction A) and no ions gives zero
etch rate, which is ideal ALE behaviour. Exposure to cyclic Ar ion bombardment
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(reaction B) and no chlorine gas, parameters from Fig. 5.2, results in an 0.58 Å
cycle

which corresponds roughly to a fifth of one molecular layer (ML) being milled
away per cycle. This fifth of a ML EPC indicates a nonideal ALE process, which
is common when using Ar ions as the removal step (reaction B), as the Ar ion
energy distribution can be wider than the ALE window [59]. The combined or
complete cycle (reaction A+B) is also shown in Fig. 5.3b. It can clearly by seen
that combining both reactions to a full ALE cycle is very synergistic and the to-
tal EPC is much larger than the sum of it’s parts (3.5 Å

cycle compared to 0.58 Å
cycle ).

Fig. 5.3c shows the saturation curve, that confirms that by extending the
duration of reaction B the EPC saturates. Other parameters than reaction B
duration can be found in Fig. 5.2. Similar test is not necessary for reaction A
as Fig. 5.3b shows that reaction A by itself gives zero etch rate, and there is no
reason to assume that more than 200 cycles or longer than 20 s cycles would give
a measurable etch rate. The dashed line in Fig. 5.3c shows the EPC for 1 ML
of GaN. Fig. 5.3c is divided into three regions. In region I the EPC increases
rapidly as the surface is highly chlorinated and bombarding ions are highly
likely to hit suitable sites where chemical sputtering can occur. In region II
there is less chlorinated surface left after the initial bombardment, which leads
to bowing of the curve. In region III only pure GaN surface is left to interact
with the incoming ions, therefore very little additional etching can occur. This
saturation of the EPC as a function of the argon ion dose confirms that GaN
ALE is demonstrated in Publication IV. Ideally, region III should be horizontal,
that is the reaction should be completely self-limited [59]. However, region III
should exhibit a very slight upward slope, a sign of quasisaturation [59], due to
the sputtering component, seen in Fig. 5.3b. In quasisaturated ALE processes
small additional etching can be obtained with additional Ar bombardment time.
Region III saturates to an EPC that is larger than 1 ML. This can be due to the
small physical sputtering rate, but residual chlorine in the chamber can also
contribute to parasitic RIE etching.

The experiment in Fig. 5.3d was undertaken to study the effect of the length
of purge A. If there is residual chlorine in the chamber, changing the purge A
time should have an effect on the etch rate. Fig. 5.3d shows the EPC of the GaN
ALE as a function of purge A time. Naturally the rest of the parameters are
again found in Fig. 5.2. Fig. 5.3d indicates that significant amounts of chlorine
remain in the chamber when the purge A time is 10 s or less. Insufficient purge
A time enables chlorine molecules to contribute to unwanted high etch rates
during reaction B. After 20 s of purge A the EPC saturates almost exactly to 1
ML per cycle. The etch per cycle is 2.87A Å

cycle , compared to the ML thickness

of 2.59 Å
cycle [140]. Obtaining EPC of 1 ML in compound semiconductors is not

unheard of, as 1 ML EPC for GaAs has been demonstrated using plasma chlori-
nation and argon ion bombardment [141]. For obtaining atomic scale precision
a purge A time of 20 s is needed, to ensure 1 ML EPC. Thus, Publication IV
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demonstrates that GaN (0001) can be etched ML by ML and true atomic scale
control is achieved. It is quite interesting that with longer purge times the
process seems to behave ideally although in Fig. 5.3b there clearly is a physical
sputtering mechanism with only Ar. If speculation is allowed one could make the
argument that when using only Ar plasma the ions mill away weakly bonded sur-
face atoms, but when a complete cycle is used the chemical sputtering removes
all weakly bonded surface atoms together with the rest so that purely physi-
cal sputtering can not occur and the EPC saturates inavoidably to 1 ML per cycle.
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Figure 5.4. Etch rate or EPC as a function of the DC bias. The process parameters are from
Fig. 5.2 and the DC bias is changed by adjusting the RF power from 10 W (lowest),
to 30 W (middle) and 50 W (highest rate). Reproduced from Publication IV.

Fig. 5.4 shows the so called energy scan [59], that shows the EPC as a function
of the mean ion energy (DC bias is a rough metric of the mean ion energy). In
Publication IV the GaN ALE process with the 30 W RF power (DC bias 16 V)
saturated very closely to 1 ML EPC with long purges so more accurate fine
tuning of the DC bias was not needed. Also the possible extra RF power gives
some robustness to the process, that is if by some reason the DC bias does not
reach 16 V there is some energy surplus that enables the process to proceed.

Publication IV gives a detailed explanation of the wurtzite GaN (0001) ALE
mechanism. Here only the conclusion of Publication IV is given. The etch mech-
anism of the GaN ALE is ion assisted removal of chlorinated surface Ga atoms
and Ar ion sputtering of singly bonded surface N-atoms. Surface Ga atoms are
chlorinated in reaction A (see Fig. 5.2), then excess chlorine is removed in purge
A (see Fig. 5.3d). After that, in reaction B, the chlorinated Ga atoms are removed
by the Ar ions, and the underlying weakly bonded N atoms are sputtered away
in the same Ar ion pulse, and finally, in purge B, byproducts are purged away.
This results in the accurate removal of 1 ML of GaN, when purge A is over 20 s,
see Fig. 5.3d.

64



GaN technology

Figure 5.5. Etched GaN surface (200 cycles) after photoresist removal, measured using AFM.
The etched stripe height is 72 nm in this case. The corner of the 1 cm-long stripe
is in the image. The RMS surface roughness is 1.9 nm on the masked area after
photoresist removal and 2.5 nm on the etched area. Reproduced from Publication IV.

The AFM scan in Fig. 5.5 demonstrates the applicability of GaN ALE for
nanofabrication as the stripe whose corner is shown in Fig. 5.5 was patterned
using standard photoresist (AZ5214e). The GaN ALE developed in Publication
IV can be used in fabrication of normally-off HEMTs though it is completely
possible that unseen applications can also be found.

The GaN (0001) ALE presented here is scalable to large wafer sizes. The used
RIE reactor can fit 150 mm wafers, and as with the longer purges the GaN
ALE process seems to approach true single molecular layer EPC see Fig. 5.3d,
and the process is self-limited (or at least quasi self-limited) see Fig. 5.3c, it
is expected that molecular scale fidelity etching can be scaled to large wafer
sizes. As this type of etch would be used for example in recessed gate HEMT
fabrication, where the recess etch is delicate anyway, predictable EPC is valued
over etching time, as over etched wafers can not be processed into components
and sold, thus lowering throughput. As normal RIE systems can be used for
ALE instead of dedicated ALE tools, GaN (0001) ALE is hugely scalable as it
can be performed in any RIE tool with chlorine and argon.

Developing the GaN ALE process in Publication IV gave the author some
insight into ALE processes in general, and particularly the pattern transfer with
ALE using resist masks. This knowledge was used in Publication VI where Si
ALE was used to etch complex patterns of varying size and pitch to fabricate
a high-resolution nanoimprint stamp. The stamp was fabricated on a Si(100)
wafer with electron beam lithography, by first coating the wafer with hydrogen
silsesquioxane (thickness 50 nm), and then exposing this resist to the electrons
and subsequently developing it in an aqueous NaOH solution (see Publication
VI for details). This electron beam lithography process left SiOx in the areas
exposed to the electrons, and this oxide was used as the etch mask against the
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Si ALE. Fig. 5.6 shows the initial hydrogen silsesquioxane mask on the left, and
the resulting Si pillars after Si ALE and oxide stripping.

Figure 5.6. Pattern transfer of electron beam defined mask patterns to Si using ALE. On the left
are the initial masks and on the right are the resulting Si pillars after oxide strip.
From top to bottom the pitches are 60 nm, 100 nm, 200 nm and 400 nm. Reproduced
from Publication VI.

5.2 GaN on SOI

Silicon-on-insulator (SOI) wafers were used as substrates for MOVPE growth of
GaN in Publication II. SOI wafers consists of a handle wafer that here was an
ordinary (100) Si wafer, on top of which is the buried oxide (BOX) layer and on
top of it all the device Si. GaN was grown with MOVPE on the SOI wafers and
comparison of Si (111) wafers with the standard step graded AlGaN and AlN
approach [142]. AlN buffer layer is needed as even a low temperature GaN buffer
growth can produce unwanted SiGa compounds on the surface (so called Ga
meltback etching) [20]. This AlN buffer is then used as a ”nucleation layer” [20]
to grow step graded AlGaN layers. The grading is beneficial as it allows the GaN
to be grown somewhat pseudomorphically, that is the GaN layer is not relaxed
and, therefore, does not contain an unbearable amount of dislocations [142].
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It was discovered in Publication II that GaN grown on the SOI wafers (details
of the wafers can be found in Publication II) was under lower strain than that
of grown on bulk Si (111) wafers. In addition, to lower strain in the device
GaN, the total amount of dislocations was studied by means of defect selective
etching. This revealed that the dislocation density of samples grown on SOI is
only roughly half compared to samples grown on normal Si substrates. This can
have beneficial implications when considering GaN/AlGaN HEMT structures to
be grown on Si. Synchrotron x-ray topography measurements were then used
to study the GaN on SOI samples. It was concluded that the most likely stress
relief mechanism was the formation of a dislocation network in the device Si
layer of the SOI wafer. Similar dislocation network was not observed in the
reference GaN grown on normal Si wafers.

Vertical leakage currents through substrate were also studied, as better volt-
age breakdown characteristics enable GaN on Si devices to operate at higher
voltages. SOI substrates can also suppresses the signal loss resulting in better
high frequency performance in HEMTs [143]. Contact pads (1 mm×1 mm) were
photolithographically patterned on both sides of both the GaN on SOI and GaN
on Si samples. The pads were aligned using a SÜSS MicroTec MA-6 mask
aligner so that they were on top of each other symmetrically. The metallization
consisted of a stack of 20 nm of Ti and 80 nm of Au by vacuum evaporation and
lift-off. The use of a SOI substrate with 2-μm-thick BOX dramatically improves
the breakdown voltage. The onset of breakdown is approximately 480 V with
GaN on SOI compared to the 80 V with the conventional bulk Si wafer structure.

All in all Publication II demonstrates that significant benefits can be obtained
by switching to SOI substrates in GaN on Si power electronics applications,
although the SOI wafers bring additional costs.

5.3 N-polar AlN on 4H-SiC

N-polar HEMTs with GaN on top and with a AlGaN/AlN barrier present many
benefits over their metal-polar cousins such as low contact resistances to the top
GaN and low leakage currents through the high band gap back barrier [144].
N-polar growth of nitride semiconductors often leads to island (hillock) growth
that can be suppressed by using miscut substrates [145,146]

Kink sites are energetically favorable sites for adatom chemisorbtion as at
these sites multiple covalent bonds can be made or at least into multiple direc-
tions, therefore crystallization in epitaxy is often helped by cutting the substrates
with a small miscut angle. This can in turn result in unwanted step bunch-
ing [147], examples of which can be seen in Publication V. Step bunching means
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that the atom-scale growth steps that naturally occur on miscut wafers combine
to form steps that are multiple monolayers high. Step heights reached 9 nm, and
this kind of height variation makes HEMT fabrication very difficult. If hillock
formation can be suppressed, but step bunching ensues, a large problem has
been exchanged for a smaller one.

In Publication V the effect of miscut angle and V/III-ratio was studied to obtain
smooth N-polar AlN films on 4H-SiC. 200-nm-thick N-polar AlN layers were
grown by MOVPE on C-surface 4H-SiC with miscuts of 1◦ or 4◦ towards (1̄100).
MOVPE of N-polar AlN with a smooth surface suitable for HEMT fabrication
without any hexagonal hillocks or step bunching was achieved with the 1◦ miscut
substrate and with a V/III-ratio of 20 000. The quality of the N-polar AlN was
excellent. To the knowledge of the author, Publication V demonstrated very
high crystalline-quality N-polar AlN layers using MOVPE. This was verified by
the smallest X-ray rocking curve full width at half maximum measured using a
X-ray diffractometer. The absence of step bunching and the near atomic smooth-
ness of the N-polar AlN was measured by AFM.
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6. Summary

Scalable nanofabrication techniques for III-V compound semiconductors and di-
electrics was the topic of this thesis. Several new techniques were developed, the
main ones being: (1) a technique for fabricating large-area position-controlled
GaAs nanowire arrays using azopolymers, LIL, and VLS MOVPE, (2) the pro-
cess for making grass-like alumina a new type of low-refractive index conformal
nanoporous AR coating having broadband omnidirectional transmittance and a
graded refractive index profile, and is made from de-ionized water treated ALD
alumina, (3) the atomic layer etching process of GaN (0001).

This work was undertaken as often the available nanofabrication techniques
are extremely limited. The limitation is the scalability, for example making
nanowire arrays using electron beam lithography (a serial technique) or mak-
ing gradient-index AR coatings using glancing angle deposition (a line-of-sight
technique). Also the accuracy of the technique can be challenging like the gate
recess etching in HEMTs using traditional RIE.

The technique, demonstrated in Publication I, for fabricating large-area
position-controlled GaAs nanowire arrays produces nanowires with well defined
spacings and diameters. Large-area position-controlled arrays of nanowires of
multiple materials can be grown as the initial Au seed arrays render themselves
to seeds for growth of many different VLS MOVPE nanowires. SEM studies re-
vealed that the arrays have large-scale precise ordering and TEM investigations
revealed that the nanowires were single-phase zinc blende nanowires. MOVPE
allows the growth of axial and radial quantum wells onto the nanowire, as well
as in situ doping during epitaxy. Thus, the developed technique enables parallel
fabrication of identical nanodevices with an areal density of ≈ 109 cm−2, and
is a truly scalable nanofabrication technique as there are no physical limits on
using the process to pattern a 150 mm diameter semiconductor wafer, or larger.
Furthermore, the technique is just as fast as when used to pattern 20 mm pieces
or 150 mm wafers.

The formation of grass-like alumina was studied in Publication III and it’s

69



Summary

AR properties on glass were discovered in the same study. Grass-like alumina,
when coated on glass acts as an excellent nanoporous AR coating with broad-
band transmission and extreme omnidirectionality in the visible region. This
is due to grass-like alumina having a smooth gradient refractive index from
n = 1 to n ≈ 1.6. This gradient profile was also calculated from the measured
transmittance spectra in Publication III. The grass-like alumina coating is
simple to fabricate: first an ALD alumina is deposited on the object, and then
it is immersed to heated DIW for 30 mins. In addition to very high broadband
omnidirectional transmittance and the ease of fabrication, the process is very
scalable. Hundreds or even thousands of optical components can be coated in
parallel even on objects with extreme topography where no other techniques are
available.

The ALE process for the (0001) crystal plane of GaN was developed in Publica-
tion IV. This GaN ALE enables the self-saturated removal of a single molecular
layer of GaN per ALE cycle. The practical feasibility of the GaN ALE technique
for nanoscale patterning was demonstrated by patterning GaN with ALE using
a conventional photoresist as an etch mask. Furthermore, the technique was
developed using a normal RIE system, thus dispensing the need for a dedi-
cated ALE tool. In addition to GaN ALE, a minor analysis of ALE of silicon for
nanoscale pattern transfer and high-resolution nanoimprint stamp preparation
was done.

In addition to GaN ALE, III-N growth technologies were further developed.
GaN growth on SOI wafers was demonstrated and the films characterized, and
N-polar AlN growth on 4H-SiC was characterized.

Nanofabrication is the motor of nanotechnology, the enabler. Thus, scalable
nanofabrication techniques are required to solve not only future problems, but
present day problems related to the price and efficiency of photovoltaics, the
performance of optical systems, and the fabrication of nanoelectronics. Tech-
niques that can be efficiently used on large substrates or in parallel to hundreds
of components will have the largest benefit.
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Abstract. We demonstrate a technique for fabricating position-controlled,
large-area arrays of vertical semiconductor nanowires (NWs) with adjustable
periods and NW diameters. In our approach, a Au-covered GaAs substrate is �rst
coated with a thin �lm of photoresponsive azopolymer, which is exposed twice to
a laser interference pattern forming a 2D surface relief grating. After dry etching,
an array of polymer islands is formed, which is used as a mask to fabricate a
matrix of gold particles. The Au particles are then used as seeds in vapour-liquid-
solid growth to create arrays of vertical GaAs NWs using metalorganic vapour
phase epitaxy. The presented technique enables producing NWs of uniform size
distribution with high throughput and potentially on large wafer sizes without
relying on expensive lithography techniques. The feasibility of the technique is
demonstrated by arrays of vertical NWs with periods of 255 nm to 1000 nm and
diameters of 50 nm to 80 nm on a 2 cm x 2 cm area. The grown NWs exhibit
high long range order and good crystalline quality. Although only GaAs NWs
were grown in this study, in principle, the presented technique is suitable for any
material available for Au seeded NW growth.
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Introduction

Semiconductor nanowires (NWs) are promising for
many applications in nanoelectronics and optoelectron-
ics, including solar cells,1 FETs,2 LEDs,3,4 lasers,5

antire�ection coatings,6 sensors7,8 and photochemical
water splitting.9 Direct band gap III-V semiconductor
NWs, such as GaAs NWs, are especially interesting due
to their high carrier mobilities and high optical absorp-
tion. For these reasons, growing periodic III-V semi-
conductor NW arrays has recently been under intense
research.10,11 Vapour-liquid solid (VLS) growth using
Au catalyst particles as seeds12 is the most popular
method for growing III-V semiconductor NWs, either
with metalorganic vapor phase epitaxy (MOVPE) or
molecular beam epitaxy. The deposition of the seeds
is usually done by applying a solution with particles
of the desired size, annealing a thin metal �lm or by
lithography.13�16 The lithographic technique allows full
control of the density and placement of the NWs, which
is required for ordered arrays. However, the most com-
mon lithographic techniques used for NW arrays, elec-
tron beam lithography (EBL) and nanoimprint lithog-
raphy (NIL), pose their own challenges. EBL is ex-
tremely slow and expensive,17 and thus not a suitable
method for large scale NW fabrication.14 NIL is also
challenging as the equipment and stamps are expen-
sive, and for each period and NW diameter a separate
stamp is needed. Emerging lithography techniques like
nanosphere lithography (NSL), hold great promise in
fabricating hexagonal arrays of seeds for NW growth
on large areas,18,19 and some demonstrations of using
NSL for NW growth have been shown.20,21

In this paper, we present a technique for fab-
ricating large arrays of vertical GaAs NWs, using
azopolymer thin �lms with laser interference lithogra-
phy (LIL),22 dry etching and VLS growth in MOVPE.
The diameter of the seeds can be modi�ed, the pe-
riod can be adjusted and the repeatability of the
LIL patterning has been demonstrated.17 Our tech-
nique for position-controlled NW growth has at least
two orders of magnitude faster exposure than EBL.23

The exposure can be conducted in rooms with normal
lighting (without the yellow lamps that protect tra-
ditional photoresist from exposure),22 and the tech-
nique requires only regular optics, commercially avail-
able chemicals, and a blue-green laser, which all make
the technique low cost. Previously LIL has been used

without azopolymers to create many types of NW ar-
rays, such as Si,24 ZnO,14,16 GaN25 and InSb,26 but
we present the �rst GaAs NW arrays, where the posi-
tion is controlled by LIL and the �rst arrays of vertical
NWs fabricated using azopolymers. The feasibility of
the technique is demonstrated with arrays of vertical
GaAs NWs having periods from of 255 nm to 1000 nm
and diameters from 50 nm to 80 nm on a 2 cm x 2 cm
area. The grown NWs exhibit high long range order
and good crystalline quality.

Figure 1. Fabrication process for NW arrays. a) First the
azopolymer solution is spin coated on the gold coated sample. b)
Then the polymer �lm is exposed to a p-polarized interference
pattern from an argon ion laser. c) The formed surface relief
grating structure is then thinned with oxygen using reactive
ion etching (RIE). d) The remaining polymer tops are used as
a milling mask. This forms a periodic array of gold islands.
e) When the islands are annealed, the surface tension forms
spheroids from the islands. f) The gold spheroids are used as
seeds in the VLS MOVPE growth, resulting in a periodic array
of NWs.
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Experimental

The fabrication process began with evaporation of 20
nm of Au on a 2 cm x 2 cm (111)B GaAs sample
surface with an e-beam evaporator. Figure 1 depicts
the successive process steps. A 2 weight percent so-
lution of poly(Disperse Red 1 acrylate) (pDR1a) in
1,2-dichloroethane was prepared, by �rst mixing the
solution, then �ltering it through a 0.2 micron polyte-
tra�uoroethylene (PTFE) syringe �lter. This solution
was then spin coated on the sample (30 s at 5000 rpm),
see Figure 1a. Then, the samples were dried in an
oven at 80 ◦C for 1 h, resulting in a roughly 100 nm
thick polymer coating determined by ellipsometry.

The spin-coated samples were exposed to an
interference pattern of p-polarized light, see Fig-
ure 1b, using an argon ion laser with the wave-
length of 488 nm. The interference pattern causes the
azopolymer molecules to move away from the areas of
high irradiance, thus forming a surface relief grating
(SRG).27,28 The exposure setup is based on a Lloyd's
mirror interferometer, shown in Figure 2a. The pe-
riod (d) is determined by d = λ

2 sin θ , where λ is the
wavelength of the laser and θ is the angle of incidence
relative to the sample normal, see Figure 2a. The pe-
riod was controlled by changing the Lloyd mirror angle:
73◦ relative to the sample normal for the 255 nm pe-
riod and 14◦ for the 1000 nm period. Two exposures
were performed with each sample, with a 90◦ rotation
of the sample in the plane of the sample for the sec-
ond exposure. The exposure times were set to obtain
a symmetric SRG, see Figure 2b. For the 255 nm pe-
riod, the irradiance was 8.5mW/cm2, and the expo-
sure times 90min and 13min. For the 1000 nm period,
the respective values were 78.6mW/cm2, 20min and
25min.

After the exposure the polymer layer was etched
with oxygen plasma, depicted in Figure 1c. The etch-
ing was performed in a reactive ion etching (RIE) sys-
tem for a total of 2 min for the 255 nm period and 1
min 30 s for the 1000 nm period, with the radio fre-
quency (RF) power of 40 W and the oxygen �ow of
40 sccm at the pressure of 2Pa. The etching was con-
ducted in 30 s cycles with 2 min cooling periods. An
array of azopolymer islands on gold was obtained, see
Figure 1c. The dimensions of these mask islands can be
controlled by the total duration of the oxygen plasma
etch.

The gold layer was then patterned using the grid
of polymer islands as an etch mask, seen in Figure 1d.
Argon ion milling was used for the patterning, for a
total of 7 min 30 s for the 255 nm period and 6 min
for the 1000 nm period. The milling was conducted in

Figure 2. a) Laser interference exposure setup. The p-polarized
beam is spatially �ltered, expanded in free space and collimated
using a lens. The Lloyd's mirror interferometer is then used to
form an interference pattern on the sample. The white arrows
represent two rays of light forming constructive interference with
an incidence angle θ. One ray hits the sample directly, while
the other re�ects from the mirror. b) Atomic force microscopy
(AFM) image of an azopolymer thin �lm exposed two times
orthogonally.

30 s cycles, with 2 min cooling periods. The RF power
was 100 W, the argon �ow was 25 sccm and the pres-
sure was 2Pa. The diameter of the resulting Au seeds
is controlled by both the oxygen plasma etch time and
the milling time.

The milled gold structures were then annealed in
H2 �ow of 5 slm at 650 ◦C under tertiarybutylarsine
(TBA) �ow of 180µmolmin=1, see Figure 1e. The
annealing was performed in an atmospheric pressure
horizontal �ow MOVPE system. Finally, epitaxial
nanowires were grown on the samples using the Au
spheroids as seeds, illustrated in Figure 1f. The NW
growth was performed in the same atmospheric pres-
sure MOVPE system as the annealing. An oxide re-
moval step of 10 min at 650 ◦C in H2 �ow of 5 slm was
�rst performed on the samples. Next, NW growth was
initiated at 470 ◦C by simultaneously switching on pre-
cursor �ows for Ga (trimethylgallium, 6.12 µmol/min)
and As (TBA, 42.12 µmol/min). The growth time
was 2 min, after which the reactor was cooled down
to 270 ◦C under TBA �ow. Between annealing and
epitaxy, the samples were taken out of the MOVPE
for analysis, which is presented later.

A Zeiss Supra 40 �eld emission scanning electron
microscope (SEM) was used to investigate the
morphology and dimensions of the Au seeds and
NW arrays, while a Jeol JEOL-2200FS transmission
electron microscope (TEM) was used to investigate
the crystallinity of the NWs. Energy dispersive
X-ray spectroscopy (EDX) was performed with the
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same TEM, to study the composition and possible
contamination of the NWs.

Results and discussion

The periodic arrays of annealed Au nanoparticles are
shown in Figure 3. As can be seen in Figure 3a, the
seeds with the 255 nm spacing are spherical after an-
nealing. Further analysis of the insets in Figure 3 show
that the seeds appear to be clean with no polymer
residues visible in the SEM images, though this does
not rule out for example knock-on contamination of the
substrate due to the milling. The absence of the poly-
mer is important as this may a�ect VLS growth, and
accordingly its removal usually requires an extra etch-
ing step.15 Small residual gold particles were observed
on the annealed sample with the 1000 nm period. This
residual gold could be removed by an additional ion
milling step of 4 min before growth, with the same pa-
rameters as before. The resulting 1000 nm array is seen
in Figure 3b. Additional milling decreases the size of
the seeds and makes the seeds nonspherical, see inset
of Figure 3b.

NW arrays grown from the seeds in Figure 3a and
Figure 3b are displayed in Figure 4a and Figure 4b, re-
spectively. The NWs have a smooth surface and they
are well ordered. The long range order of the �nished
NW arrays can be inferred from the SEM image in
Figure 4c. This would indicate, that the seeds on the
substrate have not moved signi�cantly at any stage.
The clear tapering seen on the NWs in Figure 3b is
discussed later.

The measured dimensions of the NWs are pre-
sented in Table 1, the error given is the standard de-
viation and N is the number of counted seeds or NWs.

Figure 3. SEM micrographs of Au seeds, the insets show a close
up of one of the seeds. a) An array of gold seeds on GaAs after
annealing. The period of the array is 255 nm. b) Gold seeds with
a period of 1000 nm on GaAs, after annealing and extra milling,
to remove residual gold particles.

Figure 4. a) Finished NW array with the period of 255 nm.
The sample is tilted 10◦ from the surface normal in this SEM
micrograph. b) NW array with the 1000 nm period. This sample
is tilted 30.4◦ from the surface normal. c) The same sample as
in Figure 4a imaged with another magni�cation.

The data is collected from several SEM images from
di�erent positions on the sample. The diameters are
calculated from top side SEM images using the imageJ
software.29 For the tapered 1000 nm period sample the
bottom diameter is given, as this way the counting can
be automated to imageJ. The lengths of the NWs are
calculated from the SEM images. The 1000 nm pe-
riod seeds are smaller than the 255 nm period seeds,
but this is explained by the considerably longer argon
milling time, (7 min 30 s for the 255 nm period versus
6 min with additional 4 min of cleaning for the 1000
nm period). Both periods produced NWs with uni-
form diameters, as the corresponding small standard
deviations suggest. The 1000 nm period seeds possess
a fairly large standard deviation. As the NWs grown
from these seeds exhibit a much smaller standard de-
viation, the di�erence might be due to ImageJ's dif-
�culties at calculating the diameters from the small
nonspherical seeds. With the 255 nm period, the NW
diameter and the seed diameter are remarkably well
correlated, but for the 1000 nm period the NW bottom
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Table 1. Mean seed and NW dimensions together with the
standard deviations and the number of NWs or seeds measured
(N) in the two samples with di�erent periods
Period d=255 nm d=1000 nm
Seed diameter 46.3± 2.8 nm, N=132 37.3± 11.9 nm, N=25
NW diameter 49.8± 2.7 nm, N=646 83.2± 5.7 nm, N=58
NW length 1841± 24 nm, N=13 2662± 102 nm, N=11

diameter is signi�cantly larger than the seed size. Fig-
ure 4 con�rms this further, as the longer period NWs
appear to be tapered, while the shorter period NWs
are not.

The tapering of the 1000 nm period NWs can
be explained by the fact that the availability of Ga
adatoms for each NW is sixteenfold in the 1000 nm
period compared to the 255 nm period. This increase
is due to the sixteenfold NW density in the 255 nm
period compared to the 1000 nm period. The length
of the GaAs NWs is proportional to the growth rate,
and the GaAs NW growth rate increases linearly at
high V/III ratios (low TMG �ow), but saturates to
a sublinear increase at low V/III ratios (higher TMG
�ows).30,31 If the growth rate of the NWs would de-
pend linearly on the avalability of Ga the 1000 nm pe-
riod NWs would be roughly 16 times longer than the
255 nm period NWs. As this is not the case, the 1000
nm period NWs are growing sublinerly with respect to
the Ga increase. Thus the 1000 nm period Au seeds
can not consume all of the increase in the available
Ga per NW, and the excess Ga contributes to radial
growth on the NWs thus causing the tapering, and to
2D growth on the substrate surface. Similar behaviour
of increasing NW tapering, with increasing availability
of group III adatoms has been observed before.32

A TEM image of a GaAs NW from the 255 nm
period sample is shown in Figure 5a. The NW dis-
plays smooth side walls, as was observed in the SEM
images. The results of the EDX measurements in Fig-
ure 5b indicate that the seed contains gold and and
that the NW contains GaAs. The copper signal in the
EDX measurements in Figure 5b is due to the cop-
per TEM sample grid. The EDX detector is unable to
detect any contaminants from the processing, as the
accuracy of EDX is on the order of one atomic per-
cent. This indicates, that most polymer was etched
away before annealing. However, possible small con-
tamination, that is not detectable by EDX, seems not
to a�ect the NW growth as the crystal quality is high,
as seen from the high resolution TEM images and the
fast Fourier transform (FFT) pattern in Figure 5c and
Figure 5d. The FFT pattern can be indexed by a
single-phase zincblende GaAs structure, and indicates
that the NW grows along the [111] direction. Infre-
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Figure 5. TEM images, EDX spectra and electron di�raction
pattern of the NWs. a) A TEM image of a single NW. b) EDX
spectra from two points on the wire. The lines in Figure 5a point
the EDX measurement areas on the NW. c) A high resolution
TEM image of a grown NW. d) A magni�ed image of the boxed
area in Figure 5c. The inset shows the FFT of the magni�ed
area.

quent crystal twinning was observed in some NWs.

The main limitations of the presented technique
relate to the minimum period of the mask array in the
LIL process, and the adjustment of the seed diameter.
To obtain smaller periods smaller wavelengths must be
used, as the incidence angle of the exposure can not
be increased much over 70◦. This causes a problem as
the absorbance of pDR1a peaks approximately at 450
nm and at 400 nm the absorbance is down over 50%,33

leading to a weaker movement of the polymer. More
blue absorbing substances could be used, but pDR1a
was chosen as pDR1a has been used for making SRGs
for over 20 years,27 and it has been used succesfully
before in nanofabrication.17 Regarding the adjustment
of the seed diameter, when the array period is changed
then the resulting oxygen etching and argon milling
times in RIE change signi�cantly. Obtaining a speci�c
diameter with a �xed period requires trial-and-error
optimization for obtaining the right etching times. The
minimum achievable feature size (the seed diameter) is
determined by both the oxygen etching and the argon
milling steps. In principle very small diameter polymer
mask arrays can be made with oxygen plasma in RIE,
but these would be very thin, and not very e�ective at
protecting the underlaying metal. To compensate, less
metal can be evaporated in the beginning. The authors
speculate that although smaller diameter NWs are pos-
sible with the presented technique, dramatic (one or-
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der of magnitude) reduction in diameter is not feasible.
Larger diameter NWs should be easier to achieve. Al-
though only GaAs NWs were grown in this study, in
principle, the presented technique is suitable for any
material available for Au seeded NW growth.

The sample sizes were limited to 2 cm x 2 cm,
as larger semiconductor pieces could not be �t into
the small reactor chamber of the MOVPE system. In
principle, there are no physical limitations that would
inhibit patterning for example whole 2-inch wafers with
the presented technique. The authors speculate, that
the leap from the presented size to a whole 2-inch wafer
should be fairly straightforward.

Conclusions

To conclude, we have demonstrated a scalable and
high throughput technique for fabricating large-area
position-controlled GaAs NW arrays using LIL and
MOVPE, where the diameter and spacing of the
NWs is well de�ned. The method can be applied
to any material that can be grown with Au VLS.
Laser interference patterns on azopolymer thin �lms
and dry etching were used to control the period and
the wire diameters. Analysis of the SEM images
revealed the large-scale ordering of the wires, and
TEM images indicated that the NWs were single-phase
zincblende. Using MOVPE to control the growth of
the NWs and the ability to determine the period and
diameter of the NWs on large areas opens up a new
avenue for creating large-scale uniform NW arrays at
high troughput. This provides an exciting ability to
fabricate well ordered one dimensional nanostructures
without using time consuming or expensive lithography
techniques. Futhermore, as MOVPE allows the
creation of quantum wells in the NW and the doping
of the NW to be controlled, this enables parallel
fabrication of nanodevices with an areal density of
around 109 /cm2.
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MOVPE growth of GaN on 6-inch SOI-substrates:
effect of substrate parameters on layer quality and
strain

J. Lemettinen1, C. Kauppinen1, M. Rudzinski2, A.
Haapalinna3, T. O. Tuomi1 and S. Suihkonen1

1 Department of Micro- and Nanosciences, Aalto University, P.O BOX 13500,
FIN-00076 AALTO, Finland
2 Institute of Electronic Materials Technology, Epitaxy Department (Z-15),
Wolczynska Street 133, 01-919 Warsaw, Poland
3 Okmetic Oyj, Piitie 2, FI-01510 Vantaa, Koivuhaka, Finland

E-mail: jori.lemettinen@aalto.fi

Abstract. We demonstrate that higher crystalline quality, lower strain and
improved electrical characteristics can be achieved in gallium nitride (GaN)
epitaxy by using a silicon on insulator (SOI) substrate compared to a bulk silicon
(Si) substrate. GaN layers were grown by metal-organic vapor phase epitaxy
on 6-inch bulk Si and SOI wafers using the standard step graded AlGaN and
AlN approach. The GaN layers grown on SOI exhibited lower strain according
to X-ray diffraction analysis. Defect selective etching measurements suggested
that the use of a SOI substrate for GaN epitaxy reduces the dislocation density
approximately by a factor of two. Furthermore, growth on SOI substrate allows
to use a significantly thinner AlGaN buffer compared to bulk Si. Synchrotron
radiation X-ray topography analysis confirmed that the stress relief mechanism
in GaN on SOI epitaxy is the formation of dislocation network to SOI device
Si layer. In addition, the buried oxide layer significantly improves the vertical
leakage characteristics as the onset of the breakdown is delayed by approximately
400 V. These results show that the GaN on SOI platform is promising for power
electronics applications.

Keywords: Gallium nitride, metal-organic vapor phase epitaxy, silicon on insulator,
x-ray topography
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1. Introduction

Gallium nitride (GaN) on silicon (Si) has recently
received increasing attention for power electronics
applications such as rectifier diodes and especially high
electron mobility transistors (HEMTs) [1, 2]. GaN
on Si offers readily available substrates up to 8-inch
size (using (111) orientation) that are compatible with
current CMOS fabs [3]. Furthermore, the Si substrates
exhibit high thermal conductivity, important factor for
power devices [4]. However, the lattice and thermal
expansion mismatches limit the achievable material
quality [3, 4]. The lower material quality causes higher
leakage currents and lower charge carrier mobility,
and thus, hinders device performance. Therefore,
it seems that GaN on Si is well suited for lower
voltage power electronics (600-1200 V range), whereas
silicon carbide (SiC) and native substrates will be used
for applications that require extreme performance [5,
6]. The use of silicon-on-insulator (SOI) substrate
has been proposed to decrease the detrimental effects
of lattice and thermal mismatches. The Si/SiO2/Si
layer stack has been shown to absorb some of the
stresses generated during epitaxy [7–11]. An additional
benefit for the power-electronic devices arises from
the insulating SiO2 layer [10]. This buried oxide
(BOX) can improve the breakdown characteristics
of these devices, and thus, help to propel GaN
on Si power-electronics to higher operating voltage
ranges. Furthermore, in high frequency applications,
the insulating BOX layer could reduce the losses and
crosstalk caused by the conducting Si substrate [12].
However, the use of a SOI substrate can increase the
thermal stresses during epitaxy and lead to cracks
in the GaN layer or, in extreme cases, cracks in the
SOI device Si layer [11, 13]. These challenges become
more prominent when the substrate size is scaled up.
Therefore, the interplay between the SOI substrate and
epitaxial growth need to be understood.

In this article, the effects of using SOI substrate
for metal-organic vapor phase epitaxy (MOVPE) GaN
growth are investigated. We present a systematic study
on the effect of SOI substrate parameters on epitaxial
growth and resulting layer quality. The epitaxial layer
quality and strain were estimated using high resolu-
tion X-ray diffraction (XRD). Defect selective etching
(DSE) was performed to have a direct assessment of
dislocation density. Synchrotron radiation X-ray to-
pography measurements were performed in order to
analyze the local strain state and dislocations of indi-
vidual films. Vertical through substrate leakage cur-
rent measurements were performed to assess the effect
of the SOI BOX layer on device insulation. Addition-
ally, synchrotron X-ray topography measurements con-
firm that the stress relief mechanism is the formation
of dislocations to the SOI substrate device Si layer.

2. Experiment

Three different 6-inch substrates for GaN growth were
investigated: a bulk silicon substrate (sample A) and
SOI substrates with 1 μm (samples B and C) or 2 μm
(samples D, E and F) buried oxide (BOX) and 2 μm
p-type (111) device Si layer. The bulk silicon (111)
p-type substrate was 1000 μm thick while the SOI
substrates had a p-type (100) handle Si layer thickness
of 675 μm. The substrates were manufactured by
Okmetic Oyj.

GaN (0001) layers were grown on Si and SOI
wafers using the standard step graded AlGaN and AlN
approach by low pressure MOVPE [6]. The reactor
had a 1x6-inch close coupled showerhead configura-
tion. Thimethylaluminium (TMAl), thimethylgallium
(TMGa) and ammonia (NH3) were used as precursors
for aluminium, gallium and nitrogen, respectively. Hy-
drogen was used as the carrier gas.

Figure 1 schematically presents the structures
grown on SOI substrates. The growth process was
started by in-situ annealing to remove the surface
native oxide. After annealing, 260 nm AlN buffer was
deposited. The buffer consists of low temperature and
high temperature AlN grown at 980 ◦C and 1085 ◦C
nominal substrate surface temperature, respectively.
Next, a step graded AlGaN buffer was grown at
1060 ◦C with three different compositions. These
were 270 nm of Al80Ga20N, 290 nm of Al50Ga50N and
470 nm of Al20Ga80N. Finally, 900 nm of GaN was
grown at 1040 ◦C. The AlGaN buffer thickness was
scaled by factor 0.5 for sample D and by factor 1.5 for
samples C and F while the other layer thickness were
kept constant. The reactor pressure during growth was
100 mbar, except for the last 235 nm of GaN which was
grown under 400 mbar pressure. The higher growth
pressure increases the crystalline quality of GaN while
material grown at 100 mbar pressure has a higher
carbon concentration and forms a semi-insulating layer
[14]. This type of semi-insulating layer is typically used
for device insulation, for example, in GaN HEMT. The
sample parameters are listed in Table 1. Device layers,
such as HEMT or LED, could be then grown on these
epitaxial templates.

Optical in-situ measurement system was used to
assess the growth rate and wafer surface temperature
profile. A 633 nm wavelength laser is focused
in normal incidence on the wafer through one of
the viewports of the reactor. The film thickness
(growth rate) can be then calculated from the resulting
Fabry-Pérot -oscillations. As the wafer rotates, the
growth rate can be monitored at separate spots
on the wafer. Similarly, wafer surface temperature
measurement with emissivity correction is conducted
through another viewport. First, the wafer reflectivity
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Table 1. Fabricated sample structures.

Sample A B C D E F
Handle Si (μm) 1000 675 675 675 675 675
BOX (μm) - 1 1 2 2 2
Device Si (μm) - 2 2 2 2 2
AlN/AlGaN 1 1 1.5 0.5 1 1.5
buffer (μm)
GaN (μm) 1 1 1 1 1 1

Figure 1. Schematic cross-sectional view of the layer stack
fabricated on SOI substrate.

is measured for the emissivity correction in the infra-
red region. Then, the wafer surface thermal radiation
is split to a CCD-array to form a wavelength-intensity
curve. Finally, the temperature is estimated using
Planck’s law. Another instrument is used to map
the whole wafer surface temperature. This instrument
has an array of two-wavelength diode detectors that
are aligned though the reactor showerhead. The
temperature can be estimated using relative intensities
of each diode. The wafer temperature can be thus
mapped as the wafer rotates.

The layer stack thickness uniformity on whole 6-
inch area was measured also after growth with white
light reflection spectroscopy in order to confirm the
growth process stability. The refractive indices for
epitaxial layers were modeled with two coupled Lorentz
oscillators, while standard values were used for Si
and SiO2 layers. The BOX thickness was assumed
constant, either 1 or 2 μm. However, it was necessary
to fit the SOI device Si layer thickness, as it varies
somewhat due to the SOI wafer fabrication process.
The used refractive index model provided good fit
to experimental data. The thickness measurements
were verified with cross-sectional scanning electron
microscope (SEM) samples.

The epitaxial layer quality and strain were
estimated using a three-axis high resolution X-ray
diffraction (HR-XRD). The setup consisted of an X-ray
mirror, a 4 x Ge (220) monochromator and an analyzer
crystal. X-ray wavelength of copper Kα1 emission line
was used.

The dislocation density was estimated by defect
selective etching [15, 16]. The sample surface was
etched with a molten eutectic mixture of KOH-NaOH
(E) with 10% of MgO powder (E+M) and the resulting
etch pits were imaged with SEM.

Synchrotron radiation X-ray topography (SR-
XRT) large-area transmission (TR) and TR section
measurements were performed in order to analyze
the local strain state and dislocations of individual
films, in particular, the SOI substrate device Si layer
[17–19]. The SR-XRT topographs were recorded at
TOMO-TOPO beamline at ANKA (Angströmquelle
Karlsruhe) in Karlsruhe. The storage ring of the
ANKA had an electron momentum of 2.5 GeV

c and
the beamline used the radiation of a bending magnet
source to produce continuous wavelength spectrum
[20]. The experimental setup was the same as shown
in Reference [17]. The sample was tilted 16◦ about
the horizontal wafer axis in order to produce a Laue
pattern where some of the SOI and epitaxial layer
reflections do not overlap. The sample to film distance
was 60 mm. The layer stack of the sample was on
the film side. For the large-area TR topographs, the
exposure was 10 As on the holographic X-ray film
VRP-M from Slavic and the slits were set to 3 mm
(horizontal) x 2 mm (vertical) configuration. The
TR section topographs were recorded in the same
geometry. The slits were set to 6 mm (horizontal) x
30 (vertical) μm configuration and the exposure was
approximately 500 As.

Vertical through wafer leakage current was
measured in order to asses the effect of the BOX
on device insulation. Photo-lithography was used to
define (1 mm x 1 mm) aligned contact pads on top
of the epitaxial layers and on the wafer bottom. The
pads consisted of evaporated 20 nm Ti and 80 nm
Au layers. Standard voltage ramp insulation test was
applied between a pair of pads until significant change
in current was detected, which marked the onset of
breakdown.
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Figure 2. In situ substrate surface temperature and reflectance
data during growth on (a) bulk Si and (b) SOI substrates.

3. Results and discussion

3.1. Growth of GaN on 6-inch SOI substrates

Figure 2 presents emissivity corrected in-situ sub-
strate surface temperature and 633 nm wavelength re-
flectance during growth run on (a) bulk Si and (b) SOI
substrate. It can be seen that the SOI substrate does
not significantly alter the growth. The growth rates are
0.5 μm/h, 1 μm/h and 2 μm/h for AlN, AlGaN and
GaN layers, respectively. However, the growth rate of
high pressure GaN on bulk Si is 0.96 μm/h and 1.3
μm/h on SOI. As the growth process was developed
for bulk Si substrates, it could be further optimized for
growth on SOI. The in-situ reflectance data (Figure 2
b) 5000-8000 s ) suggest that the layer quality degrades
slightly during step graded AlGaN buffer deposition as
the amplitude of oscillations is decreasing. This is due
to about 10 ◦C too high substrate surface tempera-
ture, which can be deduced based on in-situ data. The
temperature difference is probably caused by higher
thermal conductivity of the thinner SOI substrate and
also by a difference in susceptor and substrate backside
contact. Similarly, the surface temperature during high
pressure (400 mbar) GaN growth (Figure 2 b) 10000-
11000 s) is about 20 ◦C too low, a condition which
causes a slightly higher growth rate and lower crystal
quality. The in-situ temperature data has some oscil-
lations between 9000 s and 11000 s. The SOI BOX and
device Si layers cause increased interference, and thus,

the measurement instrument emissivity correction is
hindered.

Figure 3. SOI wafer surface non-emissivity corrected
temperature profile during GaN growth step. The susceptor edge
and the wafer flat are seen as the higher temperature outer ring.

Figure 3 presents a wafer surface temperature
profile during GaN growth step on a SOI substrate.
The map suggest a temperature variation of about
10 ◦C on the wafer. This value is reasonable and
allows growth with uniform layer thickness over the 6-
inch wafer, although it could be considerably improved
by optimizing the susceptor temperature profile. This
could be done by adjusting the heater elements under
the susceptor. It should be noted that the heater
balance used in this recipe is optimized for bulk Si.
What is more, this map is not interference corrected,
and as mentioned previously, the SOI substrate layers
cause increased interference hindering the temperature
estimation.

Figure 4. Thickness map of the epitaxial layers of sample B
grown on 6-inch SOI.

Figure 4 presents a thickness map of the epitaxial
layers of sample B grown on 6-inch SOI substrate
based on white light reflection measurement. The
layer uniformity on SOI wafers was similar as on the

Page 4 of 1AUTHOR SUBMITTED MANUSCRIPT - SST-103143.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Acc

ep
ted

 M
an

us
cri

pt
nce

tratesates

ted in-situ sub-ub-
nm wavelength re-nm wavelength re-
bulk Si and (b) SOIulk Si and

he SOI substrate doessubstrate d
th. The growth rates aregrowth rates

m/h for AlN, AlGaN andor AlN, AlGaN
However, the growth rateer, the growt

bulk Si is 0.96k Si is 0.9 μm/hm and
e growth process was devewth process was

s, it could be further optimld be furth
he in-situ reflectance dataitu reflectance

suggest that the layer qualit that the la
step graded AlGaN bufferaded AlGaN

de of oscillations is decreasscillations is de
0 ◦C too high substratetoo high substrate

ch can be deduced based oe deduced based o
ature difference is probabdifference is p

mal conductivity of the thiductivity o
o by a difference in susceptfference in s

ontact. Similarly, the surfa. Similarly, the
pressure (400 mbar) GaNre (400 mb
11000 s) is about 20s) is abou ◦

causes a slightly highslightly
quality. The in-situquality. The
lations between 90lations betw
device Si layersdevice Si l

ity correctcorre

3. SOI wafer surface nOI wafer surf
ature profile during GaN growthofile during Ga

he wafer flat are seen as the higflat are seen as

Figure 3 presents aigure 3 prese
profile during GaN groduring GaN
The map suggest ahe map sugge
100 ◦CC on the wafeon the
allows growth withllows growt
inch wafer, althoinch wafer
by optimizingby optim
could be donuld b
the suscepthe
balanceba
What
and
cau
e



5

Figure 5. Cross sectional SEM-image of the epitaxial layers
and the SOI substrate layers of sample E.

reference Si substrate. The standard deviation of layer
thickness was 1.25% for sample A grown on bulk Si
and 1.36% for sample B grown on SOI substrate. The
nominal thickness of these samples was 2 μm. Figure 5
presents a cross-sectional SEM-image of the epitaxial
layers and the SOI substrate layers of sample E.
SEM-images were in good agreement with the optical
thickness measurements.

3.2. X-ray diffraction

Three-axis HR-XRD measurements were per-
formed to assess the quality and strain of the epitaxial
layers. Symmetrical ω−2θ scans were recorded for the
SOI device Si layer and all the epitaxial layers. Rocking
curves were measured for SOI device Si (111) reflection,
GaN reflections (002), (105) and (102), and reflections
(002) and (105) of AlN layers. In addition, reciprocal
space mapping (RSM) was performed for samples A,
B and C around reflections (002) and (105).

Table 2 presents the full width half maximum
(FWHM) of XRD rocking curves for the fabricated
sample structures. The samples grown on SOI
substrates B-F have slightly broader (002) peak
compared to sample A grown on bulk Si. Typically
the peak width of symmetrical scans is attributed to
edge and mixed dislocation density although other
broadening factors such as wafer curvature can be
present [21]. Similarly, the FWHM of (105) reflection is
slightly broader for samples grown on SOI substrates.
The (105) reflection width is mostly affected by edge
and mixed dislocations with some contribution from
screw dislocations. On the other hand, the skew
symmetrical (102) scans of samples grown on SOI
substrates are considerably broader than for sample A.
The (102) scan width is affected by screw dislocations
but it also has contribution from the edge and mixed
dislocation types [21]. The differences in the peak
widths suggests different dislocation densities, and

furthermore, difference in the ratios of edge and
screw type dislocations between samples grown on
bulk Si and SOI substrates. However, it should
be noted that there are other broadening factors,
beside the dislocation density, that can effect the peak
widths such as wafer curvature, microstrain or limited
correlation length [21]. Therefore, dislocation densities
are discussed further in the next chapter using a direct
defect selective etching measurement.

Similar differences in peak widths of the AlN layer
can be observed between the samples grown on SOI
substrates and bulk Si. The (002) reflection FWHM
is slightly higher for samples grown on SOI substrates
compared to the bulk Si sample. It should be noted
that the AlN (105) reflection intensity was low because
the AlN layer is thin and it has lower quality than the
GaN layer. Therefore it can be said that the (105) peak
widths are in the same order of magnitude, although
the samples grown on SOI have a somewhat broader
peak.

Based on table 2 it can be seen that the SOI
substrate BOX thickness and AlGaN buffer thickness
have an effect on the SOI device Si layer deformation.
The Si (111) peak width for sample A grown on bulk
Si is narrow compared to the peak widths of samples
grown on SOI substrates since the (111) oriented Si
layer in the sample A is about two orders of magnitude
thicker and has little to no deformation. The Si
(111) FWHM of sample B with 1 μm BOX is about
half of the FWHM value of sample E with 2 μm
BOX. Similarly, increasing the AlGaN buffer thickness
increases the device Si deformation. Sample C with
1.5 μm AlGaN buffer has more than double the Si (111)
peak width than sample B with 1 μm AlGaN buffer. In
addition, the Si (111) peak width increases in samples
through D, E and F with AlGaN buffer thicknesses of
0.5 μm, 1 μm and 1.5 μm, respectively.

Based on Table 2, the SOI BOX layer thickness has
some effect on the GaN quality. Sample B with BOX
thickness of 1 μm has a similar (002) peak width than
sample E with BOX thickness of 2 μm. However, the
(102) peak width of sample E is greater than for sample
B. Therefore, sample E has a greater screw/mixed
dislocation density and, on the other hand, could have
a slightly lower edge dislocation density. This behavior
could be attributed to the increased deformation of the
SOI device Si layer.

The interplay between the AlGaN buffer thickness
and SOI substrate BOX thickness on GaN quality is
not straightforward. There is no clear trend in the
rocking curve widths of samples D, E and F with
BOX thickness of 2 μm, and AlGaN buffer thickness
of 0.5 μm, 1 μm and 1.5 μm, respectively. However,
sample E has the highest (102) peak width which could
suggest an increased screw/mixed dislocation density
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Table 2. Full width half maximum of XRD ω rocking curves.

Sample A B C D E F
GaN 002 (arcsec) 690 792 715 783 806 788
GaN 105 (arcsec) 568 592 535 606 621 583
GaN 102 (arcsec) 1660 2214 1757 1934 2330 2146
AlN 002 (arcsec) 1694 1859 1591 1898 2089 1922
AlN 105 (arcsec) 2162 2279 2327 1873 2586 2208
Si 111 (arcsec) 14.4 45.4 106 73.4 82.1 102

Table 3. Full width half maximum of XRD 2θ − ω symmetrical scans.

Sample A B C D E F
GaN (arcsec) 36.6 33.1 30.2 37.1 33.1 33.5
Al20Ga80N (arcsec) 98.1 113 88.6 139 110 105
Al50Ga50N (arcsec) 106 173 104 166 159 112
Al80Ga20N (arcsec) 102 123 76.7 139 111 94.0
AlN (arcsec) 140 157 136 145 175 174
Si (arcsec) 5.76 11.2 23.0 10.1 12.6 11.5

Table 4. Lattice constants determined from reciprocal map around (105) reflection and reported relaxed values.

Sample A B C relaxed [4]
GaN a (nm) 0.3194 0.3194 0.3186 0.3189
GaN c (nm) 0.5184 0.5182 0.5184 0.5185
AlN a (nm) 0.3127 0.3126 0.3116 0.3112
AlN c (nm) 0.4970 0.4973 0.4974 0.4980

and, since the (002) peak widths are similar for samples
D-F, a slightly lower edge dislocation density. However,
sample C with 1 μm BOX thickness and 1.5 μm AlGaN
thickness has narrower (002) and (102) peak widths
than sample B with 1 μm AlGaN thickness. Therefore
it seems that the employed buffer scheme has to be
optimized according to the BOX thickness.

Table 3 presents the FWHM values of symmetrical
2θ−ω scans for the epitaxial layers and the SOI device
Si layer. The width of the 2θ − ω scan is connected
to the out-of-plane deformation of the layer and in-
homogenious strain [21]. It should be noted that only
layer peaks with similar thickness are comparable in
the 2θ − ω measurement. Interestingly, it can be
seen that samples B and E grown on SOI substrates
have a larger out-of-plane deformation in the epixial
layers except the GaN layer, which has a lower value,
compared to sample A on bulk Si. Furthermore, all
the samples grown on SOI substrates show a lower
or similar out-of-plane deformation for the GaN layer.
Increasing the buffer layer thickness reduces the out-
of-plane deformation of the GaN layer. Sample C
with a 1.5 μm AlGaN buffer has a narrow peak width
than sample B with 1 μm buffer. Similar trend can
be observed for samples D and E with AlGaN buffer
thicknesses of 0.5 μm and 1 μm, respectively. However,
increasing the AlGaN buffer thickness does not seem
to improve the GaN quality of sample F. The out-of-

plane deformation of the SOI device Si layer is similar
for all samples grown on SOI substrates, except sample
C which has approximately a double the peak width of
other samples. These symmetrical 2θ−ω scans suggests
that GaN grown on SOI substrates is under lower strain
than GaN grown on bulk Si.

Figure 6 presents RSM measured around symmet-
rical (002) and asymmetrical (105) reflections of sample
C grown on SOI. Both maps show five peaks created
from top to bottom by layers: AlN, three step graded
AlGaN buffers and GaN. In the RSM (105) (Figure
6 right), the diffraction peaks are separated in terms
of the Qx coordinate. This indicates that the layers
have slightly different in-plane lattice constants and
thus some relaxation between the layers.

In order to extract more information from the
reciprocal space maps, 2D-Gaussian fitting was used.
Figure 7 presents an example of the fitting around
(105) RSM around GaN reflection of sample C. The
functions were rotated to provide a better fit since
the diffraction peaks typically have their major axis
slightly rotated respect to the Qx axis due to lattice
tilt [21]. In addition, a constant term was added to
account for the background noise.

Table 4 presents the lattice constants calculated
for GaN and AlN based on the 2D-Gaussian fitting
for the RSM (105) and reported values for relaxed
lattice constants for GaN and AlN. The GaN layers
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Table 5. Amount of edge and screw/mixed dislocations determined from defect selective etching measurement.

Sample A B C D E F
Total (1010/cm2) 1.93 1.02 0.82 0.914 0.73 0.833
Edge (1010/cm2) 1.93 0.73
Screw and mixed 0.81 1.34
(107/cm2)

density of sample E is 65% greater compared to the
sample A value.

The differences in the dislocation density and in
the dislocation types could be attributed to the lower
strain of layers grown on SOI substrates, behavior that
was also suggested by XRD measurements. The SOI
substrate has been previously suggested to act as a
compliant substrate and relief the strain through the
formation of dislocations in the SOI device Si layer
[8, 22]. This behavior could explain the decrease in
total dislocation density in GaN layers grown on SOI.

Based on Table 5 it can be seen that both the
thickness of BOX and AlGaN buffer have an effect on
the GaN layer quality. Samples D, E and F grown
on a SOI substrate with a 2 μm BOX have a lower
dislocation density than samples B and C where the
substrate has a 1 μm BOX. Therefore, it seems that
a thicker BOX increases the compliance of the SOI
substrate. On the other hand, the optimal thickness
of the AlGaN buffer depends on the BOX thickness.
For samples grown on SOI with 1 μm BOX, sample
B with a 1.5 μm buffer the crystal quality is higher
than for sample A with a 1 μm buffer. Conversely,
samples grown on SOI with 2 μm BOX, sample E
with a 1 μm buffer the crystal quality is higher than
for samples D and F with 0.5 and 1.5 μm buffers,
respectively. Sample D with a 0.5 μm buffer has a
higher quality than sample B with a 1 μm buffer. This
shows that higher quality GaN can be achieved even
using a thinner AlGaN buffer if the BOX is thicker.
The thinner buffer reduces the growth time by 1 hour,
and thus, reduces the total process cost. In addition,
our results indicate that varying the SOI device Si layer
thickness could lead to even better crystalline quality.

3.4. Synchrotron x-ray topography

Synchrotron radiation X-ray topography (SR-XRT)
large-area transmission (TR) and TR section measure-
ments were performed in order to analyze the local
strain state and dislocations of individual films, in par-
ticular, the SOI device Si layer. The topographs on
the X-ray films consist of three diffraction patters: one
originating from the GaN layer, another from the (111)
SOI device Si layer and the third one from the (100)
SOI handle Si layer. However, the pattern of the GaN
film is hardly distinguishable because the SR-XRT is

Figure 9. 422 large-area TR topograph of the SOI handle Si
layer of sample F. Diffraction vector projection �g is indicated in
the figure.

most suited for nearly perfect crystals.
Figures 9 and 10 present the large-area TR

422 SOI handle Si layer topograph and TR 11̄1
SOI device Si layer topograph, respectively. These
topographs were recorded at the same time and (more
importantly) at the same spot by exploiting the
different crystalline orientations of respective layers, so
that these diffraction images did not overlap. SR-XRT
from a perfect crystal produces a number of uniform
intensity reflections according to the Bragg’s law and
these reflections are then recorded on a X-ray film. Any
deviation from a perfect lattice, such as dislocations,
grain boundaries or strain, causes deformation of the
diffracting lattice planes and thus results in a non-
homogenious diffracted intensity [17–19, 23]. From
these topographs it can be seen that a dislocation
network has formed to SOI device Si layer. Previous
results on same type of wafer show that no dislocations
are generated during the SOI bonding process [17]. In
addition, similar dislocation network is not formed in
the case of GaN growth on bulk Si, instead the epitaxial
GaN layer is cracked if sufficient strain is reached
[24]. Dislocation network has most probably formed
due to high localized strain related to GaN growth.
Since the growth temperature of GaN is close to the
glass transition temperature of the SOI BOX layer the
SOI device and handle Si layers can be considered as
mechanically decoupled. The thickness of GaN layers is
comparable to the device SOI device Si layer, and thus,
significant part of the stress is confined in the thin SOI
device Si layer leading to high local strain. However,
in the case of typical GaN on 6-inch bulk Si epitaxy,
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the substrate is approximately two orders of magnitude
thicker than the GaN layers and no deformation of the
substrate occurs.

Figure 10. 11̄1 large-area TR topograph of the SOI device Si
layer of sample F. Diffraction vector projection �g is indicated in
the figure.

Figure 11. 242 section TR topograph of the SOI handle Si layer
of sample F. Diffraction vector projection �g is indicated in the
figure.

Figure 12. 11̄1 section TR topograph of the SOI device Si
layer of sample F. The horizontal lines indicate the maximum
amplitude of rotation. Diffraction vector projection �g is
indicated in the figure.

Figures 11 and 12 present the TR 242 SOI handle
Si layer section topograph and the TR 11̄1 SOI device
Si layer section topograph, respectively. The 422
topograph in Figure 9 and the 242 topograph in
Figure 11 are equivalent reflection planes. It should
be noted that the cellular strain network reported in
Reference [17] is not visible in Figure 11 due to the
overlapping dislocation network which has a higher
contrast. The streaks and the wavy thick line in the TR
11̄1 SOI device Si layer section topograph (Figure 12)
are interpreted as a result of orientation contrast. The
orientation contrast is caused by high localized strain
or deformation of the crystal structure by generation
of dislocations in the SOI device Si layer and is seen

as sharp spikes in the section TR topograph. The high
localized strain is characteristic to GaN on Si growth as
the first low temperature AlN layer nucleates as grains
[25]. The grains create a non-homogeneous strain field
to the grain-substrate interface [26]. The maximum
amplitude of the rotation of 11̄1 planes α ≈ 0.04◦. This
value was calculated from the shape of the topograph
in Figure 12 and the sample distance of 60 mm
[23]. The maximum localized layer stress σmax can
be estimated by assuming that the maximum relative
strain is close to the maximum angular spread α and
that all orientation contrast is due to strain. Using
this approximation we get σmax ≈ Eα ≈ 6.8 GPa,
where E = 170 GPa, is the silicon 〈100〉 Young’s
modulus [17]. This value can be then compared to the
stress required to spontaneously nucleate dislocations
σnucl ≈ 2.5 GPa [27]. The dislocation network in the
SOI device Si layer seen in Figure 10 and the estimated
maximum localized strain suggest that the stress relief
mechanism in GaN on SOI epitaxy is the formation of
a dislocation network to the SOI device Si layer.

3.5. Vertical leakage current measurement
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Figure 13. Vertical through substrate leakage current of the
epitaxial layers of sample A grown on bulk Si (black) and sample
E grown on SOI (red) substrate.

Vertical through substrate leakage current mea-
surements were performed to assess the effect of the
BOX on device insulation. Figure 13 presents the mea-
sured leakage current for sample A grown on Si and
sample E grown on SOI substrates. Positive voltage in-
dicates positive biasing of top electrode. In both struc-
tures, the resistive AlN/AlGaN layers together with
the carbon doped semi-insulating GaN layer provide in-
sulation against the vertical current path [14, 28]. The
SOI BOX creates a significant insulating energy barrier
for the charge carriers in samples grown on SOI sub-
strates [10]. It should be noted that the p-type bulk
Si substrate and the p-type SOI handle Si layer are
considerably more conductive than the epitaxial lay-
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ers, and thus, do not offer significant insulation.
It can be seen (Figure 13) that the use of a

SOI substrate with 2 μm BOX significantly improves
the breakdown characteristics, the onset of breakdown
is delayed by approximately 400 V. The vertical
through substrate current of sample A is approximately
same at 80 V bias than sample E current at 480 V
bias. The SOI layer structure of can be modeled as
a semiconductor-insulator-semiconductor diode which
has a high resistance until a threshold voltage is
reached. Previously a 95 V improvement has been
reported for GaN layers grown on SOI with much
thinner BOX layer (200 nm) compared to similar
structure grown on bulk Si [10]. However, it should
be noted that the semi-insulating GaN of our samples
shows considerable conductance. This caused the
structure grown on bulk Si to exhibit leakage at over
100 V bias. The semi-insulating GaN layer should be
optimized in order to further improve the breakdown
characteristics of both samples. In addition, a more
insulating SOI handle Si layer could further improve
the breakdown characteristics.

4. Conclusions

GaN layers were grown by MOVPE on 6-inch Si and
SOI wafers using the standard step graded AlGaN and
AlN approach. The standard deviation of thickness
was 1.25% and 1.36% for a nominally 2 μm thick
epitaxial stack grown on bulk Si and SOI wafer,
respectively. The GaN layers grown on SOI exhibited
lower strain according to XRD analysis compared to a
bulk Si substrate. EPD measurements suggested that
using a SOI substrate reduces the dislocation density
approximately by a factor of two. Furthermore, growth
on SOI substrate allows to use a thinner AlGaN buffer
compared to bulk Si while maintaining the crystalline
quality. This can reduce the epitaxial process time
by approximately by one hour. SR-XRT analysis
confirmed that the stress relief mechanism in GaN on
SOI epitaxy is the formation of dislocation network
to SOI device Si layer. The BOX layer significantly
improves the vertical leakage characteristics, the onset
of leakage is delayed by approximately 400 V. These
results show that GaN on SOI platform is promising
for power electronics applications.
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Grass-like Alumina with Low Refractive Index for Scalable,
Broadband, Omnidirectional Antireflection Coatings on Glass Using
Atomic Layer Deposition
Christoffer Kauppinen,*,†,‡ Kirill Isakov,†,‡ and Markku Sopanen†

†Department of Micro- and Nanosciences, Micronova, Aalto University, P.O. Box 13500, FI-00076 Aalto, Finland

ABSTRACT: We present a new type of nanoporous antireflection (AR) coating
based on grass-like alumina with a graded refractive index profile. The grass-like
alumina AR coating is fabricated using atomic layer deposition (ALD) of alumina and
immersion in heated deionized water. Optical transmittance of 99.5% at 500 nm was
achieved with average transmittance of 99.0% in the range of 350−800 nm at normal
incidence for double-sided coated glass. Angular spectral transmittance (0−80°) of
the double-sided AR coated glass was also measured in the range of 350−800 nm and
found to have mean spectral transmittance of 94.0% at 60°, 85.0% at 70°, and 53.1%
at 80° angles of incidence, respectively. The grass-like alumina AR coating is suitable
for mass production with the presented technique: even hundreds of optical
components can be coated in parallel. Furthermore, as an ALD-based technique, the coating can be deposited conformally on
surfaces with extreme topography, unlike many spin-coating, physical vapor deposition or glancing angle deposition-based
coatings used today.

KEYWORDS: ALD, atomic layer deposition, alumina, antireflection, graded index, broadband, omnidirectional, nanoporous

1. INTRODUCTION

Antireflection (AR) coatings are perhaps the most universal
feature in all of optics, as they are used everywhere from camera
lenses to high-performance solar cells. Typically, AR coatings
seek to minimize reflection by texturing the original surface1 or
by coating the surface with a suitable dielectric material. With a
single AR layer, the Fresnel reflection at normal incidence is
minimized when the refractive index of the AR layer is

=n n nAR substrate air , and the optical thickness of the layer is
chosen to be a quarter of the wavelength. This means that glass,
the most widely used optical material, with refractive index of
approximately 1.5 should have an AR coating with refractive
index of 1.22. This is problematic as MgF2, the lowest refractive
index inorganic material, has a refractive index of 1.38.2

Introducing nanoscale porosity into materials is a way to
artificially lower the effective refractive index of the material.
The increased porosity lowers the density, thus lowering the
effective refractive index. Nanoporous materials have been
studied vigorously as AR coatings for glass and other
materials.2−11 Often nanoporous AR coatings are manufactured
with a gradient refractive index profile5−10 due to the well-
known broadband and omnidirectional AR properties a
gradient-index layer provides.12,13 In addition to nanoporous
AR coatings, there has been intense research in optical
reflectionless potentials and reflection suppressing metamate-
rials in recent years.14,15 The most common deposition
methods for nanoporous AR coatings are spin-coating3,9 and
glancing angle deposition.4−6,8,10,11 Neither of these techniques
scales well to coating hundreds or thousands of components in
parallel, nor do they permit coating all the surfaces of an object

with a single run, though the obtained performances are
excellent.
Chemical instability of alumina films made by atomic layer

deposition (ALD) in heated water has been well-estab-
lished,16,17 as have the morphology changes during long-term
exposure to water.18,19 In this study, we exploited this
morphology change by using short-term (30 min) immersion
of ALD alumina films to heated (20−90 °C) deionized water
(DIW) to study the formation of grass-like alumina and its AR
properties on glass. This grass-like alumina is extremely
interesting as a nanoporous AR coating due to its scalability,
ability to coat all surfaces with one run, excellent optical
transmittance, and gradient refractive index, but has not so far
been used in this capacity, although porous anodic alumina and
sol−gel-based aluminas (some with “flower-like” structures
using the hot water treatment) have been.2,20−25 Neither
porous anodic alumina nor sol−gel-based aluminas produce
conformal coatings,26 and the presented grass-like alumina AR
coating is the first conformal nanoporous AR coating made
from alumina and the first nanoporous AR coating made using
DIW immersion of ALD alumina.

2. EXPERIMENTAL SECTION
The amorphous ALD alumina was deposited on Corning microscope
slides (n = 1.48, from Brewster’s angle) with a BENEQ TFS500 ALD
reactor using the classic water−trimethylaluminum (TMA) process27

at a reactor temperature of 120 °C and pressure of 5 mbar. The
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number of cycles was 313; the TMA pulse time was 200 ms, and the
purge time for TMA was 1.9 s. The water pulse time was 200 ms; the
purge for water was 2.15 s, and for the carrier gas (nitrogen), the flow
was 200 sccm. In addition to these, a constant nitrogen flow of 150
sccm was let into the reactor throughout the deposition. This process
resulted in 28 nm-thick (n = 1.64) uniform alumina layer on a silicon
wafer. The alumina layer was grown on a Si wafer with natural oxide
on the surface (due to atmospheric oxygen) and on all measured glass
slides excluding reference glass slides. As the surface of the silicon
wafer was oxidized before ALD, we presume that the growth
conditions for the alumina on the oxidized silicon surface are closely
similar to the growth conditions of alumina on glass and that the
deposited thicknesses are the same. Pieces of the ALD alumina coated
silicon wafer were each paired with a similarly coated glass slide and
processed together, ensuring identical treatments. This pairing was
done to measure the refractive index and thickness of the coating from
the silicon sample using ellipsometry (Plasmos He−Ne ellipsometer)
before and after DIW treatment, as the measurement is very difficult
from transparent glass slides. Two series of samples were made: single-
sided coated samples and double-sided coated samples. Both series
were processed in a beaker of DIW inside an IKA HBR 4 digital heat
bath with built-in temperature control. In both series, the temperature
was first stabilized before inserting the sample to accurately know the
water temperature. Optical transmittance of 99.5% at 500 nm was
achieved as well as average transmittance of 99.0% over the range of
350−800 nm at normal incidence. Angular spectral transmittance (0−

80°) of the double-sided AR coated glass was also measured in the
range of 350−800 nm and found to have mean spectral transmittance
of 94.0% at 60°, 85.0% at 70°, and 53.1% at 80° angles of incidence,
respectively. All transmittances in this paper were measured using an
Agilent Cary 7000 Universal Measurement spectrophotometer.
Suitability of the grass-like alumina coating for surfaces with extreme
topography was studied by conformally coating black silicon surfaces
with grass-like alumina and taking cross section scanning electron
microscope (SEM) images. The black silicon was fabricated with
cryogenic inductively coupled reactive ion etching using common
parameters found in literature.28−30

3. RESULTS AND DISCUSSION

Figure 1a shows the effect of different DIW treatment
temperatures on the film thickness and refractive index (both
from ellipsometry), while Figure 1b shows how the DIW
temperature affects the root-mean-square surface roughness
(Rq) measured using AFM. The changes were so large that we
repeated the deposition with another BENEQ TFS500 reactor
with similar results. It can be seen from Figures 1a and b that
the alumina film shows negligible change below 40 °C; between
40 and 50 °C, some roughening occurs and the thickness
increases, and above 50 °C, a dramatic change in the film
occurs. The dramatic increase in surface roughness happens

Figure 1. (a) Refractive index and thickness of the treated alumina films as a function of the DIW treatment temperature measured using
ellipsometry from the silicon samples. The dots mark the measured refractive indices, and the crosses mark the thicknesses. (b) AFM measurements
of the surface roughness from the silicon samples. The horizontal axes are identical in panels a and b. (c−e) SEM images of the ALD alumina
processed at different DIW temperatures. The imaging angle was 18° from the plane of the surface. (f) Transmission spectra of single-sided coated
glass samples at normal incidence. The solid arrow shows the trend of the transmittance as the DIW temperature is increased toward 50 °C. The
dashed arrow shows the dramatic increase in transmittance with temperatures over 50 °C.
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simultaneously with the sharp decrease in refractive index and
the jump of the film thickness, as seen in Figure 1a and b. This
major morphology change is the formation of grass-like
alumina. The morphology change from film to grass-like
alumina is qualitatively seen in the SEM images in Figures 1c−
e. The roughening in the SEM images matches nicely with the
AFM measurements, where major surface roughness starts to
form in the vicinity of 50 °C, and at lower temperatures, the
film has low roughness. This kind of spiky surface morphology
is unique to grass-like alumina, as the flower-like structures
obtained on porous sol−gel alumina using the hot-water
treatment result in distinctly rounder structures with
significantly larger voids.21,22,25

The change in surface morphology has a great influence on
the transmittance. This is shown in Figure 1f, which displays
the spectral transmittance of the single-sided coated glass
samples, which are the glass counterparts of the samples in
Figure 1a, ensuring identical processing. Figure 1f demonstrates
that below 50 °C, all the treatments in water are detrimental to
the transmittance. This can be understood by the fact that the
initial 28 nm-thick alumina layer has a refractive index (n =
1.64) higher than that of the glass, causing less light to pass due
to increased Fresnel reflection. When nearing 50 °C, the DIW
causes some roughening of the surface, as indicated in Figure
1b, which causes even less light to pass due to scattering from
the well separated alumina “grasslets” (Figure 1d). This
roughening induces porosity, which lowers the refractive
index, seen in Figure 1a. The DIW treatment at 48.2 °C is
enough to cause sufficient nanoscale roughening so that the
transmittance starts to increase. Above 50 °C, the nanoscale
roughness is high enough to dramatically increase the spectral
transmittance. The highest transmittance samples have DIW
temperatures higher than 60 °C. According to the ellipsometry,
these correspond to AR coatings with refractive indices of
approximately n = 1.20. This is extremely close to the ideal
refractive index of 1.22, and it is therefore not surprising that
these samples show the highest transmittance. It should be
noted, however, that the ellipsometer assumes a uniform
coating and can not handle a graded profile. Therefore, the
values for the refractive indices and thicknesses in Figure 1a are
approximate.
Figure 2 displays the spectral transmittance of double-sided

coated glass samples at normal incidence. It is clear that high
broadband transmittance was achieved, as all the presented
samples have transmittance higher than 97% on the whole
measurement range. The 90 °C sample is the best with average
transmittance of 99.0% between 350 and 800 nm and peak

transmittance of 99.5% at 500 nm. Furthermore, the coatings
exhibit extreme omnidirectionality, as shown in Figure 3. In

Figure 3a, the transmittances of the double-sided grass-like
alumina coated glass samples at 60° angle of incidence are all
over 95%, which is significantly higher than the 91.9% for bare
glass at normal incidence. Additionally, at the angle of incidence
of 80° the transmittance of the coated glass slides is still roughly
16 percentage points higher than that of bare glass, further
demonstrating extreme omnidirectionality. Figure 3b shows the
spectral transmittance of the 90 °C sample at 0−80° angles of
incidence. From Figure 3b, it is clear that broadband and
omnidirectional characteristics are obtained. Below a 30° angle
of incidence, the spectral transmittances are roughly the same,
and the effect of the incidence angle dominates only at near
glancing incidence angles. The mean spectral transmittances are
94.0% at 60°, 85.0% at 70°, and 53.1% at 80° angles of
incidence, respectively.
Figure 4a shows the SEM cross section and simulated

refractive index profile of the grass-like alumina treated at 90 °C
DIW. The SEM image in Figure 4a shows a coating
(approximately 200 nm) somewhat thicker than that in Figure
1a (125 nm using ellipsometry), and the authors consider the
SEM thickness value to be more reliable, as the ellipsometer
assumes a uniform coating. The simulation was done by fitting
a transfer-matrix method calculation to the transmittance
measurement of the double-sided coated glass sample treated
at 90 °C and varying the layer refractive indices. This is a
known method; other research groups have used commercial
software to fit a refractive index profile to transmittance with
good results,31 but our custom-built simulation was sufficient.
The simulation assumed 200 nm-thick AR coating layers

Figure 2. Transmission spectra of double-sided coated DIW treated
samples at normal incidence.

Figure 3. (a) Angular transmission spectra of double-sided coated
DIW treated samples measured at 500 nm. The improvement of the
transmittance compared to the bare glass is clear. (b) Spectral
transmittance from 0−80° angles of incidence for double-sided coated
glass sample treated at 90 °C.
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(inferred from the SEM image) and was discretized to 1 nm
layers, and the coherence length of the incident light is such
that interference effects occur only in the thin coatings on the
surfaces and not in the relatively thick 1 mm bulk glass
(reasonable for nonlaser sources32). Figure 4b shows the
measured and simulated transmittances. The curve with circles
is the measured transmittance, and the solid curve is the
simulation. The simulation matches the transmittance curve
well at wavelengths over 600 nm, and below 600 nm, the match
is only fair. Nevertheless, the total fit to data seems to be
adequate as the normalized RMS error is only 0.0013. In
addition, the calculated refractive index profile in Figure 4a is
qualitatively reasonable, as the top of the grass-like alumina is
clearly less dense (see Figures 1c−e and Figure 4a), and the
bottom layers approach n = 1.6, which shows that the
bottommost layers of ALD alumina are less affected as the
untreated alumina had n = 1.64. As the simulation matches the
results well quantitatively, and the qualitative match is good, we
conclude that the actual refractive index profile should roughly
match our calculations.
The authors believe that, although the long-term instability

of ALD alumina is established in heated water,17,19 the grass-
like alumina coatings are stable in ambient conditions. The
samples were kept in ambient (office) conditions for multiple
weeks without observable changes. Moreover, there have been
long-term studies33 with similar ALD growth parameters
resulting in alumina coatings that are stable in moist, warm
air. Annealing the grass-like alumina films in a high temperature
under nitrogen atmosphere is a proven method to make ALD

alumina films water resistant.19 Therefore, if grass-like alumina
is used for prolonged periods in outdoor conditions with rain
or in underwater applications, annealing could provide the
needed environmental protection without significantly degrad-
ing the excellent AR properties.
As the initial alumina layer for grass-like alumina is deposited

with ALD, surfaces with extreme topography can be coated.
Figure 5a shows a cross-section SEM image of a black silicon

surface; Figure 5b displays the same surface with 28 nm of ALD
alumina, and in Figure 5c, the alumina has been DIW treated to
form grass-like alumina. The arrow in Figure 5c points to one
of the conformally coated valleys on the black silicon surface.
Some parts of the coating have been ripped off close to the
edge due to the silicon sample being cleaved, but the adhesion
of the coating seems to be adequate as the cleaving process is
rather dramatic. Figure 5c demonstrates that the grass-like
alumina process can be used on surfaces other than glass and

Figure 4. (a) Cross-sectional SEM image (imaging angle 3.4°) from
grass-like alumina (90 °C DIW) with simulated refractive index profile.
The charging of the alumina, which has high resistance, is clearly seen
in the SEM image. (b) Spectral transmittance of double-sided coated
90 °C DIW treated sample from Figure 2 (circles) and simulated
spectral transmittance (solid line).

Figure 5. Cross section SEM images of a cleaved black silicon surface.
(a) Black silicon surface without coatings. (b) Black silicon surface
with conformal ALD alumina coating. (c) Black silicon surface with
the same ALD alumina after DIW treatment. The arrow points to one
of the conformally coated valleys.
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on surfaces with extreme topography. Similar conformality is
difficult to achieve with spin-coating, dip-coating, physical vapor
deposition, or glancing angle deposition, and this is the first
instance of a conformal nanoporous AR coating made from
alumina. Optical components with less extreme surfaces such as
axicons, free-form optical components, or Fresnel lenses should
be coatable with the demonstrated method. The gradient-index
profile may vary when changing from planar surfaces (like the
coated glass slides discussed before), but a clear gradient index
still remains, as seen from Figure 5c.
The grass-like alumina coatings may have uses other than AR

coatings. The spiky structure might be used with metal as a
surface-enhanced Raman spectroscopy substrate, or the bare
layer may be used as a cell cultivation substrate. Nanoporous
filters and novel etch masks for silicon are also possible.

4. CONCLUSIONS
In conclusion, we demonstrated a new type of AR coating
based on grass-like alumina that has high broadband trans-
mission and excellent omnidirectionality. This single layer
graded-index coating is simple to fabricate using ALD alumina
and heated DIW and can be used in batch processing, thus
fabricating potentially thousands of optical components in
parallel, even on surfaces with extreme topography, as
demonstrated on black silicon.
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In this work, atomic layer etching (ALE) of thin film Ga-polar GaN(0001) is reported in detail

using sequential surface modification by Cl2 adsorption and removal of the modified surface layer

by low energy Ar plasma exposure in a standard reactive ion etching system. The feasibility and

reproducibility of the process are demonstrated by patterning GaN(0001) films by the ALE process

using photoresist as an etch mask. The demonstrated ALE is deemed to be useful for the fabrication

of nanoscale structures and high electron mobility transistors and expected to be adoptable for ALE

of other materials.VC 2017 American Vacuum Society. [http://dx.doi.org/10.1116/1.4993996]

With the recent development in 3D integration of nanoe-

lectronics and continuous electronic device down-scaling,

atomic scale process control becomes vital and very chal-

lenging. This recently triggered industrial interest in atomic

layer etching (ALE) of traditional semiconductors.1–3 ALE

is a cyclic thin film etching process that uses self-limiting

reactions,4,5 in order to obtain a well defined etch per cycle.

This can be a single atomic (or molecular, as in this work)

layer etched in one etch cycle.6–8 Historically, ALE was

developed mostly using ion beam or neutral beam etching

systems,5 often custom built. Recently, it was suggested that

conventional plasma etch tools can be used for ALE (Ref.

9), indeed ALE of Si in a close-to-conventional plasma etch

tool has been reported by Goodyear and Cooke,10 and the

ALE of silicon oxide in a conventional tool has also been

demonstrated.11 Recent advances in III-N semiconductors

also call for atomic scale control of etch processes and defect

free nanofabrication. Metal organic vapor phase epitaxy

(MOVPE) grown AlGaN/GaN heterostructure high electron

mobility transistors (HEMTs) have a well-defined layered

structure with the two-dimensional electron gas (2DEG)12,13

and can benefit greatly from recessed gates which allow

more powerful modulation of the 2DEG.14–16 Etching of the

gate recess is challenging as conventional reactive ion etch-

ing (RIE) does not provide sufficiently good control over the

etch process, and high energy ions can cause damage to the

2DEG layer.17,18 These problems can be avoided if GaN

ALE is used in etching these recesses. In addition to GaN

HEMTs, research in 2D GaN has been active,19 but the tech-

niques of growing a single monolayer or few monolayers of

GaN are challenging. GaN ALE could provide an alternative

method to the 2D material community by a controlled thin-

ning of high quality films of GaN down to a few atomic

layers. There have been reports on directional GaN

ALE,12,20,21 but a detailed description of the process includ-

ing crystal orientation and polarity has not been presented

until now. In this letter, we demonstrate and characterize the

ALE of monocrystalline Ga-polar GaN(0001) thin films,

using a standard RIE system.

GaN samples were grown on 2 in. sapphire substrates

using a vertical reactor MOVPE system (Thomas-Swan

3� 2 in.). Trimethylgallium and ammonia were used as the

sources of Ga and N, respectively. The c-plane sapphire sub-

strates were preheated in a H2 ambient at 1100 �C for 300 s,

after which the substrate was nitridated under ammonia flow

at 535 �C. This was followed by the growth of a GaN nucle-

ation layer at 535 �C and subsequent annealing at 1050 �C,
after which a 3.06 lm-thick GaN buffer layer was grown at

1025 �C. Then, a 1.46 lm-thick “device” GaN layer was

grown. The growth utilized a nucleation layer optimized
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two-step growth.22,23 After growth, etch masks were fabri-

cated on the wafers. A standard 1.5lm photoresist (AZ5214e)

layer was spin-coated on all wafers and photolithographically

patterned resulting in an array of 100lm � 1 cm stripes with

macroscopic spacings.

An inductively coupled plasma (ICP)-RIE system

(Oxford Instruments Plasmalab 100) was used for develop-

ing the GaN ALE process. A similar system has been

recently used to demonstrate Si and SiO2 ALE.10 The sam-

ples were analyzed using atomic force microscopy (AFM).

The GaN samples were treated with hydrochloric acid before

ALE in order to selectively remove the native oxide.

Figure 1 shows schematically the GaN ALE process, con-

sisting of surface chlorination [reaction (A)], purging excess

chlorine (purge A), removing chlorinated surface with Ar

ions [reaction (B)], and finally purging the byproducts (purge

B). After preliminary experiments, ALE was observed in

GaN with the process parameters presented in Fig. 1. We

observed that the ALE energy window for GaN is between

RF powers of 10W (DC bias 5V, negligible etch rate) and

50W (DC bias 24V, RIE-like etch process behavior, high

rate with surface roughness visible with an optical micro-

scope). The ALE process with a RF power of 30W (DC bias

16V) is presented in Fig. 1, as this process provided repeat-

able ALE. The etch rate as a function of the DC bias is pre-

sented in Fig. 2. The ICP power was kept zero at all times,

which means that the ALE process was effectively realized

in a RIE tool. The ICP-RIE substrate electrode was set to a

constant temperature of 23 �C in all samples.

Figure 3(a) shows the etch depth and the etch rate corre-

sponding to the ALE parameters in Fig. 1 as a function of the

number of cycles. The etch rate does not depend on the number

of cycles performed, and correspondingly, the etch depth

increases linearly with the number of cycles. The etch depth and

etch rate were measured by AFM from the difference in the

height between unmasked areas and masked areas after photore-

sist removal. The photoresist was removed by immersing the

wafers into acetone for 10min and then rinsing with 2-propanol

and deionized water.

In order to confirm ALE, we performed a synergy test,4,24

with the initial ALE parameters shown in Fig. 1. The results

of the synergy test are shown in Fig. 3(b). In the synergy

test, the samples were processed with only one of the major

steps [reactions (A) or (B)] with purging. Ideally, neither

step should individually cause etching. In the synergy test,

the GaN samples were exposed first to just Cl2 [reaction (A)]

for 200 cycles [reaction (B), the removal step was excluded].

Careful examination by AFM disclosed no measurable etch-

ing after exposure to just gaseous chlorine pulses, confirming

the ideal ALE behavior of reaction (A). A similar experi-

ment was performed with just Ar plasma exposure [reaction

(B)] for 200 cycles [reaction (A), the surface modification

was excluded], which leads to an etch rate of 0.58 Å/cycle,

seen in Fig. 3(b). The observed etching is due to Ar ions

sputtering the sample surface. This small etch rate indicates

a nonideal ALE process, which is common when using Ar

ions in the removal step as the ion energy distribution can be

wider than the ALE window.4 The undesired sputtering can

FIG. 1. (Color online) GaN atomic layer etching process and initial parameters. In reaction (A), the GaN surface (Ga-atoms larger and N-atoms smaller) is

modified with Cl2 (small diatoms), forming a chlorinated surface, and later in reaction (B), energetic Ar ions (Ar atoms represented by large individual spheres

and Ar ions spheres with arrows) remove this modified surface. One full cycle also consists of two purges after each reaction, which are crucial for self-limited

reactions. The molecular layer thickness is shown in the leftmost schematic.

FIG. 2. (Color online) Etch rate as a function of the DC bias. DC bias varied

with RF power. Other parameters are from Fig. 1.
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also cause other unwanted phenomena such as micromask-

ing, as the mask material can also be sputtered on the

unmasked area.4 The combined etch rate of sequential Cl2
and Arþ exposure is also shown in Fig. 3(b). It can be seen

that combining both reactions into the ALE sequence produ-

ces synergy and the combined etch rate is much higher than

the sum of the individual etch rates.

Figure 3(c) shows the etch rate as a function of the Ar ion

exposure time (ion dose), with the other parameters kept the

same as in Fig. 1. The dashed line shows the etch rate for one

molecular layer (ML) per cycle.25 Figure 3(c) is divided into

three regions. In region I, the etch rate increases strongly and

almost linearly with respect to the Ar ion dose since the sur-

face is highly chlorinated and ion bombardment can easily

knock out parts of the modified layer. In region II, less chlo-

rine modified surface is left after initial Ar ion bombardment,

which leads to a bowed slope. Finally, in region III, only the

pristine GaN surface is left for interaction with Ar ions, and

accordingly, very little additional etching can occur. This con-

firms that GaN ALE is achieved. Ideally, region III should be

completely saturated.4 However, region III of Fig. 3(c) is

expected to exhibit a very slight upward slope indicating qua-

sisaturation4 due to the sputtering component, see Fig. 3(b).

Quasisaturation means that small additional etching can be

obtained with a longer Ar bombardment time. In addition to

sputtering, chlorine remaining in the chamber or on the cham-

ber walls can also contribute to RIE-like parasitic etching,

which can explain significantly larger than 1 ML per cycle

etch rate in region III.

To study the possible effect of residual chlorine, the purge

A time was varied and corresponding etch rates were mea-

sured. Figure 3(d) shows the etch per cycle as a function of

Cl2 purging time (purge A). From Fig. 3(d), we deduce that

a significant amount of chlorine remains in the chamber after

reaction (A). With insufficient purging time, remaining chlo-

rine molecules contribute to higher etch rates during reaction

(B). As shown in Fig. 3(d), it takes approximately 20 s of

purging for the chamber with Ar after chlorination for the

etch rate to saturate approximately to 1 ML of GaN. This

etch per cycle is 2.87 Å/cycle, compared to the ML thickness

of 2.59 Å.25 Similar behavior of 1 ML etching has been

reported before for GaAs using the same chemistry.7 Purge

B time is less critical since very little Cl2 remains in the

chamber after purge A and reaction (B). We determine that

this 20 s purge time is optimal for obtaining close to 1 ML

etch per cycle. Goodyear and Cooke reported on signifi-

cantly shorter purge times using a modified version of the

same reactor that was used in this work.10 This modified

reactor allowed ultrashort (40ms) chlorine doses, and it is

not surprising that this allowed shorter (2–5 s) chlorine purge

times to be used.

The etch mechanism of GaN ALE is surprisingly com-

plex. When exposing wurtzite GaN(0001) surfaces to chlo-

rine gas, chlorine preferentially reacts with Ga to form

different gallium chlorides on the surface.26 Gallium chlor-

ides are known to have low boiling points27 and are easily

removed by the Ar ions. Recent molecular dynamic simula-

tions of Ar ion bombardment on chlorinated wurtzite

FIG. 3. (Color online) (a) Etch depth (circles) and etch rate (crosses) of GaN as a function of the number of ALE cycles, using the parameters in Fig. 1. (b)

Etch rate of GaN after exposure to only Cl2 [reaction (A)] and only Ar plasma [reaction (B)] for 200 cycles. In the middle bar, both reactions are combined

[reaction (A) þ reaction (B), 200 cycles], which leads to a significantly higher etch rate than the individual reactions. (c) Etch rate as a function of the Ar

plasma exposure time. (d) Etch rate as a function of the purge A time. Figure 1 shows the used parameters excluding the parameter which is varied.

060603-3 Kauppinen et al.: ALE of gallium nitride (0001) 060603-3

JVSTA - Vacuum, Surfaces, and Films



GaN(0001) surfaces reveal that the sputtering yield of chlori-

nated Ga on the GaN surface is much higher than that of

chlorinated N on the GaN surface.28 On nonchlorinated sur-

faces, there is experimental evidence that high energy

(1 keV) Ar ions preferentially sputter N over Ga,26 and

Harafuji and Kawamura28,29 also pointed out that this effect

is more profound at low energies. The simulated sputtering

energy threshold is 100 eV for N and 250–400 eV for Ga.29

This is reasonable just by looking at the crystal structure (see

Fig. 1), as N-atoms have just one covalent bond to the bulk

of the crystal below, but surface Ga-atoms have three, which

makes kinetic removal of surface-N easier than that of

surface-Ga. In this experiment with low DC bias (DC bias

16V), sputtering of N is far more likely than sputtering of

Ga as even the N sputtering is energy limited. Thus, the sput-

tering of nonchlorinated Ga-surface atoms is small, com-

pared to the sputtering of chlorinated Ga. In fact, sputtering

of nonchlorinated surface-Ga cannot be observed in simula-

tions with low energies.29 Sputtering occurs as a Ga-N pair

and not as a single Ga-atom in these simulations.29 This

leads us to conclude that the etch mechanism of our GaN

ALE is ion assisted removal of chlorinated surface Ga and

Ar ion sputtering of singly bonded surface N-atoms. Surface

Ga-atoms are chlorinated in reaction (A) (see Fig. 1), and

then in purge A, excess chlorine is removed with longer

purges [see Fig. 3(d)]. After that, in reaction (B), the chlori-

nated Ga-atoms are removed by the Ar ions, the underlying

weakly bonded N-atoms are sputtered away in the same Ar

ion pulse, and finally, in purge B, byproducts are purged

away. This results in the removal of approximately 1 ML of

GaN, when purge A is sufficiently long, see Fig. 3(d). It

must be noted that these findings hold only for GaN(0001).

A nitrogen-polar material can behave very differently as the

number of bonds for surface-Ga and surface-N is switched.

An AFM image of an ALE fabricated GaN stripe using

parameters from Fig. 1 is shown in Fig. 4. An ideal ALE pro-

cess should not damage the etched structures, and the sample

surface should be smooth and clean after etching.4,5 In Fig.

4, small additional roughness is induced on the sample as the

root mean square (RMS) surface roughness increases from

1.9 to 2.5 nm on the etched surface. The increase in

roughness can partially be attributed to nonidealities of the

ALE and partly to photoresist residues left after acetone

immersion. A clear fencing (also known as veil) effect30,31 is

also observed on the stripe due to residual photoresist. The

sidewall edge roughness in Fig. 4 is due to the initial edge of

the photomask.

In conclusion, ALE of Ga-polar GaN(0001) using a stan-

dard RIE system is achieved in this work and reported in

detail, including all process parameters. The GaN ALE pro-

cess is demonstrated by etching mesa structures masked with

photoresist, thus demonstrating the suitability of the process

for nanofabrication of GaN devices. The etch rate is shown

to be constant with the number of ALE cycles, and the etch

rate saturates when increasing the Ar ion dose. Almost

exactly (0.28 Å error) 1 ML etch per cycle is achieved with

longer purge times. All in all, the GaN ALE demonstrated in

this work provides a new method for atomic precision nano-

fabrication of Ga-polar GaN(0001) devices using widely

available RIE systems and can be potentially adopted for

ALE of various materials.
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a b s t r a c t

We present the effect of miscut angle of SiC substrates on N-polar AlN growth. The N-polar AlN layers
were grown on C-face 4H-SiC substrates with a miscut towards h�1100i by metal-organic vapor phase
epitaxy (MOVPE). The optimal V/III ratios for high-quality AlN growth on 1� and 4� miscut substrates
were found to be 20,000 and 1000, respectively. MOVPE grown N-polar AlN layer without hexagonal hil-
locks or step bunching was achieved using a 4H-SiC substrate with an intentional miscut of 1� towards
h�1100i. The 200-nm-thick AlN layer exhibited X-ray rocking curve full width half maximums of 203 arc-
sec and 389 arcsec for (002) and (102) reflections, respectively. The root mean square roughness was 0.4
nm for a 2 lm� 2 lm atomic force microscope scan.

� 2018 Elsevier B.V. All rights reserved.

1. Introduction

III-nitride (III-N) semiconductors have received much attention
for optical and electrical applications. AlN holds much promise for
high-temperature and high-power applications due to its high crit-
ical electric field, wide band-gap energy and high thermal conduc-
tivity [1,2]. An AlN-channel field-effect transistor has been
demonstrated recently [2]. However, there are challenges in the
charge carrier mobility and contact resistances. These limitations
could be overcome by employing nitrogen-polar AlN-based
heterostructures.

Wurtzite structure of III-Ns has two types of polar planes,
metal-polar (001) and nitrogen-polar (00 �1). Generally, III-N
high-electron mobility transistors (HEMTs) employ a metal polar
AlGaN/GaN structure, which has many merits in crystal growth,
i.e., smooth surface, high crystalline quality and low impurity con-
centrations. However, the performance of metal-polar HEMTs is
limited by high contact resistances to the top AlGaN layer and by
large leakage current through the GaN buffer layer. In contrast
N-polar HEMTs have a reversed structure of GaN/AlGaN layers.
The top GaN layer offers low contact resistances [3]. The AlGaN
buffer layers with higher band-gap act as a natural back barrier

and provide a low leakage current. For N-polar III-Ns HEMTs,
high-Al content AlGaN buffer layers can reduce leakage current
and induce high carrier concentrations. Thus, N-polar high-Al con-
tent AlGaN and AlN growth would be required for further high per-
formance of III-Ns HEMTs.

N-polar AlN buffer layers would be the ideal transistor platform.
However, the difficulties of N-polar III-Ns growth are limiting the
performance of N-polar III-Ns HEMTs. N-polar III-Ns growth suffers
from a high density of threading dislocations and large surface
roughness compared to metal polar III-Ns [4–12].

In N-polar III-Ns growth, adatoms have a small diffusion length
on surfaces due to high binding energy, limiting adatom transport
to kink and step sites and promoting island formation on surface
[13,14]. N-polar III-Ns hetero-epitaxial growth has multi-micron
hexagonal hillocks formed by inversion domains [15]. The inver-
sion domains are attributed to the oxidation of substrate or the
accumulation of group III atoms at low V/III ratios [7,10]. Both sur-
face islands and inversion domains increase surface roughness,
making device fabrication unfeasible.

In metalorganic vapor phase epitaxy (MOVPE) growth of N-
polar III-Ns, island formations are suppressed using an intentional
miscut substrate because the high density of steps in high off-angle
substrates enhance a step-flow growth mode [5,11,16]. However,
the growth on high off-angle substrates causes step bunching
phenomena, leading to macro steps [5,11]. The step height
increases with increasing layer thickness. The direct deposition of

https://doi.org/10.1016/j.jcrysgro.2018.02.013
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high-temperature (Al) GaN layers on an AlN nucleation layer
causes macro-steps on the layer surface [17]. In contrast, step
bunching in N-polar (Al) GaN growth is mitigated by nucleating
a lower temperature (Al) GaN layer on a thin AlN nucleation layer
[17,18]. N-polar III-N devices using low-temperature nucleation
layers have been demonstrated [18,19]. These reports control the
growth temperature of N-polar III-Ns at a fixed off angle of sub-
strates. In N-polar AlN growth, there is room to improve the
growth mode and crystalline quality by changing the off angle of
substrates.

In a previous study, we have shown that the formation of
hexagonal hillocks can be suppressed in N-polar AlN growth by
using a low growth rate of 0.1 lm=h together with an increased
temperature of 1150 �C [20]. In this paper we study the effect of
miscut angle of C-face 4H-SiC substrate on MOVPE growth of N-
polar AlN under various growth conditions.

2. Experiment

200-nm-thick N-polar AlN layers were grown on C-face of 4H-
SiC substrates by MOVPE. The substrates had an intentional miscut
of either 4� or 1� towards h�1100i (M-plane). The SiC surfaces were
cleaned in situ for 20 min at nominal substrate surface temperature
of 1180 �C in hydrogen (H2) ambient at 150 mbar pressure prior to
AlN growth. The substrate temperature was monitored using an
emissivity corrected in situ pyrometer. All temperature values in
this work refer to pyrometer estimated substrate temperature.
The MOVPE reactor had a close coupled showerhead configuration.
The gap between the showerhead and the susceptor was 11 mm,
the default value for this reactor. Trimethylaluminium (TMAl)
and ammonia (NH3) were used as precursors for aluminum and
nitrogen, respectively. AlN was grown at 1150 �C in pressure of
50 mbar with H2 carrier gas. The reactor was cleaned between
growth runs using high temperature H2 and NH3 baking steps.

Three-axis high resolution X-ray diffraction (HR-XRD) measure-
ments were performed to assess the crystalline quality of the AlN
layers. Rocking curves around symmetrical (002) and skew-
symmetrical (102) reflections were recorded. Full width half max-
imums (FWHMs) for the diffraction peaks were calculated using
least-squares fitting of a Lorentzian line-shape. The setup consisted
of an X-ray mirror, a 4 � Ge (220) monochromator and an analyzer
crystal. X-ray wavelength of copper Ka1 emission line was used.
Scanning electron microscope (SEM) images were observed in
order to assess micrometer-sized surface structures, especially
hexagonal hillocks. The surface roughness of the AlN layers was
determined by atomic force microscopy (AFM).

3. Results and discussion

Fig. 1 shows SEM images of N-polar AlN layers with 200 nm
thickness. A series over a wide V/III range from 1000 to 27,000
was grown to investigate the effect on N-polar growth in conjuga-
tion with the substrate miscut. The growth rate was maintained at
0.1 lm=h throughout the series by altering the precursor mass
flows to limit the effect of the growth rate on crystalline quality.
No multi-micrometer hexagonal hillocks caused by inversion
domains were observed in these layers [7,15]. All AlN layers grown
on the 4� miscut substrate exhibited a step flow growth mode. We
consider that the step bunching is caused by anisotropy in the ter-
race step adatom capture probabilities [21]. The anisotropy in cap-
ture probability leads to differences in step lateral advancement
rates and can cause step-bunching. The surface roughness
increases with increasing layer thickness, indicating that the step
bunching effect is not self limiting [10].

V/III-ratio has a profound effect on surface morphology of the
AlN layers grown on the 1� miscut subsrate. Inversion domains
have been suggested to form on oxidized regions of the substrate
or accumulation of Al-atoms at low V/III ratios [7,10]. The AlN layer
grown using the V/III-ratio of 1000 exhibits a high density of
sub-micrometer hexagonal hillocks. We suggest that the sub-
micrometer hillocks result from the enhancement of island forma-
tion on the surface terraces since no hillocks are observed on
4� miscut subsrates. The dependence of surface kinetics on vapor
supersaturation has been used to explain the surface morphology
of Al-polar AlN [22]. Decreasing the substrate miscut increases
surface supersaturation, and thus, can promote island formation
on the surface terraces if critical supersaturation is reached [22].

Increasing the V/III-ratio to 10,000 significantly reduces the
density of hexagonal hillocks and increases the hillock size. The
high V/III ratio decreases the surface migration of Al-adatoms, pro-
moting the incorporation of adatoms into the surface kink sites and
reducing island formation probability on the surface terraces
[5,11,23]. Increasing the V/III-ratio to 20000 suppresses the forma-
tion of hexagonal hillocks entirely. Further increase of V/III-ratio to
27,000 produces an identical surface morphology. Increasing the
V/III-ratio in this growth window shows the elimination of hillocks
and the onset of step-flow growth which could suggest decreasing
surface supersaturation. An alternative explanation could be
offered based on the Al-adatom migration length. If critical super-
saturation for island formation is reached on the surface terraces,

Fig. 1. SEM images of 200-nm-thick N-polar AlN layers grown on 4H-SiC substrates
with either 4� or 1� miscut towards ½�1100� (M-plane) at 1150 �C nominal substrate
surface temperature with varying V/III-ratio.

J. Lemettinen et al. / Journal of Crystal Growth 487 (2018) 12–16 13



the decreased migration length reduces the island capture and thus
growth rate, analogous to step-bunching. However, it is difficult to
estimate the dependence surface supersaturation on V/III-ratio due
to various process parameters. Further investigation on the rela-
tion between V/III-ratio and supersaturation is necessary.

In comparison with the 4� miscut substrates, no step bunching
is observed in a micron scale for the AlN layers grown on 1� miscut
substrate. The behavior could be attributed to wider surface ter-
races due to the decreased miscut. Decreasing the miscut angle
has been shown to increase the parameter window for step-flow
growth as the change between the dominating growth mode is less
abrupt [21]. If the diffusion length of the ad-atoms is greater than
the surface terrace width, step bunching morphology becomes
more probable. Al diffusion length of 31 nm has been estimated
for Al-polar AlN while N-polar AlN exhibits a shorter diffusion
lenght [14,24]. By assuming that the two-bilayer-high steps
formed on the SiC surfaces during the H2 surface cleaning are uni-
formly distributed, the average terrace width is 28.9 nm and 7.24
nm for 1� and 4� miscut 4H-SiC substrate, respectively [25,26].

Fig. 2 presents X-ray rocking curves (XRC) around symmetrical
(002) and skew-symmetrical (102) reflections for the V/III-ratio
series. In III-Ns, screw dislocations contribute to the broadening
of the (002) peak, while both screw and edge dislocations con-
tribute to the broadening of the (102) peak [27]. Based on Fig. 2,
the crystalline quality of the N-polar AlN layers strongly depends
on the V/III-ratio. The AlN layers grown on the 4� and 1� miscut
substrates had vastly different optimum V/III-ratios which were
1000 and 20,000, respectively. The smallest FWHMs were mea-
sured from the AlN layer grown on 4� miscut substrates with
V/III ratio of 1000 were 232 arcsec and 514 arcsec for the (002)
and the (102) scan, respectively. The FWHMs increase with
increasing the V/III ratio, suggesting degrading crystalline quality.
Based on our previous study we believe this to be the optimum
V/III ratio since hexagonal hillocks were formed when V/III ratio
was decreased below 1000 [20]. We consider that the step flow
growth mode contributes to high crystalline quality. On the other
hand, for the AlN layers grown on the 1� miscut substrates the
V/III-ratio of 20000 resulted in the smallest FWHMs of the (002)
and the (102) scans which were 231 arcsec and 515 arcsec, respec-
tively. The higher V/III ratios than 20,000 resulted in larger
FWHMs, suggesting degrading crystalline quality. Somewhat anal-
ogous to the 4� miscut substrate, highest crystalline quality is
achieved at the lowest V/III-ratio sufficient to suppress the forma-
tion of the hexagonal hillocks.

The highest reported crystalline quality in N-polar AlN has been
achieved with molecular beam epitaxy. A 200-nm-thick N-polar
AlN layer was coherently grown on SiC at very low growth temper-

ature exhibiting XRC FWHMs of 120 arcsec and 210 arcsec for
(002) and (102) scans [28]. On the other hand, relaxed AlN grown
on SiC by MOVPE, an AlN layer grown using V/III-ratio of 24,000
showed small XRC FWHMs of 468 arcsec and 684 arcsec for
(002) and (102) scans, respectively [11]. Despite relaxation, we
achieved further high crystalline quality in N-polar AlN MOVPE
growth.

Fig. 3 presents AFM 2 lm� 2 lm images from the AlN layers
grown on 1� (top) and 4� (bottom) miscut substrates with a V/III-
ratio of 20000. The surface of the AlN layer grown on the 1� miscut
subsrate is smooth with a root-mean-square (RMS) roughness of
0.4 nm. No step bunching or hexagonal hillocks are seen. In con-
trast, the AlN layer grown on the 4� miscut subsrate has a high
RMS roughness of 3.1 nm due to step bunching, with an average
step height of 9 nm. The steps propagate towards the substrate
miscut of h�1100i, indicating step-flow growth mode. This indi-
cates that it is possible to achieve simultaneous suppression of
hexagonal hillocks and step bunching for N-polar AlN by control-
ling the Al-adatom migration with optimal growth conditions on
low off-axis substrates. When compared to previous results, AFM
2 lm� 2 lm scan RMS roughness of 1.1 nm and 2 nm have been
reported for 90-nm and 120-nm-thick N-polar AlN grown on SiC,
respectively [10,11]. In these studies, the large roughness of N-
polar AlN surfaces were attributed to step bunching. N-polar III-
Ns grown on substrates with miscut angle lower than 2� by MOVPE
exhibited a high density of hexagonal hillocks [5]. 160-nm-thick N-
polar AlN on 0.2�-off axis SiC grown by MBE exhibited 0.6 nm RMS
roughness despite existence of hexagonal hillocks with a density of
107 cm�2 [28].

The substrate preparation prior to growth can have a significant
impact on the crystalline quality of the epitaxial layer. The sub-
strate H2 surface cleaning used in the V/III-series was originally
optimized for the 4� miscut substrate. A pressure of 100 mbar
was then used during the substrate cleaning. Changing the clean-
ing conditions can effect the surface profile significantly [25,26].

Fig. 2. XRC FWHMs of symmetrical 002 (filled symbols) and skew-symmetrical 102
(open symbols) scans for 200-nm-thick N-polar AlN layers grown on 4H-SiC
substrates with 1� miscut (black) and 4� miscut (red) at 1150 �C nominal substrate
surface temperature with varying V/III-ratio. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. 2 lm� 2 lm AFM images of 200-nm-thick N-polar AlN layers grown on 4H-
SiC 1� (top) and 4� (bottom) miscut substrates at 1150 �C nominal substrate surface
temperature with a V/III-ratio of 20000. The substrate miscut direction is indicated
by white arrow.
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Fig. 4 presents 500 nm� 500 nm AFM images of 4H-SiC substrates
after 20 min cleaning in H2 atmosphere using 150 mbar pressure
(top) and 100 mbar pressure (bottom) at 1180 �C nominal sub-
strate surface temperature. It can be seen that two-bilayer-high
steps have formed on the substrate surfaces. The average calcu-
lated terrace width was 20 nm and 18 nm for 150 mbar and 100
mbar cleaning pressures, respectively, roughly corresponding to
the previously calculated estimate of 28.9 nm. The difference could
be due to a slight variation between the nominal and actual miscut
angle. Based on Fig. 4 the 100 mbar cleaning pressure creates a
well defined step-and-terrace structure whereas the substrate
cleaned in 150 mbar pressure shows a more meandering step
profile.

Using 100 mbar cleaning pressure, 200-nm-thick AlN layers
were grown on 1� and 4� miscut substrates using a V/III-ratio of
20,000. Fig. 5 presents a large area SEM image of the AlN layer
grown on the 1� miscut substrate. No hexagonal hillocks or other
defects were discovered. Fig. 6 presents 2 2 lm� 2 lm AFM

images from the AlN layers grown on 1� (top) and 4� (bottom) mis-
cut substrates. Compared to the AlN layers in Fig. 3, changing the
substrate cleaning pressure has no significant effect on the layer
morphology or RMS roughness. The RMS roughnesses were 0.4
nm and 2.8 nm for AlN layers grown on 1� and 4� miscut substrate,
respectively. The crystalline quality of AlN layers grown on the 1�

miscut substrates was improved. XRC FWHMs of 203 and 389 arc-
sec for (002) and (102) reflections were measured, from a sample
grown on the 1� miscut substrate using the optimal V/III-ratio of
20,000 together with substrate cleaning pressure of 100 mbar.
We achieved the highest crystalline-quality N-polar AlN layers
grown by MOVPE.

4. Conclusions

200-nm-thick N-polar AlN layers were grown by MOVPE on C-
surface of SiC-4H substrates with an intentional miscut of 1� or 4�

towards h�1100i. The optimal V/III-ratios for 1� and 4� miscut sub-
strates were found to be 20,000 and 1000, respectively. MOVPE
grown N-polar AlN layer without hexagonal hillocks or step bunch-
ing was achieved using a 4H-SiC substrate with an intentional mis-
cut of 1�. The XRC FWHMs were 203 arcsec and 389 arcsec for
(002) and (102) reflections, respectively. The RMS surface rough-
ness was 0.4 nm for AFM 2 lm� 2 lm scan. We found that the
high V/III ratio and small off angle of substrates contributes to high
crystalline quality in high-temperature N-polar AlN growth.
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Fig. 4. 500 nm� 500 nm AFM images of 4H-SiC substrates with 1� miscut after 20
min cleaning in H2 atmosphere using 150 mbar pressure (top) and 100 mbar
pressure (bottom) at 1180 �C nominal substrate surface temperature. The substrate
miscut direction is indicated by white arrow.

Fig. 5. Large area SEM image of a 200-nm-thick N-polar AlN layer grown on 4H-SiC
1� miscut substrate at 1150 �C nominal substrate surface temperature with a V/III-
ratio of 20,000 and optimal substrate cleaning pressure of 100 mbar. A particle can
be seen on the AlN layer surface in the center of the image.

Fig. 6. 2 lm� 2 lm AFM images of 200-nm-thick N-polar AlN layers grown on 4H-
SiC 1� (top) and 4� (bottom) miscut substrates at 1150 �C nominal substrate surface
temperature with a V/III-ratio of 20000 and substrate cleaning pressure of 100
mbar. The substrate miscut direction is indicated by white arrow.
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ABSTRACT: Nanoimprint lithography (NIL) has the potential for low-cost and
high-throughput nanoscale fabrication. However, the NIL quality and resolution are
usually limited by the shape and size of the nanoimprint stamp features. Atomic
layer etching (ALE) can provide a damage-free pattern transfer with ultimate etch
control for features of all length scales, down to the atomic scale, and for all feature
geometries, which is required for good quality and high-resolution nanoimprint
stamp fabrication. Here, we present an ALE process for nanoscale pattern transfer
and high-resolution nanoimprint stamp preparation. This ALE process is based on
chemical adsorption of a monoatomic layer of dichloride (Cl2) on the silicon
surface, followed by the removal of a monolayer of Cl2-modified silicon by argon
bombardment. The nanopatterns of different geometries, loadings, and pitches
were fabricated by electron beam lithography on a silicon wafer, and ALE was
subsequently performed for pattern transfer using a resist as an etch mask. The
post-ALE patterns allowed us to study the different effects and limitations of the
process, such as trenching and sidewall tapering. The ALE-processed silicon wafers were used as hard nanoimprint stamps in a
thermal nanoimprint process. Features as small as 30 nm were successfully transferred into a poly(methyl methacrylate) layer,
which demonstrated the great potential of ALE in fabricating nanoimprint stamps with ultrahigh resolution.

KEYWORDS: atomic layer etching (ALE), nanoimprint lithography (NIL), nanopillar, nanofeatures, pattern transfer

Today the semiconductor industry is driving toward sub-10
nm technology nodes for logic and memory manufactur-

ing, which means that further device downscaling will require
atomic precision processing. For example, the tolerance for
lateral variation in fabricated structures is about 10% of the
critical feature size,1,2 which corresponds to 1 nm variation for a
10-nm-wide Fin field-effect transistor (FinFET), just 3−4
atomic layers. Atomic layer etching (ALE) enables atomic level
control because it provides subatomic etch fidelity and is
inherently a damage-free etch technique with uniformity at all
length scales.1−3 ALE is a self-limiting process in which the
surface morphology is maintained by removing one well-
defined atomic layer/monolayer at a time.4,5 To date, ALE of
several materials has already been investigated (see the list of
materials in the paper by Oehrlein et al.1). Recently, industrial
interest in ALE for nanopatterning and device fabrication has
increased significantly.2,6−8 For device patterning, one of the
emerging technologies is nanoimprint lithography (NIL)
because it provides an inexpensive, high-throughput, and
good-resolution fabrication of nanostructures.9 However, one
of the prime limitations of NIL resolution is the size and quality
of the nanoimprint stamp features.10 Here, the ALE process can

improve NIL stamp fabrication by providing atomic-scale
control. Use of the ALE process in patterning high-aspect-ratio
features with narrow pitch sizes has been reported lately.3,11,12

Because the ALE process is not perturbed by surface loading,
patterns with different geometries are expected to be processed
identically provided saturation of surface coverage is reached.
Hence, designing a combination of micro- and nanostructured
features on the same nanoimprint stamp is possible by
employing the ALE process. This is important because an
aspect-ratio-dependent etch (ARDE) effect is very common for
dry etching processes, which are typically used for NIL stamp
fabrication. However, the feasibility of the ALE process for
high-resolution NIL stamp fabrication has not yet been
reported, and this is the main scope of this study. Here, we
demonstrate an ALE process for nanoscale pattern transfer and
high-resolution nanoimprint stamp preparation using a stand-
ard ICP-RIE system as an economically affordable route to
small geometries. The potential of ALE-fabricated NIL stamps
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is confirmed by using the ALE-fabricated stamps in high-
resolution (<30 nm), high-density (60-nm pitch) imprinting of
poly(methyl methacrylate) (PMMA) thin films.
We used silicon-on-insulator (SOI) samples with a 50-nm-

thick top Si(100) layer and a 145-nm-thick sandwiched SiO2

layer to develop the silicon ALE process. This allowed us to
determine the silicon etch rate with high precision by using a
spectroscopic ellipsometer (Woollam M2000VI). Prior to
process development, all samples were treated with diluted
hydrofluoric acid in order to avoid native oxide masking. An
inductively coupled plasma reactive ion etching (ICP-RIE;
Oxford Instruments Plasmalab 100) system was used for ALE
development. A similar system was recently used to report
gallium nitride ALE,13 and a modified version of the same tool
has been used to demonstrate silicon and SiO2 ALE.14

Furthermore, the selectivity of silicon and SiO2 etching in the
ALE process has been verified. The postetched samples were
examined with ellipsometry, atomic force microscopy (AFM),
scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS).
For NIL stamp fabrication, we used 2-in. Si(100) wafers

coated with 50-nm-thick electron-beam-sensitive resist hydro-

gen silsesquioxane (HSQ; Dow Corning XR-1541). The resist
was exposed using an electron beam lithography (EBL) system
(Voyager, Raith GmbH) with a 50 keV accelerating voltage.
After exposure, the resist was developed in an aqueous solution
of sodium hydroxide (NaOH; 1 wt %) and sodium chloride
(NaCl; 4 wt %) for 10 min at 24 °C.15 Subsequently, the
sample surface was cleaned with ozone in a UV-ozone cleaning
system (UVOH 150, FHR Anlagenbau GmbH) at room
temperature for 10 min. Then ALE was performed, and all of
the nanofeatures were transferred onto the silicon wafer,
followed by removal of the resist from the surface. The surface
of the patterned wafer was first activated in a vacuum chamber
by exposure to a remote oxygen plasma for 10 s (300 W effect)
and next antistick-treated by exposure for 1320 s to the vapor of
a fluorodecyltrichlorosilane precursor heated up to 95 °C.
Finally, a NIL 6-in. imprinter system (Obducat AB) was used
for nanoimprinting. The fabricated silicon stamps with
nanofeatures were thermally imprinted (50 bar of pressure at
170 °C) in a 250-nm-thick PMMA layer.
Figure 1a shows a schematic representation of the ALE

process based on Cl2 gas surface activation and activated layer
removal using argon plasma, comprising four steps: reaction A,

Figure 1. ALE of silicon. (a) Parameters of the ALE process with Cl2 gas and argon ions for etch activation. In “reaction A”, Cl2 gas modifies the top
silicon surface by chemically reacting with it and forming nonvolatile, surface-bound silicon chloride species. Then the excess Cl2 gas is purged from
the chamber. In “reaction B”, energetic argon ions knock out the modified top layer. After ion bombardment, the byproducts are purged from the
chamber; in this way, one ALE cycle is completed by removing a layer from the sample surface. All of the process steps are performed at room
temperature (23−24 °C). (b) Etch depth and etch rate as a function of the number of cycles in the ALE process (right). The etch rate is 2.0−2.3 Å/
cycle and is independent of the number of cycles. A synergy test of “reaction A” and “reaction B” is shown in the inset. Optical images (colored
squares, top view of the samples) and the color shift of the SOI sample surfaces with respect to the etch depth are also shown (left and bottom with a
scale bar).
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purging, reaction B, and purging. All of the steps in the ALE
process were performed at room temperature (23−24 °C). In
“reaction A” (Figure 1a), the thermal chlorination process is
used to modify the silicon surface. In this step, Cl2 gas
chemisorbs onto the silicon surface and forms SiClx (x = 1−3)
on the surface, where the bonding energy of Si−Cl is 4.2 eV.2,16
On the other hand, under the surface, the Si−Si bonding
energy is 3.4 eV, which lowers to 2.3 eV when SiClx is formed
on the top layer of the silicon surface.2,16−18 During the
formation of SiClx, charge transfer occurs from Si−Si bonding
to Si−Cl bonding, resulting in weaker Si−Si bonding.2,16

Hence, in “reaction A”, Cl2 gas transforms the silicon surface
into SiClx and makes it easy to break underlying Si−Si bonds. It
should be noted here that a precise adjustment of the
chlorination time may be important in order to avoid partial
modification of the silicon surface, which can lead to fractional
etching. According to Matsuura et al.,19 it takes 10−40 s for
chlorine to entirely saturate the silicon surface in a thermal
chlorination process. As shown in Figure 1a, we choose 20 s for
Cl2 gas exposure to modify the silicon surface because it was
long enough to fulfill the requirements for the ALE process and
short enough to enable a practical process for multicycle ALE
of 50−200 nm of silicon. It could also be possible to perform
surface modification faster by introducing plasma chlorination,
which is known to enable higher yield for production
purposes.2,20 However, in this work for research and develop-
ment demonstration, we chose to use the thermal component
at room temperature in the chlorination process in order to
avoid any etching in this step. It is also possible to speed up the
thermal chlorination process moderately by increasing the
partial pressure of the Cl2 gas.19 The Cl2 gas pressure of 30
mTorr in our experiments was chosen to provide a reasonably
quick switching between the chlorination step at a higher
pressure and activated layer removal at a lower pressure, while
sustaining the repeatability of the ALE process. Right after
“reaction A”, sufficient purging time is needed to remove
unreacted Cl2 gas from the chamber. As shown in Figure 1a, we
chose 10 s of purging time with 40 sccm argon flow at 30
mTorr pressure without radio-frequency (RF) power to remove
excess Cl2 from the chamber. This step is important for self-
terminated etch processes. Otherwise, excess Cl2 under plasma
activation can vigorously interact with the sample surface and
increase the etch rate. In “reaction B” (Figure 1a), we used
energetic argon ions to remove the top SiClx layer formed
during “reaction A” by breaking comparatively fragile under-
lying Si−Si bonds. In order to break the Si−Si bonding (2.3
eV), the argon ion energy needs to be substantially larger than
that of Si−Si bonding. This is because of the inefficient energy
transfer from the argon ions to the modified silicon surfaces, as
previously described by Athavale and Economou.21 Consid-
eration of the incident ion yield is crucial to determining the
timing of “reaction B”. It was found that, in our case, 20−25 W
RF power (which corresponded to 20−35 V direct-current
bias) along with 3 mTorr chamber pressure with 10 s time was
sufficient to remove selectively the top layer of SiClx. Finally, 2
s of additional purging with high chamber pressure (30 mTorr)
was added to pump out the etch byproducts. This additional
step minimizes the parasitic etching as well as redeposition in
the next cycle.
A synergy test was performed to verify the ALE process by

excluding separately the chlorination (“reaction A”) and argon-
ion bombardment (“reaction B”) steps. No measurable etching
was detected if “reaction B” (ion sputtering) was excluded, and

very little etching was detected if “reaction A” (chlorination)
was excluded. However, the combination of both steps leads to
an etch rate of 2.3 Å/cycle, as shown in Figure 1b (inset),
which validates the ALE process. The surface roughness was
confirmed to be <10 Å by AFM analysis after the process.
Furthermore, ex situ XPS (see also the Supporting
Information) revealed similar chemical compositions for post-
ALE versus pristine silicon surfaces of the respective SOI
samples. In Figure 2, the Si 2p peaks consisted of two obvious

components (mainly Si−Si as well as Si−O binding), but upon
a comparison of both samples, the Si 2p peak shapes could not
be distinguished qualitatively within the XPS error margin. This
indication plus the clear absence of a Cl 2p doublet peak (well
below 500 counts of the XPS detection limit) proved that a
modified (chlorinated) silicon surface layer was removed in
“reaction B”. Figure 1b shows the etch depth and the etch rate
as a function of the number of cycles performed in the ALE
process, demonstrating that the etch rate is stable in the range
of 2−2.3 Å/cycle. Moreover, a visible color shift of the SOI
samples was observed with respect to the different etch depths
because of the different top silicon thicknesses, as shown in

Figure 2. XPS spectral analysis of pre- and post-ALE silicon surfaces.
Ex-situ XPS spectra of the Si 2p and Cl 2p regions (non-
monochromatic Al Kα radiation, after 0.3 eV charge correction
according to the NIST Si 2p and O 1s references22 and after satellite
subtraction) for SOI samples, comparing post-ALE versus pristine
silicon surfaces, respectively.
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Figure 1b. Therefore, the color of the post-ALE-processed SOI
samples can be used as an express method for the etch-depth
assessment.
Silicon and SiO2 samples were etched simultaneously for 210

and 70 cycles in order to verify the ALE process selectivity. In
both cases, the etching was mostly obtained on the silicon
surface, whereas the etching for SiO2 was almost negligible. For
210 cycles of the ALE process, the etch rate of silicon was 2.16
Å/cycle and the etch rate for SiO2 was 0.133 Å/cycle. This
insignificant SiO2 etching can be associated with argon-ion
sputtering. In 70 cycles of the ALE process, the silicon etch rate
was 2.28 Å/cycle, while the SiO2 etch depth was below the
detection limit for ellipsometry. Thus, the ALE demonstrates
good etch selectivity (>10) for SiO2 masks maintaining a
minimum surface roughness (<10 Å), which suggests a high
potential for nanopatterning using the ALE process and SiO2
masks.
Figure 3a shows the EBL-defined HSQ (essentially SiOx)

patterns on a silicon wafer. During the ALE process, the HSQ
resist acted as an etch mask and the unmasked silicon surface
was etched almost 200 nm (850 ALE cycles). Hence, the
patterns were transferred to the silicon surface, as shown in
Figure 3b. As shown in Figure 3, we selected patterns of
different geometries (periodic separation between lines, lines
intersecting at different angles, various curves with different
curvatures and separations, etc.), which allowed us to
understand the etch efficiency by analyzing the post-ALE-

processed samples. Figure 3b demonstrates that nanofeatures
are transferred equally well to the silicon surface for very
different structures. This indicates that the etch process is not
affected by the loading effect and it is highly anisotropic.
Further careful examination of the nanofeatures reveals some
sidewall tapering and trench formation around the patterns
during the ALE process.
Figure 4 shows nanopillars fabricated using the ALE process.

Here HSQ dot arrays with different pitch sizes (60, 100, 200,
and 400 nm) were used as etch masks during the process. Post-
ALE nanopillar arrays are shown on the right side of Figure 4.
The top part of the nanopillar (see the high magnification of
the individual nanopillars) retains the critical dimension of the
HSQ mask; however, a tapered profile and a trench around the
pattern can also be seen at the base. From the diameter and
height of the pillar, the taper angle is estimated to be ∼10°. We
attribute these effects to charging of the HSQ mask layer during
the ALE process and a nonideal behavior of our ALE process.
Indeed, the etch rate of the ALE process should completely
saturate with respect to the argon-ion bombardment time in the
removal step (reaction B). However, we observe a quasi-
saturation for this step, previously discussed by Kanarik et al.,2

which means that there is some additional etching in this step.
We attribute this effect to desorption of Cl2 from the chamber
aluminum walls during reaction B, which leads to the nonideal
ALE process. Similar tapering effects have also been reported
by other researchers.23−25 For better control over the pattern

Figure 3. Pattern transfer of high-aspect-ratio nanostructures using the ALE process. (a) SEM micrographs of pre-ALE HSQ nanopatterns on a
silicon substrate containing different geometries and features fabricated with EBL. From the left side, the first pattern represents multiple lines
intersecting at different angles. The second pattern contains lines with different curvatures and different spacings. The third pattern is identical with
the first one but at different magnification. Finally, the fourth pattern represents radial lines with distances varying between 0 and 1000 nm. The
distance between lines changes only by 10 nm within 1 μm line length, which makes these lines, in practice, parallel for the characteristic feature size
used. All of the different features were fabricated on the same silicon wafer to verify the loading effect. (b) Post-ALE (200 nm deep etching, 850
cycles) SEM micrographs of all structures shown in the part (a) panels. SEM was done at a 30° sample tilt. This demonstrates that all of the different
features are intact after the ALE process and the patterns are nicely transferred to the silicon substrate.
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transfer process during ALE, it may be important to do
additional studies in the future and correlate the effect of
different masks on the pattern transfer and, in this way, improve
our understanding of the charging effects on the ALE process.
On the other hand, tailoring of the tapered profile with periodic
silicon nanopillars could also lead to some interesting
applications of light trapping in solar cells.26

To demonstrate the feasibility of the ALE process for the
fabrication of high-resolution silicon nanoimprint stamps, the
etched silicon wafers with lines and pillar structures (Figures 3
and 4) were treated with fluorosilanes to provide antisticking
properties to the sample surface. Later these samples were used
as stamps to imprint on a PMMA layer in a thermal imprint
process using the conditions described above. Different
geometrical patterns, shown in Figures 3 and 4, were
successfully replicated, and some results are shown in Figure
5 (Figure S3). Because of the tapered shape of the etched
features, no damage was observed even to the smallest parts of
the stamp, and the demolding process was flawless. The SEM
images in Figure 5b demonstrate a perfect array of 33-nm-

diameter holes imprinted in the PMMA layer with a pitch of
100 nm.
For comparison, the critical feature and pitch sizes reported

here correspond roughly to a 22 nm technology-node FinFET
processing using single-exposure immersion lithography.27 To
reach smaller critical dimensions of <10 nm and a tighter pitch
of <40 nm, the logic and memory device manufacturing
industry uses self-aligned double and quadruple patterning.28,29

Extreme ultraviolet lithography is expected to be used for the
upcoming 7 nm technology node and in further technology
nodes.30 In this work, we do not intend to prove the most
extreme possibilities of ALE-assisted NIL stamp fabrication and
pattern transfer. Here we demonstrate nanopatterning with a
budget, which is many orders of magnitude smaller than that in
industry and thus can be widely used in, e.g., university-
operated laboratories using a standard ICP-RIE system. Further
studies with a benchmark for NIL stamp fabrication using a
standard continuous etch process and the most extreme feature
sizes may be valuable for future development in this field.
However, this may require additional process optimization and
possibly even hardware modification.31

In conclusion, the ALE process of silicon is demonstrated in
a commercially available etch tool, and the etch rate of silicon is
found to be 2−2.3 Å/cycle. This highly anisotropic ALE

Figure 4. Fabrication of nanopillar arrays. On the left side, SEM
micrographs of HSQ dots with different pitch sizes as defined by EBL
on a silicon substrate (from top to bottom, sequentially the pitch sizes
are 60, 100, 200, and 400 nm; the images were taken before ALE). On
the right side, 30° tilted SEM micrographs of post-ALE (200 nm, 850
cycles) nanopillar arrays. The insets demonstrate the magnified
nanopillars with ∼10° tapering.

Figure 5. SEM micrographs of imprinted (thermal NIL, 50 bar, 170
°C) patterns on a 250-nm-thick PMMA layer with the NIL stamps
fabricated by ALE. (a) Lines intersecting at different angles imprinted
using the stamps shown in Figure 3b. Different periodical features are
well-preserved after imprinting. (b) Array of nanoholes with 33 nm
diameter and 100 nm pitch size. The corresponding structure on the
stamp is shown in Figure 4. Note that the imprinted holes have the
same diameter as the corresponding pillars on the stamp.
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process with good selectivity to the SiO2 mask provides high-
resolution nanoscale pattern transfer to silicon substrates. This
ALE process was used to fabricate uniformly etched, high-
definition, and high-density NIL stamps, which were not
affected by the surface loading effect and thus did not depend
on the pattern design. The ALE-fabricated nanoimprint stamps
with nanoscale features were accurately replicated in the
PMMA resist, demonstrating that ALE can be used for high-
definition NIL stamp fabrication in combination with EBL. The
EBL-defined and ALE-transferred pattern features with sizes
down to 30 nm were imprinted using thermal NIL. This
demonstrates that the ALE process is a very promising
technique for the further development of NIL, and additional
studies are needed for optimization of the ALE process for
industrial NIL stamp fabrication.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsanm.8b00509.

Detailed XPS of pre- and post-ALE silicon surfaces
(Figure S1) and SEM micrographs of large-scale uniform
pattern transfer using the ALE process (Figure S2) and
imprinted 200 and 400 nm pitch nanohole arrays (Figure
S3) (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: dmitry.suyatin@ftf.lth.se.
*E-mail: jonas.sundqvist@ikts.fraunhofer.de.
*E-mail: ivan.maximov@ftf.lth.se.

ORCID
Sabbir A. Khan: 0000-0003-1279-7638
Marcel Junige: 0000-0002-6633-2759
Christoffer Kauppinen: 0000-0002-2850-2702
Present Address
‡S.A.K.: Center for Quantum Devices and Station Q
Copenhagen, Niels Bohr Institute, University of Copenhagen,
2100 Copenhagen, Denmark.

Author Contributions
S.A.K., D.B.S., J.S., and I.M. designed the research project.
S.A.K., D.B.S., J.S., and M.G. performed the experiment. M.J.
contributed XPS analysis. S.A.K., D.B.S., and J.S. wrote the
manuscript. Finally, all authors agreed and contributed
substantially while preparing the manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This study was performed at Lund Nano Lab and financially
supported by NanoLund and Myfab. The nanoimprint part of
the work was implemented within the project “Development of
Nanoimprint Infrastructure at Lund Nano Lab as a Key Enabler
for Large-Scale Applications of Nanowires” (Project RIF14-
0090), funded by the Swedish Foundation for Strategic
Research. We thank all of the users of the ICP-RIE for their
patience while the authors were developing the ALE process.
We also acknowledge the Swedish Institute (https://eng.si.se/)
for providing a scholarship to Sabbir A. Khan.

■ REFERENCES
(1) Oehrlein, G. S.; Metzler, D.; Li, C. Atomic Layer Etching at the
Tipping Point: An Overview. ECS J. Solid State Sci. Technol. 2015, 4,
N5041−N5053.
(2) Kanarik, K. J.; Lill, T.; Hudson, E. A.; Sriraman, S.; Tan, S.;
Marks, J.; Vahedi, V.; Gottscho, R. A. Overview of Atomic Layer
Etching in the Semiconductor Industry. J. Vac. Sci. Technol., A 2015,
33, 020802−1−14.
(3) Huard, C. M.; Zhang, Y.; Sriraman, S.; Paterson, A.; Kanarik, K.
J.; Kushner, M. J. Atomic Layer Etching of 3D Structures in Silicon:
Self-limiting and Nonideal Reactions. J. Vac. Sci. Technol., A 2017, 35,
031306−1−15.
(4) Yoder, M. N. Atomic Layer Etching. U.S. Patent 4,756,794A,
1988.
(5) Faraz, T.; Roozeboom, F.; Knoops, H. C. M.; Kessels, W. M. M.
Atomic Layer Etching: What Can We Learn from Atomic Layer
Deposition? ECS J. Solid State Sci. Technol. 2015, 4, N5023−N5032.
(6) Carver, C. T.; Plombon, J. J.; Romero, P. E.; Suri, S.; Tronic, T.
A.; Turkot, R. B., Jr. Atomic Layer Etching: An Industry Perspective.
ECS J. Solid State Sci. Technol. 2015, 4, N5005−N5009.
(7) Lim, W. S.; Kim, Y. Y.; Kim, H.; Jang, S.; Kwon, N.; Park, B. J.;
Ahn, J. H.; Chung, I.; Hong, B. H.; Yeom, G. Y. Atomic Layer Etching
of Graphene for Full Graphene Device Fabrication. Carbon 2012, 50,
429−435.
(8) Kim, K. S.; Kim, K. H.; Nam, Y.; Jeon, J.; Yim, S.; Singh, E.; Lee,
J. Y.; Lee, S. J.; Jung, Y. S.; Yeom, G. Y.; Kim, D. W. Atomic Layer
Etching Mechanism of MoS2 for Nanodevices. ACS Appl. Mater.
Interfaces 2017, 9, 11967−11976.
(9) Barcelo, S.; Li, Z. Nanoimprint Lithography for Nanodevice
Fabrication. Nano Convergence 2016, 3, 1−9.
(10) Guo, L. J. Nanoimprint Lithography: Methods and Material
Requirements. Adv. Mater. 2007, 19, 495−513.
(11) Papalia, J.; Marchack, N.; Bruce, R.; Miyazoe, H.; Engelmann,
S.; Joseph, E. A. Evaluation of ALE processes for patterning. Proc. SPIE
2016, 9782, 97820H−1−9.
(12) Papalia, J.; Marchack, N.; Bruce, R.; Miyazoe, H.; Engelmann,
S.; Joseph, E. A. Applications for Surface Engineering using Atomic
Layer Etching. Solid State Phenom. 2016, 255, 41−48.
(13) Kauppinen, C.; Khan, S. A.; Sundqvist, J.; Suyatin, D. B.;
Suihkonen, S.; Kauppinen, E. I.; Sopanen, M. Atomic Layer Etching of
Gallium Nitride (0001). J. Vac. Sci. Technol., A 2017, 35, 060603−1−5.
(14) Goodyear, A.; Cooke, M. Atomic Layer Etching in Close-to-
Conventional Plasma Etch Tools. J. Vac. Sci. Technol., A 2017, 35,
01A105-1−01A105-4.
(15) Yang, J. K. W.; Berggren, K. K. Using High-Contrast Salty
Development of Hydrogen Silsesquioxane for sub-10-nm Half-Pitch
Lithography. J. Vac. Sci. Technol. B 2007, 25, 2025−2029.
(16) Oh, C. K.; Park, S. D.; Lee, H. C.; Bae, J. W.; Yeom, G. Y.
Surface Analysis of Atomic-Layer-Etched Silicon by Chlorine.
Electrochem. Solid-State Lett. 2007, 10, H94−H97.
(17) Sha, L.; Chang, J. P. Plasma Etching of High Dielectric Constant
Materials on Silicon in Halogen Chemistries. J. Vac. Sci. Technol., A
2004, 22, 88−95.
(18) Sakurai, S.; Nakayama, T. Adsorption, Diffusion and Desorption
of Cl Atoms on Si (111) Surfaces. J. Cryst. Growth 2002, 237−239,
212−216.
(19) Matsuura, T.; Murota, J.; Sawada, Y.; Ohmi, T. Self-Limited
Layer-by-Layer Etching of Si by Alternated Chlorine Adsorption and
Ar+ Ion Irradiation. Appl. Phys. Lett. 1993, 63, 2803−2805.
(20) Agarwal, A.; Kushner, M. J. Plasma Atomic Layer Etching Using
Conventional Plasma Equipment. J. Vac. Sci. Technol., A 2009, 27, 37−
50.
(21) Athavale, S. D.; Economou, D. J. Molecular Dynamics
Simulation of Atomic Layer Etching of Silicon. J. Vac. Sci. Technol.,
A 1995, 13, 966−971.
(22) Naumkin, A. V.; Kraut, V. A.; Gaarenstroom, S. W.; Powell, C. J.
NIST X-ray Photoelectron Spectroscopy Database, version 4.1; 2017;
http://srdata.nist.gov/xps.

ACS Applied Nano Materials Letter

DOI: 10.1021/acsanm.8b00509
ACS Appl. Nano Mater. 2018, 1, 2476−2482

2481



(23) Chou, S. Y.; Krauss, P. R.; Zhang, W.; Guo, L.; Zhuang, L. Sub-
10 nm Imprint Lithography and Applications. J. Vac. Sci. Technol., B:
Microelectron. Process. Phenom. 1997, 15, 2897−2904.
(24) Saffih, F.; Con, C.; Alshammari, A.; Yavuz, M.; Cui, B.
Fabrication of Silicon Nanostructures with Large Taper Angle by
Reactive Ion Etching. J. Vac. Sci. Technol., B: Nanotechnol. Micro-
electron.: Mater., Process., Meas., Phenom. 2014, 32, 06FI04-1−06FI04-4.
(25) Wi, J.; Lee, H. S.; Lim, K.; Nam, S. W.; Kim, H. M.; Park, S. Y.;
Lee, J. J.; Hong, C. D.; Jin, S.; Kim, K. B. Fabrication of Silicon
Nanopillar Teradot Arrays by Electron-Beam Patterning for Nano-
imprint Molds. Small 2008, 4, 2118−2122.
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