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Alternative approaches for preparation of AIN nanolayers by atomic layer deposition

Abstract

Aluminum nitride (AIN) is a promising semi-conductive material with a wide band gap. Thin
films of AIN find implementation in a variety of electronic and optoelectronic devices. First
and foremost, the aim of the research presented within the scope of this dissertation is to
introduce new precursors into ALD process for deposition of AIN thin films. The proposed
precursors are superior to traditional ones either in cost-efficiency or reactivity. A part of the
dissertation is devoted to enhancement of the understanding of chemical processes which
take place during and after deposition. In this regard, a working solution to improving the
chemical composition of the resulting films, as well as ameliorating deficiencies, for
instance, oxidization, has been proposed. Another important aspect of this study has to do
with a thorough analysis of hydrogen phenomenon in AIN ALD thin films. Hydrogen
impurities have been investigated with the use of accurate and advanced techniques

belonging to ion-beam analysis (IBA) groups.
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Abstrakt

Nitrid hliniku (AIN) je slibny polovodivy material s velkou mezerou v pasu. Tenké filmy
AIN nachdazeji uplatnéni v riznych elektronickych a optoelektronickych zatizenich. V prvni
fad¢ je cilem vyzkumu prezentovaného v rdmci této disertacni prace piedstavit nové
prekurzory do procesu ALD pro depozici tenkych vrstev AIN. Navrhované prekurzory jsou
lepsi nez tradiéni prekurzory bud’ v nékladové efektivnosti nebo reaktivité. Cast disertaéni
prace je vénovana prohloubeni porozuméni chemickym procestim, které probihaji béhem a
po depozici. V tomto ohledu bylo navrzeno pracovni feseni ke zlepSeni chemického slozeni
vyslednych filmi a ke zmirnéni nedostatki, naptiklad oxidace. Dal§im dalezitym aspektem
této studie je diikladné analyza fenoménu vodiku v tenkych vrstvach AIN ALD. Vodikové
necistoty byly zkoumany pomoci piesnych a pokrocilych technik patticich do skupin analyzy

iontovym paprskem (IBA).
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Introduction

The origin of atomic layer deposition (ALD) method dates back to 1970s, when it was yet
referred to as atomic layer epitaxy (ALE). ALE was considered to be a subtype of chemical
vapor deposition (CVD) group of methods in which chemical reaction between the precursor
and the substrate are performed in an alternate manner and separated by purging stages. The
first utilization of ALE is reported to be for the deposition of zinc sulfide (ZnS), which is a
material that was employed in electroluminescent displays fabrication process. Almost 50
years has passed since then and through this time ALD has established itself as a reliable,
and in many scenarios, indispensable technique for deposition of highly conformal thin layers

of a wide range of different materials [1, 2].

The reason for this is that ALD method has a number of advantages over its competitors. For
example, it allows coverage of very large areas, offers a great degree of control over the
growth process, provides precision up to angstrom level, ensures superior chemical purity
and results in the films having better surface characteristics. The results of ALD process are
also easily reproducible. In Figure 1, a general scheme of an ALD process is given. As can
be seen, the introduction of the first precursor is followed by purging stage. During this stage,
unreacted components are being removed from the chamber by some inert gas (e.g. nitrogen
or argon). Then comes the introduction of the second precursor which is also followed by
purging and then the cycle repeats itself. One such cycle is considered to be one atomic layer
of a deposited material. It is also worth mentioning, that reactions in ALD are self-limiting,
and upon occupation of all the active sites on the substrate, no more chemical interaction
between the surface and the substrate is possible. Thus, this cyclic nature of ALD is supposed

to ensure better degree of purity of the films [3-6].

ALD also has some variation, such as photo-assisted ALD, metal ALD, particle ALD etc.
One of the most prominent and the most relevant to the content of this dissertation is plasma-
enhanced atomic layer deposition variation (PE-ALD). As the name implies it involves the
usage of a plasma source. Plasma facilitates dissociation of the precursor, thereby improving
its reactivity. At the same time, it allows conducting depositions at lower temperatures in
comparison with regular/thermal ALD, and in ALD world, lower deposition temperatures

oftentimes translate into better general quality of the resulting films [7, 8].
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Figure 1. Scheme of an ALD process [9]

Aluminum nitride (AIN) is a semiconductive compound with a wide band gap (6.2 eV). Aside
from wide-band gap, the following advantages and remarkabe properties are usually ascribed
to AIN: chemcal resistance; ability to retain its properties under high temperatures; excellent
thermal conductivity (285 W/m-K); mechanical robustness; low dielectric constant; thermal
expansion coefficient (CTE) similar to that of silicon; high potential for piezoelecticity, large

refractive index (~2.0), high breakdown voltage [10-14].

Due to the vast list of advantages provided by incorporation of AIN, this material is attracting
ever increasing interest from a great amount of researchers and specialists in the field of both
electronic and optoelectronics. Thus, applications of AIN include but not limited to: micro-
electromechanical systems (MEMS), energy harvesters, ultrasonic transducers, sensors,
ultraviolet diodes, actuators, laser diodes, acoustic wave devices, fingerprint detectors etc.
Additionally, AIN demonstrates excellent compatibility with complementary metal-oxide
semiconductor (CMOS) manufacturing process, whereas its competitors, such as zinc oxide

(ZnO) and lead zirconate titanate (PZT), pose certain contamination risks [15-19].

Nowadays, one of the major modern applications of AIN thin films lies in fabrication process
of micro electro mechanical systems (MEMS). This term includes all sort of actuators and
sensors which undergo microfabrication, in the way similar to integrated circuits (ICs).
Conventionally, they are fabricated on silicon wafers. Initially, MEMS utilized zinc oxide
(ZnO) due to the lack of deposition techniques that could ensure reliable and repeatable
results in depositions of other materials. In recent days, a great amount of MEMS devices is
refabricated on a large scale with the intention to incorporate AIN, thereby enhancing

durability and overall performance. The actual list of these devices is quite extensive, here
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are some of them: resonators, chemical sensors, accelerometers, microphones, energy

harvesters and various switches etc. [20]

AIN has three different type of crystal structure: wurtzite, zenc-blende and rocksalt. Among
these, the wurzite structure is known to be the most stable under normal conditions. This
structure is hexagonal and demonstrates piezoelectric properties. Figure 2 represents the

wurtzite structure of AIN in different crystal planes.

—
Q
~
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Figure 2. Illustration of the AIN wurtzite structure, where the (a) m plane, (b) a
plane, and (c) c plane [18].

-10-



Alternative approaches for preparation of AIN nanolayers by atomic layer deposition

1 State of the art

1.1. Atomic layer deposition

There is no shortage of studies reporting on ALD being utilized for various purposes and the
amount of the records in literature featuring ALD is increasing each year. Among devices
that profit from the utilization of ALD technology are various chemical sensors. Chemical
sensors, nowadays, are becoming increasingly sophisticated and their characteristics, such as
sensitivity and durability, are ever improving, while the overall cost is decreasing. This
progress in the industry is made possible by incorporation of various 2D nanomaterials as
well as their heterostructures. This has to do with the fact most of these materials have unique
structure and demonstrate superb potential for ultra-high carriers mobility under normal
conditions. The list of such materials include a variety of thin (1-10nm) 2D oxide layers,
which along with widely known graphene, are also employed as sensing electrodes (SE) in
the sensors [21, 22]. These thin layers can boast large surface area, high concentration of
carriers mobility, and remarkable thermal conductivity. Extensive surface area results in
larger area of interaction of SE material and the measured analyte [23]. ALD, in this regard,
has all the necessary requirements to ensure that surface area up to 450 m*/g can be attained,
and given the precise control over the growth process, makes possible to deposit layers as
thin as only a few atomic layers. This combination of large surface area and ultra-thin nature
of the SE layers is frequently sough-after when it comes to chemicals sensors for both liquids
and gases alike [24-26]. It has been reported in the literature [27, 28] that other techniques
used in SE fabrication, namely, various sputtering technique, are not quite up to the challenge
when 2D large surface areas layers are concerned. Moreover, the resulted layers produced
by those methods usually show a plethora of various defects, for instance notorious pin-holes,

whereas ALD is capable of yielding defect-free uniform nanolayers [29].

Since the industry of semiconductive materials is continuously making steps toward
miniaturization, the ability to control the film growth on the atomic level is becoming
increasingly relevant. ALD has no rivals in terms of producing films with high levels of
conformity and defect-free nature (pin-holes). Aside from the area of semiconductors, ALD
finds its application in the areas that pose a great demand for conformity, for instance:

coatings that serve as a diffusion barrier, providing low values of gas permeability [30].

Applications of ALN, however, are not limited only to electronics. For instance, Sarah

Hashemi Astaneh et al. report in their review article [31] on benefits of using ALD for

-11-
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modification of dental materials. Specifics of ALD described earlier, such as self-limiting
reaction, ability to cover large areas in uniform manner and ultimate growth control, make it
the go-to method for coating materials with complex shapes and coarse surfaces. Since the
dental industry often employs 3D materials with porous surfaces, ALD stands once again as
a perfect option for the task when necessity for surface modification or functionalization of

these materials arises.

Much for the same reasons that were described for dental materials, ALD is also widely
reported to be an excellent choice for coating and functionalization of various nanoparticles
(NP). NP also come in intricate shapes and have extremely large surface area, which makes

their functionalization a cumbersome task for methods lacking the advantages of ALD [32].

Ever increasing demand for miniaturization in electronics is constantly forcing the industry
to search for alternative structure designs. For example, there is so-called tri-gate into
production structure introduced by Intel [33]. This is an alternative stucture for metal-oxide—
semiconductor field-effect transistor (MOSFET), in which instead of implementing
conventional planar channel (Figure 3a), incorporation of fin-like Si slabs protruding out of
the bulk crystal is suggested (Figure 3b). Such design results in a lot of surface area that
needs to covered with a thick layer of a gate oxide in a uniform and conformal manner.
Taking into account aforementioned advantages of ALD, it is needless to say that there is no
other technique more sutiable for such a task. In fact, it can be argued that designs like this
one might not have been introduced if ALD had not been already an established method for

growing high aspect ratio confromal layers [34].

Drain
(a) (b)

Gate oxide Gate oxide ’
So\)«‘ A
e
Insulating oxide W
Insulatingoxide,

Gate

Figure 3. Schematic illustration of MOSFET structure with (a) the conventional planar
design; (b) the tri-gate design [34]
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1.2 Aluminum nitride thin films

As can be seen the applications of ALD are truly versatile, and it can be altogether safely
assumed, that as technology is becoming increasingly sophisticated and the world of
electronics is continuously striving towards downscaling, the demand for ALD and its

variations is expected to keep growing.

However, as this dissertation is particularly aimed at ALD of AIN thin films, it is important
to examine the state-of-the-art in regard to commonly used methods for deposition of AIN,
as well established ALD recipes. Thin films have physical properties that differ significantly
from those of bulk samples of the same material. The choice of substrate is an important
stage in the process of film synthesis, because the surfaces and interfaces between the film
and the substrate "control" the nucleation method and play a decisive role in the initial stage
of film growth. Even by adjusting the temperature of the substrate, it is possible to achieve

the optimum layer for the formation of the crystal lattice of the resulting layer.

Currently, the literate on this topic is rather abundant. Aside from ALD, there is a plethora
of PVD methods that are widely used for deposition of AIN thin films. Among those methods
are: magnetron sputtering (MS) [35-39]; molecular beam epitaxy (MBE) [40-43]; ion beam
assisted deposition (IBAD) [44-46]; pulsed laser deposition (PLD) [47-49]. Traditional
chemical vapour deposition (CVD) method and its variation, in general seems to be utilized
less often in modern days, nevertheless, a good amount of records can still be found [50-53].
It can be explained by the fact that PVD methods, while being less affordable due their
sophistication and rather expensive parts, provide superior quality of the layers. This

conclusion can be made from the record provided above.

Even though technically ALD is also a variant of CVD, as chemical interaction take place
during the deposition, its concept is fundamentally different. Cyclic nature of ALD makes a

huge difference and that is the reason why its popularity continues to rise.

There is no shortage of records where researchers attempted ALD of AIN with the use of
various precursors and deposition parameters with varied success. It appears that currently
the most successful recipe involves the usage of PE-ALD with AI(CHs); and N2H2 gas
mixture as aluminum and nitrogen precursors respectively [54, 55]. There are many studies
in which authors used aluminum chlorine (AICl3) as an aluminum precursor AlCl3 [56, 57].

The downside of aluminum chloride is that there is always a certain amount of chlorine

-13-
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detected in the resulting films. While chlorine is unambiguously an impurity and its presence
in the final product is undesired, the bigger concern, however, consists in the risk of chamber
contamination [58]. If chlorine is detected in the layer, there is a decent chance that it has
also impregnated itself in the chamber’s inner structure. Hence, a thorough cleaning
procedure would be required after the usage of chlorine containing precursors, as its
incorporation into the chamber can jeopardize the further experiments. Which is why,
chlorine containing aluminum precursors are gradually supplanted by metalorganic ones.
Unlike chlorine, organic ligands require less energy to dissociate from the metal and do not

pose any harm to the equipment.

It needs to be stated, however, that regardless of the precursors choice, chosen parameters
and type of ALD, overwhelming percentage of the relevant studies report on some sort of
contaminations, which vary from minor to rather considerable. A good amount of
contamination, such as carbon and hydrogen, can be minimized through correctly chosen
deposition parameters which ensure the proper completion of all the chemical processes and
removal of the residual by-products. An important part of these parameters is the deposition
temperature. For this reason, a term known as ‘ALD window’ exists, which is effectively a
temperature range at which films with the best quality are grown. This window varies for

different precursors and ALD variants (e.g. PE-ALD) [1].

The most notorious and persistent issue in terms of contamination, however, is the proneness
of AIN to intense oxidization upon exposure to air. In fact, even high-quality AIN deposited
by PVD methods are not immune to oxidization issue [42, 46, 47]. Therefore, this problem
calls for appropriate post-processing solutions, which can include deposition of a passivating

layer or high-temperature annealing.

-14-
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2 Aims of the dissertation

The purpose of this dissertation is to bring contribution into optimization of ALD
technology for deposition of AIN thin films by proposing alternative solutions to the
established recipes. A decent part of this work is dedicated to fundamental research on AIN
chemical composition and following treatment of impurities as a part of post-processing
procedure. The research presented within this work is aimed at providing insight into benefits
of alternative ways for deposition of AIN by ALD and bridging possible gaps in
understanding of AIN ALD process as such.

There are several crucial parameters that influence the quality of a resulting film, such
as: the type of precursor, the type of substrate and its preliminary treatment, deposition
temperature and exposure time of a certain precursor are the most important of them. Atomic
layer deposition process can also be enhanced by using plasma module allowing for
deposition at lower temperatures which in its turn expands the choice of precursors. By
choosing parameters of the deposition process, the content of the structure of resulting film
is controlled. Optimization of the deposition regimes of aluminum nitride thin films and the
preparation of samples followed by further comprehensive analysis of their properties using
various analytical techniques are the results of this study.

Thus, the following stages constitute the general aim of this dissertation:

1) Investigation of alternatives to the well-established recipes, this step includes but not

limited to:
a) The choice of a precursor: N2Ha4, N2HsCl, N2/Hz plasma etc.

b) The choice of a substrate: silicon, silicon carbide, LSAT, highly oriented
pyrolytic graphite (HOPG) etc. and its preliminary treatment

c¢) The choice of deposition parameters such as: temperature, exposure time of

precursors, thickness of the resulting layer, power of plasma etc.
2) A thorough characterization of the obtained films:

a) surface topography and morphology (atomic form microscopy, scanning electron

microscopy)

-15-
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b) chemical composition (X-ray photoelectron spectrometry, Secondary ion mass
spectrometry, Fourier-transform infrared spectroscopy, Energy-dispersive X-ray

spectroscopy, Nuclear reaction analysis, Elastic recoil detection analysis ERDA)
¢) optical properties (X-ray diffractometry, spectroscopic ellipsometry)
3) Analysis of impurities in the resulted films (oxygen, hydrogen, carbon)

4) Suggestion of a viable method for eliminating, or at least minimizing the impurities of

the resulted films

5) Conclusion and justification of the results

This dissertation is presented in a form of author’s published papers prefaced by a
short discussion on motivation and conclusion. These papers are effectively a series of
experiments in which AIN thin films were deposited at different parameters, on different
substrates and with the use of different precursors. The experiments were followed by a
thorough analysis in order to reveal benefits and drawbacks of each approach, provide insight
into chemical processes during the deposition and suggest solutions for ameliorating
incidental inadequacies. It is also worth emphasizing that characterization of the AIN layers
within the given papers is mostly focused at (but not limited to) chemical composition
analysis and the conclusions are made based on the degree of chemical purity which a certain
approach delivers. The focus at chemical composition is justified by the fact that quality of
the films and therefore performance of an end-product is greatly determined by the degree of
its chemical purity. Hence, it is essential to eliminate/minimize the amount of contamination

before any further steps can be considered.

-16-
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3 Investigation of the effect of temperature treatment
with the following etching on Si substrates

3.1 Motivation of the article

The study described in the following article comprises a thorough and comprehensive
analysis of chemical composition and surface morphology of Si substrates undergone
temperature treatment with following etching by Ar atoms. Si substrates are ones of the most
often used substrates for thin film deposition in various chemical and physical vapour
deposition methods, not less so in ALD. It is general knowledge that the surface condition of
a substrate affects the consequent growth of the deposited layer. Even within the scope of the
research described in the given dissertation, Si substrates were employed most frequently for
deposition of AIN thin films. Which is why, the study of the changes on the surface induced
by etching and temperature processing is not only an important and justified task but also has

a direct relation to the topic of this dissertation.

3.2 Conclusion on the article

The result of this study suggest that there was a native oxide layer as well as small carbon
impregnations on the surface of Si wafers, annealing seems to result in thickening of this
native oxide layer, the longer the wafer is exposed to temperature treatment the thicker the
oxide layer grows. Etching by Ar atoms completely removed the presence of carbon
contamination and significantly reduced the oxidization of the wafers.

Stereometric analysis provided a thorough picture of how the morphology and topography
of Si wafers were affected by comparing them before and after the processing. Considering
that Si wafers are probably the most convention substrates, data provided within the scope
of this study can be crucial not only during atomic layer deposition of AIN layers but

practically in any PVD or CVD method.

3.3 Contribution
My contribution lies in the processing of the samples, acquisition and interpretation of the
XPS spectra, acquisition and interpretation of the AFM images, data curation and

visualisation. I have also written the major part of the manuscript.

3.4 Article 1

The article Stereometric Analysis of Effects of Heat Stressing on Micromorphology of

Si Single Crystals was published in Silicon journal (ISSN: 1876-990X; 2021 IF: 1.499).
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Abstract

The purpose of this work is study of silicon single crystal wafer thermal stability in correlation with three-dimensional (3D) surface
characterization using atomic force microscopy (AFM). The samples were heated up to 500 °C for the period of 2 and 4 h. Then the
surfaces of wafers were processed by ion beam. The difference in surface structure of processed and reference samples was
investigated. Structural and compositional studies are provided by X-ray photoelectron spectroscopy. Stereometric analysis was
carried out on the basis of AFM-data, for stressed and unstressed samples. The results of stereometric analysis show the correlation
of statistical characteristics of surface topography and structure of surface and near-surface area. Characterization techniques in
combination with data processing methodology are essential for description of the surface condition. All the extracted topographic
parameters and texture features have demonstrated a deeper analysis that can be used for new micro-topography models.
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1 Introduction

Exploration on fundamental aspects of nanostructures that ex-
hibit functionality, including the various physical, chemical
and hybrid methods of nanomaterial synthesis and
nanofabrication, is the key to nanotechnology [1-4].
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Silicon wafers play a huge role in nowadays electronics
such as solar cells, micro- and nano-electromechanical
systems (MEMS/NEMS), due to its great optical and
electrical properties. They also are widely used as sub-
strates for various techniques of thin films preparation
(ALD [5], CVD [6], magnetron sputtering [7], spin coat-
ing [8], etc). Despite the fact that it is a very common and
widespread material there is still a problem of insuffi-
cient experimental data concerning its behavior in harsh
environments, for example - continuous temperature
stress. Furthermore, sometime the preliminary process-
ing of the substrates by heating or annealing is required
[9, 10]. Which is why, it is still relevant to conduct stud-
ies on silicon wafers exposed to various outer influences
[11]. The main goal of this work is to provide analytical
data on changes in topography and chemical composition
of Si wafers under different periods of stress heating and
following etching procedure. This data might prove to be
helpful in choosing the right processing procedure of
substrate during heterostructures and thin films fabrica-
tion processes.

The studies of temperatures stresses recently have
attracted a lot of attention owing to their large isother-
mal entropy achieved in commercially nanomaterials [1,
3]. The effects of temperature process influence non-
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Table 1 Details and ID of prepared samples

ID Technical specifications

#1  Silicon wafer without thermal processing before argon sputtering
#2  Silicon wafer without thermal processing after argon sputtering

#3  Silicon wafer at first thermal processing before argon sputtering
#4  Silicon wafer at first thermal processing after argon sputtering

#5  Silicon wafer at second thermal processing before argon sputtering
#6  Silicon wafer at second thermal processing after argon sputtering

irreversible atomic processes, structural phase transi-
tions, chemical and physical properties of materials
[12—-16]. According to several sources the optimal tem-
perature for thermal processing of silicon wafers is be-
low 1050 °C. Values higher than 1050 °C often produce

slip generation or dislocation movements [17-19]. Any
values below 1050 °C will not cause any structural
changes to a silicon wafer. The changes will take place
in the chemical composition on the surface of a wafer,
in our particular case in the thickness of the oxide layer,
as demonstrated in the corresponding section of this
work.

There are several researches in which authors
attempted to study behavior of Si wafers under influ-
ence of high temperatures [20-22]. For example,
Suzuki T. has reported in his study how high-
temperature annealing affects generation of oxidation-
induced stacking faults (OSF) in a silicon wafer [23].
D. Grif et al. have reported that the temperature stress
in oxygen atmosphere considerably improves the electric
properties of Si wafers [24].

Fig. 1 AFM images for samples: a) #1; b)#2; ¢) #3; d) #4; e) #5; ) #6
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Fig. 2 XPS wide spectra for samples: a) #1; b) #2; ¢) #3; d) #4; e) #5; f) #6

Table2  Chemical composition of the samples given in percentage ratio

Concentration at% Ols Cls Si2s Si2p
#1) no etching 30,3 47 31,7 333
#2) after etching 2,3 0,6 483 48,8
#3) 2 h, no etching 69,2 4,95 10,8 15,0
#4) 2 h, after etching 12,0 0,45 41,2 46,6
#5) 4 h, no etching 68,1 3,13 11,2 17,5
#6) 4 h, after etching 65,9 0,31 13,7 20,1

Binding energy (eV)

f)

In our paper we focus on surface modifications of Si wafers
by thermal annealing and argon ion etching with conditions
which have never been tried before. We investigate the chang-
es of chemical composition, crystallographic properties and
stereometric analysis of modified surface of Si crystal before
and after temperature stressing. For this purposes, X-ray
Photoemission spectroscopy (XPS) and stereometric analysis
of surface measured by Atomic force microscopy (AFM) were
carried out.
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Fig. 3 Comparison of high
resolution Si2p peaks of: a) #1; b)
#2; ¢) #3; d) #4; e) #5; f) #6
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AFM represents an outstanding imaging tool for the re-
search and analysis of nanostructures and surfaces, especially
in thin films [25-29].

The comprehensive description of the surface micromor-
phology of these materials [30—32] correlated with fractal/
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multifractal analysis [33—38] is an important challenge neces-
sary for the understanding of their properties and their poten-
tial technological exploitation.

In the present work, the study of temperature stability
of Si thermal stability have been investigated in
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Fig. 4 Comparison of high resolution Ols peaks of: a) #1, #2; b) #3, #4; ¢) #5, #6

correlation with three-dimensional (3D) surface charac-
terization by AFM imaging, and a fractal approach has
been performed in the analysis of the obtained 3D AFM
images.

2 Materials and Methods
2.1 Materials

Silicon wafers 4 in., thickness 525425 um (100), 1-side
polished, p-type (Borron) of MicroChemicals production were
used. Different wafers were heated up to 500 °C and annealed
for two different time periods (i.e. 2 h and 4 h). Heating of the
samples from room temperature to 500 °C was carried out
uniformly during 30 min in air. The measurements of surface
composition by XPS were carried out after cooling of the
samples to room temperature. XPS spectra were done in vac-
uum at following parameters: 15 mA emission current, slot
collimation mode, hybrid lens mode and 20 eV resolution of
pass energy.

Depth profiling was done inside XPS chamber by Ar ions
using Minibeam 6 Gas Cluster Ion Source with following
parameters: 20keVAr500+; etch size square 1.9 x 1.9 mm2;
pre etch time 5 s; post etch time 5 s, duration of etching was
5 min.

AFM images were obtained after extracting the samples
from vacuum chamber. Details and ID of prepared samples
are given in Table 1.

2.2 Imaging Techniques

Atomic force microscopy characterizations were carried out
for the quantitative analysis of specific microstructural char-
acteristics of samples using taping AFM mode.

All AFM measurements were done at room tempera-
ture and normal humidity. Scan rate was 0.580 Hz and
probe RTESPA-150 was used. All 512 x 512 pixel im-
ages were obtained by scanning square areas of
0.5 um x 0.5 um (Fig. 1).

2.3 Structure Investigation

In order to investigate how chemical composition of wafers
changes with annealing and etching processes we have con-
ducted high resolution XPS analysis. The wide spectra for
each sample are given in Fig. 2.

According to Fig. 2 we can assume that there was
a native oxide film on the surface of Si wafers and
some carbon impurities. The etching process signifi-
cantly reduces the amount of oxygen and practically
eliminates the presence of carbon in all scenarios. The
Auger peak of oxygen as well as the small peak at
26 eV usually assigned to O2s electrons also disap-
pear [39].

However, annealing in air results in thickening of the
oxide layer which is why the effect of etching becomes
less considerable [40]. After 4 h of annealing (e, f) the
amount of oxygen on XPS spectra remains practically
unchanged.

The atomic percent ratio is given in Table 2.

We have also provided high resolution images of Si2p
peak, to demonstrate in more detail how annealing and etching
affect the behavior of Si bonds, which is the most important
aspect in this work (Fig. 3).

It can be seen from images a) and b) that there are two
peaks of Si2p: one is of Si-O bond at ~103,5 eV resulting from
the oxide layer on the surface and another at ~99,4 eV ascribed
to Si-Si bond in the bulk of the wafer. After etching the Si-O
peak disappears leaving a sole Si-Si peak. There are also two
plasmon peaks can be noticed at 116 and 133 eV in Si2p
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Fig. 5 The depth histograms of the samples: for samples: a) #1; b) #2; ¢) #3; d) #4; e) #5; f) #6. The horizontal axis represents the bearing ratio [%], and

the vertical axis represents the depths (measurement unit)

multiplet [41]. Images c), d), e) and f) display the same ten-
dency however in the latter two the effect is not that drastic
due to higher thickness of the oxide layer. We can observe the
occurrence of Si-Si bond although Si-O is still being
prevalent.
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Analysis of Ols peaks occurring at ~ 532,9 eV also con-
firms the presence of silicon oxide on the surface. Apart from
that, after 2 h of etching (b) a doublet of O1s can be observed.
The subpeak at energy of 531,4 eV usually ascribed to C-O
bond (Fig. 4) [42].
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Fig. 6 The peak count histograms of the samples: for samples: a) #1; b) #2; ¢) #3; d) #4; e) #5; f) #6

3 Results and Discussion

Study of topography was carried out by scanning probe
microscpe ICON (Bruker). The AFM surface micrographs
were analysed by Mountains Map® 7 Software [43], accord-
ing to ISO 25178-2:2012 [44].

The experiments of this study characterize the structure of
Si crystals before and after temperature stress. Every applied
method of the sample characterization shows the presence of
changes of surface and near-surface area. XPS techniques rep-
resent changes of surface structure after temperature process-
ing and explain the origin of differences of surface condition.
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Fig.7 Graphical study of volume parameters (surface): Vmp, Vve, Ve &
Vv parameters based upon the Abbott curve calculated for the samples:
a) #1; b) #2; ¢) #3; d) #4; e) #5; f) #6. Two bearing ratio thresholds are
defined (using the vertical bars that are drawn with dotted lines). By

The sterecometric analysis was carrying out on the
basis of AFM data, because it gives real 3D informa-
tion about surface texture. The surface topography
was described in chosen terms of sterecometric
analysis.

In Fig. 5 are shown the depth histograms associated with
the analyzed samples from Fig. 1. The Abbott-Firestone curve
is overlaid in red. This curve represents the bearing ratio
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default, these thresholds are set at bearing ratios of 10% and 80%. The
first threshold, p/ (default: 10%), is used to define the cut level ¢/ (and p2
defines c2, respectively)

curve; it means that for a specific depth, the percentage of
the material traversed in relation to the area covered.

The peak count histograms associated with the analyzed
samples from Fig. 1. are shown in Fig. 6.

The graphical study of volume parameters (surface): Vimp,
Vve, Vme & Vvv parameters based upon the Abbott curve
calculated on the surface associated with the analyzed samples
from Fig. 1, are shown in Fig. 7.
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The graphical study of Sk parameters associated with the
analyzed samples from Fig. 1, are shown in Fig. 8.

For these surfaces we applied the morphological envelopes
method for fractal analysis. The graph of the calculated vol-
ume for surfaces is drawn as a function of the scale (size of the
structuring elements). The fractal dimension is calculated
from the slope of that one of the two regression lines that

Sk parameters, unfiltered.
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corresponds best (i.e. the one out of the two regression lines
whose correlation coefficient is nearer to 1 for a profile and
nearer to 2 for a surface) [43].

It Table 3 are given a summary of the fractal dimensions Dy
values for analyzed samples from Fig. 1.

A summary of the statistical parameters results is shown in
Tables 4 and 5.

Sk parameters, unfiltered.
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Fig. 8 Graphical study of Sk parameters of the samples: a) #1; b) #2; ¢) #3; d) #4; e) #5; f) #6
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Table 3 The fractal dimensions Dy values, for scanning square areas of
0.5x0.5 umz, for samples: a) #1; b) #2; c) #3; d) #4; e) #5; f) #6

Sample no. Fractal dimension Dy Correlation coefficient R
#1 2.48+0.01 0.997
#2 2.66 £0.01 0.998
#3 2.54£0.01 0.998
#4 2.58 £0.01 0.997
#5 2.55£0.01 0.997
#6 226 £0.01 0.998

*Statistically significant difference: P <0.05

Statistical surface parameters and data obtained from AFM
records by using MountainsMap® premium software typical-
ly revealed different spatial surface patterns (Fig. 1).

In Fig. 5 the shapes of the histograms reveal information
about the nanoscale patterns, having a single peak that indi-
cates a unimodal distribution.

The peak count histograms also indicate displacement of
the dominant peak which means changing of texture in Z-
direction (Fig. 6).

The graphical study of volume parameters (surface) (Fig.
7) and Sk parameters (Fig. 8) highlighted the quantitative
values of these parameters.

The fractal surface geometry is revealed by fractal dimen-
sion of AFM images (Table 3). The highest value of fractal
dimension was obtained for sample #2 (D;=2.66+0.01), and
the lowest value was found for sample #6 (D;=2.26=0.01).
Also, it can be seen that the values of fractal dimension in-
crease for no processing samples (for samples #1, #3, #5),
whereas the values of fractal dimension decrease for process-
ing samples (for samples #2, #4, #6),

Tables 4 & 5 summarizes results of stereometric analyses
of images shown in Fig. 1.

As can be seen, height parameters of no processing samples
(for samples #1, #3, #5) including Sq, Sa, and Sv explained in the
appendix, all are increased by increasing thermal processing.

Table 4  The statistical parameters for the analyzed samples: a) #1, b) #2, and ¢) #3, according to ISO 25178-2: 2012

The statistical parameters Symbol #1 #2 #3
Values Values Values
Height Parameters
Root mean square height Sq [nm] 0.163 2.42 0.195
Skewness Ssk [—] 222 0.410 0.0331
Kurtosis Sku [-] 15.8 3.40 3.23
Maximum peak height Sp [nm] 2.21 11.5 0.945
Maximum pit height Sv [nm] 0.520 8.56 0.861
Maximum height Sz [nm] 2.73 20.1 1.81
Arithmetic mean height Sa [nm] 0.112 1.91 0.155
Functional Parameters
Areal material ratio Smr [%] 100 100 100
Inverse areal material ratio Smc [nm] 0.163 3.17 0.249
Extreme peak height Sxp [nm] 0.235 4.15 0.380
Spatial Parameters
Auto-correlation length Sal [um] 0.0103 0.0126 0.0226
Texture-aspect ratio Str [—] 0.819 0.410 0.859
Texture direction Std [°] 0.363° 0.346° 0.607°
Hybrid Parameters
Root mean square gradient Sdq [-] 0.0727 0.583 0.120
Developed interfacial area ratio Sdr [%] 0.263 13.8 0.707
Functional Parameters (Volume)
Material volume Vm [pm?®/pum?] 1.62¢-005 0.000142 9.54¢-006
Void volume Vv [um’/pm?] 0.000179 0.00332 0.000259
Peak material volume Vmp [um?®/pm?] 1.62¢-005 0.000142 9.54¢-006
Core material volume Vme [pm’/pm?] 0.000113 0.00213 0.000174
Core void volume Vve [pum’/pm?] 0.000166 0.00308 0.000237
Pit void volume Vv [pum’/pm?] 1.36¢-005 0.000231 2.21e-005
Feature Parameters
Density of peaks Spd [1/um?] 1377 1329 12,276
Arithmetic mean peak curvature Spc [1/pum] 147 340 268
Ten point height S10z [nm] 1.60 12.7 0.723
Five point peak height S5p [nm] 1.23 8.09 0.320
Five point pit height S5v [nm] 0.370 4.60 0.403
Mean dale area Sda [pum?] 0.000907 0.00133 9.11e-005
Mean hill area Sha [um?] 0.000716 0.000723 7.91e-005
Mean dale volume Sdv [um?] 1.58e-008 2.31e-007 7.69¢-010
Mean hill volume Shv [um®] 2.03¢-008 2.99¢-007 6.95¢-010

*Statistically significant difference: P <0.05
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Table 5 The statistical parameters for the analyzed samples: a) #4, b) #5, and ¢) #6, according to ISO 25178-2: 2012

The statistical parameters Symbol #4 #5 #6
Values Values Values
Height Parameters
Root mean square height Sq [nm] 1.50 0.245 2.97
Skewness Ssk [-] 0.502 0.663 0.458
Kurtosis Sku [-] 4.12 7.37 3.34
Maximum peak height Sp [nm] 8.48 2.98 133
Maximum pit height Sv [nm] 5.15 1.33 9.14
Maximum height Sz [nm] 13.6 431 224
Arithmetic mean height Sa [nm] 1.17 0.188 2.34
Functional Parameters
Areal material ratio Smr [%] 100 100 100
Inverse areal material ratio Smc [nm] 1.89 0.299 3.93
Extreme peak height Sxp [nm] 2.61 0.448 4.99
Spatial Parameters
Auto-correlation length Sal [pum] 0.0163 0.0148 0.0118
Texture-aspect ratio Str [-] 0.568 0.795 0.592
Texture direction Std [°] 141° 0.485° 141°
Hybrid Parameters
Root mean square gradient Sdq [-] 0.309 0.141 0.643
Developed interfacial area ratio Sdr [%] 4.24 0.981 17.2
Functional Parameters (Volume)
Material volume Vm [pm*/pum?] 9.45¢-005 1.46e-005 0.000181
Void volume Vv [um®/pm?] 0.00199 0.000314 0.00411
Peak material volume Vmp [pm®/um?] 9.45e-005 1.46e-005 0.000181
Core material volume Vme [pum’/um?] 0.0013 0.000207 0.00258
Core void volume Vve [pm’/pum?] 0.00184 0.000288 0.00384
Pit void volume Vv [pum?/pm?] 0.000148 2.60e-005 0.000274
Feature Parameters
Density of peaks Spd [1/pum?] 550 2020 1064
Arithmetic mean peak curvature Spc [1/um] 408 271 312
Ten point height S10z [nm] 7.48 1.96 16.6
Five point peak height S5p [nm] 438 1.29 10.7
Five point pit height S5v [nm] 3.10 0.664 591
Mean dale area Sda [umz] 0.00084 0.000499 0.000945
Mean hill area Sha [pm?] 0.00157 0.000464 0.000933
Mean dale volume Sdv [um?] 8.66e-008 1.08e-008 1.70e-007
Mean hill volume Shy [um?] 2.82e-007 1.33e-008 6.33e-007

*Statistically significant difference: P <0.05

The surface skewness (Ssk) of all samples is positive
(Ssk > 0) which confirm the dominance of peaks on their sur-
face with the smallest value in #3 (0.0331) and the highest
value in #1 (2.22).

Since the surface kurtosis (Sku) of all samples is above 3,
there exist spiky surfaces with the highest value in #1 (15.8)
and the lowest value in #3 (3.23).

Furthermore, by comparing: functional, hybrid, functional
(volume) and feature parameters for no processing samples
(for samples #1, #3, #5) in Tables 4 and 5, it is concluded that,

functional parameters (Smc and Sxp), hybrid parameters (Sdq
and Sdr), functional parameters (volume) (Vv, Vme, Vve,
Vvv) and feature parameters (Spc, S5v) are increased by in-
creasing thermal processing.

4 Conclusions

In this study, the temperature stability of Si wafers thermal
stability in correlation with three-dimensional (3D) surface
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characterization using atomic force microscopy was analyzed.
The samples were studied by different characterization tech-
niques that proved changes of surface structure.

After analyzing the XPS data, it became clear that on the
surface of the silicon wafers there were small impregnations of
carbon and an oxide film that thickens during the annealing
process. Etching eliminates the presence of carbon and par-
tially removes the oxide layer from the surface. However, a
longer etching time will be required to completely remove the
oxide layer in the samples subjected to 2 and 4 h annealing.

AFM in combination with stereometric analysis character-
ize changes in the spatial distribution of thin films and corre-
late the locations of each component with changes in film
morphology and topography that occur at the micrometer-
and nanometer-scale. SEM-imaging support obtained data
and demonstrate more difference in morphology of the
stressed sample.

This is in the center of interest for surface passiv-
ation with low defect concentration. Furthermore, the
condition of surface determines physical and chemical
properties of materials, because some parameters direct-
ly depend on topography: hydrophobicity, optical prop-
erties, free surface, etc. The described parameters can be
concern for “fingerprints” of the surface which changed
after thermal processing.
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Appendix

The statistical parameters of 3D surface roughness, according
to ISO 25178-2:2012 are defined as following [44].

a) Height parameters are a class of surface finish parameters
that quantify the Z-axis perpendicular to the surface.

(Sq) — root mean square height is the standard deviation
of the height distribution, or RMS surface roughness.
(Ssk) — Skewness is the third statistical moment, qualify-
ing the symmetry of the height distribution. Negative
skew indicates a predominance of valleys, while positive
skew is seen on surfaces with peaks.

@ Springer

b)

(Sku) — Kurtosis is the fourth statistical moment, qualify-
ing the flatness of the height distribution. For spiky sur-
faces, Sku>3; for bumpy surfaces, Sku < 3; perfectly
random surfaces have kurtosis of 3.

(Sp) - Maximum peak height is the height between the
highest peak and the mean plane.

(Sv) - Maximum pit height is the depth between the mean
plane and the deepest valley.

(Sz) - Maximum height is the height between the highest
peak and the deepest valley.

(Sa) - Arithmetical mean height is the mean surface
roughness.

Functional parameters are calculated from the Abbott-
Firestone curve obtained by the integration of height dis-
tribution on the whole surface.

(Smr) - Areal material ratio is the bearing area ratio
at a given height. Ratio of the area of the material
at a specified height ¢ (cut level) to the evaluation
area. The Smr(c) is expressed as a percentage. For
the Smr parameter, the height ¢ is counted by de-
fault from the mean plane.

(Smc) - Inverse areal material ratio is the height ¢ at
which a given areal material ratio p is satisfied. The
height is calculated from the mean plane.

(Sxp) - Extreme peak height is the difference in
height between q% and p% material ratio. This pa-
rameter must be configured with two thresholds en-
tered in %.

Spatial parameters describe topographic characteristics
based upon spectral analysis. They quantify the lateral
information present on the X- and Y-axes of the surface.

(Sal) - Auto-correlation length is the horizontal distance
of the autocorrelation function (tx, ty) which has the
fastest decay to a specified value s, with 0 <s< 1. The
default value for s in the software is 0.2. This parameter
expresses the content in wavelength of the surface. A
high value indicates that the surface has mainly high
wavelengths (low frequencies).

(Str) - Texture-aspect ratio is the ratio of the shortest de-
crease length at 0.2 from the autocorrelation, on the
greatest length. This parameter has a result between 0
and 1. If the value is near 1, we can say that the surface
is isotropic, i.e. has the same characteristics in all direc-
tions. If the value is near 0, the surface is anisotropic, i.e.
has an oriented and/or periodical structure.

(Std) - Texture direction calculates the main angle for the
texture of the surface, given by the maximum of the polar
spectrum. This parameter has a meaning if Str is lower
than 0.5.
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d) Hybrid parameters are a class of surface finish pa-

e)

rameters that quantify the information present on the
X-, Y- and Z-axes of the surface, i.e. those criteria
that depend both on the amplitude and the spacing,
such as slopes, curvatures, etc.

(Sdq) - Root mean square gradient is the root-mean-
square slope of the surface.

(Sdr) - Developed interfacial area ratio is the ratio
of the increment of the interfacial area of the scale
limited surface within the definition area over the
definition area. The developed surface indicates the
complexity of the surface thanks to the comparison
of the curvilinear surface and the support surface.
A completely flat surface will have a Sdr near 0%.
A complex surface will have a Sdr of some
percents.

Functional volume parameters are typically used in tribo-
logical studies. They are calculated using the Abbott-
Firestone curve (areal material ratio curve) calculated on
the surface.

Vm(p) - Material volume is the volume of the material at
a material ratio p (in %).

Vv(p) - Void volume is the volume of the voids at a
material ratio p (in %).

Vmp - Peak material volume of the scale limited surface
is the volume of material in the peaks, between 0% ma-
terial ratio and a material ratio p (in %), calculated in the
zone above cl. Vmp = Vm(p)

Vmc - Core material volume of the scale limited surface
is the volume of material in the core or kernel, between
two material ratios p and q (in %), calculated in the zone
between cl and c2. Vmc=Vm(q) - Vm(p)

Vvc - Core void volume of the scale limited surface is the
volume of void in the core or kernel, between two mate-
rial ratios p and q (in %), calculated in the zone between
cl and c2. Vvc = Vv(p) - Vv(q)

Vvv - Pit void volume of the scale limited surface is the
volume of void in the valleys, between a material ratio p
(in %) and 100% material ratio, calculated in the zone
below c2. Vvv=Vv(p)

Feature parameters are derived from the segmenta-
tion of a surface into motifs (hills and dales).
Segmentation is carried out in accordance with the
watersheds algorithm.

Spd - Density of peaks is the number of peaks per unit area.
Spc - Arithmetic mean peak curvature is the arithmetic
mean of the principle curvatures of peaks within a defi-
nition area.

S10z - Ten point height is the average value of the heights
of'the five peaks with the largest global peak height added
to the average value of the heights of the five pits with the
largest global pit height, within the definition area.
S10z=S5p + S5v

S5p - Five point peak height is the average value of the
heights of the five peaks with the largest global peak
height, within the definition area.

S5v - Five point pit height is the average value of the
heights of the five pits with the largest global pit height,
within the definition area.

Sda - Closed dale area is the average area of dales con-
nected to the edge at height c.

Sha - Closed hill area is the average area of hills connect-
ed to the edge at height c.

Sdv - Closed dale volume is the average volume of dales
connected to the edge at height c.

Shv - Closed hill volume is the average volume of hills
connected to the edge at height c.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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Alternative approaches for preparation of AIN nanolayers by atomic layer deposition

4 AIN thin films deposited by thermal ALD using and
hydrazine and ammonia as precursors

4.1 Motivation of the article

This research was the first in the series of attempts which belong directly to the optimization
of the ALD technology for deposition of AIN by introducing new approaches. The
motivation of the study was to look into the expediency of utilization of rather
unconventional precursors: tris(diethylamido)aluminum (TDEAA) for aluminum and
hydrazine (N2H4) for nitrogen, as well as to provide a comparison with a more traditional

precursor — ammonia (NH3).

4.2 Conclusion on the article

As a result of this study it was found out that hydrazine (N2H4) indeed has an advantage over
ammonia (NH3), this advantage being the better reactivity with tris(diethylamido)aluminum
(TDEAA), which results in increased density of the films. Another benefit of hydrazine usage
lies in the fact that it has lower dissociation energy than ammonia, therefore allowing for
lower temperatures during the deposition process. However, it was also discovered that usage
of both of these precursors has a drawback which manifests in a rather significant presence
of hydrogen within the resulted layers (22-26 at.%). The occurrence of the hydrogen is most
likely a product of incomplete dissociation of NH3 and N2H4 molecules, which resulted in a
presence of various amine (N-H) or/and amide (C-N) groups, which are a part of so-called
ALD defects.

4.3 Contribution

This article was written in collaboration with the colleagues from Russia and the United
States (the first author). Most of the analyses were performed in the United States by the first
author. My contribution as a co-author lies in preparation of the samples, interpretation of

the obtained data, partial writing of the manuscript and visualisation.

4.4 Article 2
The paper Atomic Layer Deposition of Aluminum Nitride Using

Tris(diethylamido)aluminum and Hydrazine or Ammonia was published in the year of
2018 in Russian Microelectronics journal (ISSN: 1608-3415).

Note: The Russian Microelectronics journal at the time of publishing was indexed in WoS
and had impact factor of ~0.4. Nowadays (for the unknown reason), it can be found only on
Scopus. The paper itself received a fair amount of attention and by now (April, 2021) has

~15citations.
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Abstract—Aluminum nitride (AIN,) films were obtained by atomic layer deposition (ALD) using tris(diethyl-
amido)aluminum(IIl) (TDEAA) and hydrazine (N,H4) or ammonia (NHj3). The quartz crystal microbal-
ance (QCM) data showed that the surface reactions of TDEAA and N,H, (or NHj3) at temperatures from 150
to 225°C were self-limiting. The rates of deposition of the nitride film at 200°C for systems with N,H, and
NH; coincided: ~1.1 A/cycle. The ALD AIN films obtained at 200°C using hydrazine had higher density
(2.36 g/cm?, 72.4% of bulk density) than those obtained with ammonia (2.22 g/cm?>, 68%). The elemental
analysis of the film deposited using TDEAA/N,H, at 200°C showed the presence of carbon (~1.4 at %), oxy-
gen (~3.2 at %), and hydrogen (22.6 at %) impurities. The N/Al atomic concentration ratio was ~1.3. The
residual impurity content in the case of N,H, was lower than for NH;. In general, it was confirmed that
hydrazine has a more preferable surface thermochemistry than ammonia.

DOI: 10.1134/S1063739718020026

INTRODUCTION

Aluminum nitride is a wide-gap semiconductor
(~6.2 V) with high thermal conductivity (2.85 W/cm K
at 300 K), melting point (2750°C), electric resistance
(10" Ohm cm), and refraction index (~2.0), but low
absorption coefficient (<1073) [1—5]. Due to these
properties, AIN is promising for wide range of applica-
tions in power engineering and micro- and optoelec-
tronics. Thin AIN films were successfully used for pas-
sivation of GaN, GaAs, SiC, InGaAs, and H—C (dia-
mond) devices [6—9] and also for excitation of surface
acoustic waves [10]. AIN epitaxial layers are also used as
buffer layers when growing high-quality GaN films and
nanowires by molecular beam epitaxy (MBE) [11, 12].

The AIN films mainly obtained by chemical vapor
deposition (CVD) [13—16], physical vapor deposition
(PVD) [10, 17, 18], molecular beam epitaxy [11, 19,
20], etc. In comparison with these methods, ALD has
a number of advantages [21]: relatively low deposition
temperatures, control of film thickness at the atomic
level, and highly conformal coating of micro/nano
structures and nanoparticles. In the ALD method, the
films grow as a result of repeated surface reactions per-
formed away from the thermodynamic equilibrium.
The first studies on the thermal atomic layer deposi-
tion of AIN were performed using ammonia (NH;) as
a nitrogen precursor in combination with trimethylal-
uminum (TMA) [22—26] or aluminum chloride
(AICly) [27], which require high deposition tempera-

tures of 325—500°C. At the same time, the films
obtained from TMA/NH; usually contain 4—7 at % car-
bon impurities [22, 25] and a significant amount of
hydrogen [28]. This is due to the thermal decomposi-
tion of TMA and low reactivity of ammonia [24, 29].

For full applicability of nitrides of the third group
elements, compounds and heterostructures on their
basis should be grown at temperatures below 300°C
[30]. Therefore, considerable attention has been paid to
plasma-enhanced atomic layer deposition (PE-ALD).
Previously, the possibility of obtaining AIN films by
PE-ALD from various precursors was demonstrated:
AlClyand NH;/H, [31]; NH;/H,/Ar gas mixture [32] (at
350°C); and TMA and NH; [33—35] or N,/H, [34, 36—
38] (at 100—500°C). The use of plasma offers better
possibilities in choosing the properties of materials,
substrate temperature, precursors, and processing
conditions, but has some drawbacks: lower film con-
formity and risk of its damage by plasma [39].

Previously, low-temperature ALD was performed
at 200—250°C using tris(dimethylamido)aluminum
(Al,(N(CH,),)¢) and NH; [40]. The AIN films
obtained in [40] contained less than 1 at % carbon and
oxygen impurities. However, the deposition condi-
tions, the optimization process, etc. were not
described in detail in [40]. A more detailed description
of the conditions of ALD of AIN films from tris(dime-
thylamido)aluminum (TDMAA) and NH; in the tem-
perature range 180—400°C was later presented in [41].
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Fig. 1. Tris(diethylamido)aluminum (TDEAA).

The majority of the mentioned above studies used
NH; as the nitrogen precursor for deposition of AIN
films, but N,H, has more advantageous thermochem-
istry to growth metal nitrides. The high reactivity of
N,H, is due to the relatively weak N—N bond in N,H,
compared to the N—H bond in NH; [42, 43].

The present work is devoted to the development of
the optimum conditions to grow ALD AIN without
employing plasma and using tris(diethylamido)alumi-
num (TDEAA) at temperatures below 300°C. The
structure of the TDEAA molecule is shown in Fig. 1.
AIN films have never been previously obtained by
ALD using TDEAA. To successfully use this method,
high vapor pressure and thermal stability of a organo-
metallic precursor are required. TDEAA has lower
melting point than TDMAA and possibly higher ther-
mal stability. According to the manufacturer’s data-
base, TDEAA melts between 28 and 31°C, whereas
TDMAA melts between 82 and 84°C. Earlier, it was
reported that a similar precursor for CVD,
tetrakis(diethylamido)titanium used for deposition of
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titanium nitride, is more thermally stable than
tetrakis(dimethylamido)titanium [44].

Figure 2 shows the simplified ALD AIN deposition
scheme consisting of the surface reactions of TDEAA
and NH; or N,H,.

EXPERIMENTAL

The AIN films were obtained by successively dos-
ing tris(diethylamido)aluminum and NH; (or N,H,)
on ALD equipment (ASO NanoTech, Makhachkala,
Russia). The unit was equipped with a vacuum chamber
with hot walls, in which a dense stream of an inert gas
was fed. Ultra high purity nitrogen (UHP, 99.999%)
used as a carrier gas. The nitrogen pressure in the ALD
reactor maintained at 0.9 Torr. The purity of tris(dieth-
ylamido)aluminum and hydrazine (Sigma-Aldrich)
was 99.99% (CAS no. 352546-72-6) and 98% (CAS
no. 302-01-2), respectively. TDEAA and hydrazine
were loaded in to dosing containers in an inert atmo-
sphere. To create sufficient vapor pressure, TDEAA
was heated in a stainless steel container to 85—90°C.
Hydrazine was dosed from a glass container connected
via an inlet valve to the reactor. Since hydrazine is
explosive, it was handled with care according to the
recommendations of [45]. Ammonia (Sigma-Aldrich)
with purity 0f 99.98% (CAS no. 7664-41-7) was stored
in a cylinder with a regulator installed by the manufac-
turer. Ammonia and hydrazine were not heated because
of their high vapor pressures at room temperature.

For ex situ analysis of the resulting films, silicon
Si(100) wafer coupons with dimensions of 1.5 X 1.5 cm
were used as substrates. The substrates were cleaned
with acetone and isopropanol and dried with a UHP
nitrogen flow; then they were kept in the ALD reac-
tion chamber for ~30 min before the deposition. The
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Fig. 2. Scheme of ALD of AIN using TDEAA and NHj3 or N,Hy.
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silicon substrates used for deposition had a native sili-
con oxide layer with a thickness of ~25 A.

In situ monitoring of the deposition was performed
by quartz crystal microbalance (QCM) for control of
the growth parameters of AIN films and further opti-
mization of the procedure [46]. Before the start of pre-
cursor dosing, the crystal used in QCM was coated by
ALD in the same reactor with an Al,O; film with a thick-
ness of ~60 A using trimethylaluminum (Al(CH;);) and
H,0. The errors of QCM for each point of the satura-
tion curves of the precursors were calculated from the
standard deviations of 10—12 measurements. The error
of thickness was evaluated from the data for three AIN
films deposited simultaneously on the silicon sub-
strates located at a distance of ~1 cm from each other
along the gas flow direction.

The X-ray reflectivity (XRR) and diffraction
(XRD) data were obtained with a Bede D1 high-reso-
lution diffractometer (Bede Scientific, United States).
The XRR experimental data were simulated using
REFS software. The diffractometer was equipped with
a copper anode; A = 1.54 A. The filament current was
40 mA at a voltage of 40 kV. The thickness, density,
surface roughness, and crystal structure of the result-
ing films were determined from the XRR and XRD
data. The X-ray photoelectron spectroscopy (XPS)
data were obtained on a PHI 5400 instrument (Physi-
cal Electronics, United States) with a monochromatic
AlK, X-ray source (1486.6 ¢V) and Ar+ sputtering
attachment. The argon ion energy during the etching
was ~1.5 keV. The XPS enabled to determine the level
of carbon and oxygen impurities and their depth dis-
tribution in the obtained AIN films. The ratio of the
concentrations of nitrogen and aluminum atoms in the
films was determined by Rutherford backscattering
spectrometry (RBS). The analysis was performed on
the RBS 400 equipment (Analytical Endstation,
United States) using software from Charles Evans and
Associates (United States). The energy of He+ ions
was 2 MeV with a bombardment angle of 165°. The
content of hydrogen impurities in the films was deter-
mined by forward recoil elastic spectrometry (FRES) on
a National Electrostatics instrument (United States).
For ERDA, calibration was performed using mica
(9.5 at % hydrogen atoms). The He?" ion energy was
2 MeV, and the bombardment angle 75°.

The times of introduction of precursors in the
chamber and purge times are denoted as ¢, t,, f;, and
14, where ¢, is the TDEAA exposure time; #; is the NH;
or N,H, dosing time; and #, and ¢, is the N, purge time
after the introduction of the doses of the first and sec-
ond reagents, respectively, in seconds.

RESULTS AND DISCUSSION

The data on the mass gain before saturation as a
result of TDEAA and NH; exposures in to the reactor
during the ALD of AIN at 175 and 200°C are shown in
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Fig. 3. The mass gain values for one A—B cycle depend-
ing on the TDEAA dose size are presented in Fig. 3a.
The results presented in the plot were obtained at a
TDEAA dosing time #, = x, purge times #, = 40 and
t,= 90, and NH; dose time #; = 3 s, i.e., for one cycle
x/40/3/90. According to Fig. 3, the mass gain reaches sat-
uration at ~3.5 s for both temperatures. When the deposi-
tion temperature increased, the film growth rate increased
from 18 to 21.5 ng/(cm? cycle). The TDEAA partial
pressure was ~10 mTorr after dosing for 3.5 s, which
corresponds to a dose of 3.5 x 10* L (1 L (Langmuir) =
1 X 107° Torr s). Figure 3b shows the saturation
parameters for NH; obtained after dosings of
3.5/40/x/90 where the TDEAA dose remained con-
stant and equal to 3.5 s, and x is the variable NH; dos-
ing time. The mass gain reached saturation at ~3 s for
both temperatures. The maximum mass gain was
16.3 and 20.5 ng/(cm? cycle) at deposition tempera-
tures of 175 and 200°C, respectively. These values are
close to the parameters shown in Fig. 3a; i.e., both
experiments were performed at fixed saturation
parameters of the precursor. The partial pressure of
NH; was ~225 mTorr when the valve was open for 3 s,
which corresponds to a dose of 6.75 X 10° L.

The data on mass gain before saturation as a result
of TDEAA and N,H, exposures at 200 and 225°C are
shown in Fig. 4. The dependence of mass gain per
cycle on the TDEAA dose is shown in Fig. 4a. The
dosing and purge parameters in this case were
x/40/1.3/90 where x is the variable TDEAA dosing
time, and 1.3 s is the size of the hydrazine dose, which
remained constant. According to the plot, the mass
gain reached saturation at a TDEAA dosing time of ~1 s.
It slightly increased from 24.4 ng/(cm? cycle) at 200°C
to 25 ng/(cm? cycle) at 225°C. Figure 4b shows how the
mass gain changes depending on the N,H, dose. The
dosing parameters in this case were 1/40/x/90, where 1 s
is the fixed time for the TDEAA dose and x is the variable
time for the N,H, dose. The mass gain reached satura-
tion when the N,H, dose was introduced for 1.5 s. The
mass gain slightly increased from 24.1 ng/(cm? cycle) at
200°C to 25.1 ng/(cm? cycle) at 225°C. As in the case of
ammonia, the data in Fig. 4 were obtained at the satura-
tion parameters of the fixed precursor. The partial pres-
sure of N,H, during dosing for 1.3 s was ~30 mTorr,
which corresponds to a dose of 3.9 x 104 L.

Thus, the surface reactions of TDEAA and NH; or
N,H, were found to reach saturation, which satisfies
the condition for ALD. The optimum growth condi-
tions are achieved much faster when N,H, is used. The
saturation dose of N,H, is 3.9 x 10* L, much lower
than that of NH; (6.75 x 10° L). In addition, the purge
time required for completely removing the by-prod-
ucts in the ammonia process took much longer time
than in the hydrazine process. This showed itself as
elongated pressure stabilization during the ammonia
Vol. 47
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Fig. 3. QCM data on saturation of (a) TDEAA and (b) NH; during the ALD AIN at 175 and 200°C.

dose purge. The data of [47] suggest possible forma-
tion of ammonia and organometallic (OM) precursor
adducts with a relatively low melting point over the vol-
ume of the vacuum chamber. In general, rapid evacua-
tion precludes CVD reactions and reduces the film depo-
sition time. Evacuation of 90 s after N,H, dosing was per-
formed only to minimize the variables for cleaner
comparison with the TDEAA/NH; system and for stable
operation of QCM.
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Figure 5 presents the observed QCM signal during
the ALD of AIN performed by alternating dosing of
TDEAA and N,H, at 200°C. The data of Fig. 5a show
that the mass gain is linear for 25 cycles. The reagent
dosing time was 1.5/40/1.3/90; the average growth rate
is ~24.3 ng/(cm? cycle). The profile of the QCM signal
obtained during the precursor dosing is shown in Fig. 5b.
It can be seen that the dosing of TDEAA leads to a
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Fig. 4. QCM data on saturation of (a) TDEAA and (b) N,H, during the ALD AIN at 200, and 225°C.

mass gain of 35.3 ng/cm?, and the dosing of N,H, to a
mass loss of 12.1 ng/cm? with the resulting mass
increase of 23.2 ng/cm? per cycle. The observed mass
gain and loss during the dosing of TDEAA and N,H,
occur in accordance with the deposition mechanism
shown in Fig. 1. The reaction of TDEAA proceeds
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effectively without surface recombinations that lead to
mass loss after the dosing. The dip in Fig. 5b observed
during the dose of N,H, was attributed [48] to the
overheated gas effect on the QCM crystal. Figure 5b
shows good reproducibility of changes on the surface
during the dosing of reagents. For all ex sifu data pre-
Vol. 47
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Fig. 5. QCM signal obtained at 200°C (a) during 25 ALD cycles of TDEAA/N,H, and (b) zoom-in image of three ALD cycles

of TDEAA/N,H,.

sented below, the ALD AIN was performed on condi-
tion of saturation for precursors.

XRR and XRD Analyses of ALD AIN Films

Figure 6 presents the XRR data for dependence of
the growth rate of AIN film on silicon substrates on the
deposition temperature varied from 150 to 280°C. One
hundred A—B cycles were deposited on the substrates
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for each temperature. The dosing and purge time
during ALD was 1.5/40/1.3/90 for TDEAA/N,H, and
3.5/40/3/90 for TDEAA/NH;. According to Fig. 6,
in the case of NH;, the growth rate gradually
increases from 0.87 A/cycle at 150°C to 1.47 A/cycle
at 225°C. The decrease in the growth rate above
225°C is associated with a reduction of the number of
reactive surface sites. In this case, we think this is
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Fig. 6. XRR data on variation of the growth rate of AIN ALD films with temperature.

caused by the thermal decomposition of TDEAA.
The similar organometallic precursors containing
amido groups, namely, tetrakis(diethylamido)tita-
nium (Ti((C,H;s),N),) and tris(diethylamido)(zert-
butylimido)tantalum  ((CH;);CNTa(N(C,Hs),)3),
thermally decompose above 220°C [42, 44].

On the other hand, the rate of film deposition in
the case of N,H, at first decreased from 1.23 A/cycle
at 150°C to 1.16 A/cycle at 200°C and then started to
increase, reaching 1.72 A/cycle at 280°C. The higher
film deposition rate at 150°C is possibly related to the
formation of multilayers of physisorbed molecules of
N,H, and/or stable adduct between the OM precursor
and N,H, [43]. The deposition rate also slightly
increased during the ALD of TaN at 150°C with N,H,
used as a nitrogen precursor [42]. The increase in the
deposition rate above 225°C observed for
TDEAA/N,H, may be associated with the decompo-
sition of the OM precursor and, as a consequence,
with film deposition by thermal CVD. Due to the
presence of aluminum and nitrogen in the TDEAA
molecule (Fig. 1), the thermal CVD of aluminum
nitride can occur by decomposition without participa-
tion of the nitrogen precursor [47, 49]. The increased
gradient of film thickness at higher temperatures is
also indirect evidence for decomposition of TDEAA.
Note that NH; and N,H, thermally decompose at
higher temperatures, ~800 and ~300°C, respectively
[45, 47]. The observed considerable increase in the
deposition rate at temperatures from 150 to 225°C for
NH; indicates that the activation energy of surface
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reactions is higher than for N,H,. Therefore, we think
the range of optimum ALD of AIN film with the use of
TDEAA and N,H, or NH; is between 200 and 225°C.

The linear growth of the ALD AIN films on silicon
with increase in number of A—B cycles is presented in
Fig. 7. The films were deposited at 200°C and reagent
dosing times of 1.5/40/1.3/90 for the TDEAA/N,H,
system and 3.5/40/3/90 for TDEAA/NH; have been
used. According to Fig. 7, as the number of cycles
increases, the thickness of the deposited nitride film
also increases linearly, with the growth rates being
approximately equal for these systems (~1.1 A/cycle).
The films grow at a submonolayer rate if we take into
account that the AIN monolayer thickness is ~2.5 A
[50]. The data of Fig. 7 confirm the observed by in situ
QCM linear growth of the TDEAA/N,H, film (Fig. 5a).
In this case, the nucleation period of film growth on the
native SiO, layer of the substrate is short for both systems.
A relatively short film nucleation period of 5—10 cycles
was also observed by QCM on the ALD Al,O; film.

According to [40, 50] the thermal ALD of AIN film
was performed using TDMAA and NH; at 200°C at a
rate of 0.7—0.9 A/cycle. The ALD of AIN was gener-
ally [22, 25, 26, 28] performed with TMA and NH; at
temperatures from 320 to 470°C at deposition rates of
0.2—3.5 A/cycle. Several studies [23, 29, 51], however,
indicated that the ALD of AIN using trimethylalumi-
num and ammonia was possible only at temperatures
of <327°C. The growth rate of AIN films deposited at
500°C using AICl; and NH; is 1.0 A/cycle [27, 28].
The films obtained by PE-ALD using TDMAA/N,
Vol. 47
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Fig. 7. XRR data on the linear growth of aluminum nitride films on silicon substrates for different numbers of ALD cycles.

[52] at 250°C were deposited at a rate of ~0.8 A /cycle.
The growth rates of PE-ALD AIN at 200°C using
TMA and NH, [34, 35, 53, 54] were 0.9—1.02 A/cycle;
when using TMA and the N,/H,, N,/H,/Ar, N,/Ar,
NH,;/Ar, N, mixtures, the films grew at rates of 0.61—
1.2 A/cycle [34, 36, 53, 55, 56]. The PE-ALD AIN
films sputtered at 350°C using AICl; and NH;/Ar/H,
or NH;/H, were deposited at a rate of ~0.4 A/cycle
[31, 32]. In our case, the film growth rates are higher
than those published previously for thermal ALD of
AIN at the same temperatures and close to the data
obtained by PE-ALD of AIN at both low and high
temperatures.

The densities and roughnesses of the obtained
ALD AIN coatings were determined by XRR. The
films synthesized at 200°C had densities on the aver-
age of 2.36 and 2.22 g/m? for processes with N,H, and
NH;, respectively, which is 72.4 and 68% of the bulk
density of aluminum nitride (3.26 g/cm?®) [57]. The
densities of the films obtained at 225°C were slightly
higher, ~2.41 g/m? (74%) and 2.25 g/m? (69%) for sys-
tems with N,H, and NHj;, respectively. The mass gains
per cycle at 200°C for ALD TDEAA/N,H, recalculated
from the XRR data on the density and deposition rate of
the films (26 ng/(cm? cycle)) agree well with the experi-
mental QCM data shown in Fig. 4 (~24.5 ng/(cm? cycle)).
The high density of the films obtained using N,H,
compared with that for NH; must favor high stability
against the oxidation in air. The (mean square) rough-
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ness of the AIN films obtained at 200 and 225°C varied
from 1.5 to 9 A depending on the film thickness.

The literature densities and roughnesses for ALD
AIN films are mainly available for the films obtained
by the plasma-chemical method. The density of the
layers obtained by PE-ALD of AIN at 200°C using
TMA and NH; was 2.56—2.58 g/cm? and the rough-
ness was ~14 A [53, 54]; for the layers obtained using
TMA and NH,/Ar, N,/H,, N,/H,/Ar, N, the density
was 1.9—2.82 g/cm? and the roughness varied from
14.5 t0 21.6 A [34, 53, 56]. The AIN films obtained by
ALD using TDEAA/N,H, are slightly worse in den-
sity than the PE-ALD films, but had lower roughness
because they are amorphous according to XRD analy-
sis. The amorphous AIN films were obtained at 200°C
by ALD and CVD using TDMAA and NH; [13, 16, 41,
58]. At the same time, the AIN films obtained by CVD
and thermal and plasma-chemical ALD at tempera-
tures of >2300°C generally had a polycrystalline struc-
ture [16, 22, 26, 28, 32, 41]. The AIN films obtained by
PE-ALD at relatively low temperatures of 100—250°C
using TMA and N,/H, or NH; were mixtures of poly-
crystalline and amorphous phases [33—36, 38]. The
formation of amorphous aluminum nitride films at
low temperatures was attributed [56] to the presence of
certain impurities.

XPS and FRES Analyses of ALD AIN Films

Figure 8 shows the results of the XPS analysis of the
nitride film with a thickness of 300 A obtained using

2018
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Fig. 8. XPS data on the atomic distribution in the bulk of the AIN ALD film obtained using hydrazine at 200°C.

ALD TDEAA/N,H, at 200°C. The upper layer of
nitride contains oxygen and carbon impurities. It’s
know [28], that the substrates with an aluminum
nitride coating are oxidize in air, forming a passivation
alumina film. Carbon on the film surface is gets
deposited from air during the transfer of the sample
from the ALD reactor into the XPS chamber. After
etching of the film surface with argon ions, the oxygen
and content decreases significantly. The oxygen and
carbon carbon content in the bulk of the film is ~3.2
and 1.4 at %, respectively. The presence of oxygen in
the bulk of the film explained by its presence in the
form of an impurity in the dosed N,H,; in addition,
it’s known, that the hydrazine is hygroscopic [45]. The
presence of carbon in the bulk of the film indicates
that the surface processes are not ideal. The presence
of a carbon impurity can affect the dielectric proper-
ties of the AIN film [59]. The absence of significant
carbon impurities in our films suggests that reaction B
(Fig. 2) at dosing of N,H, proceeds close to completion.

The level of oxygen and carbon impurities in our
(ALD) films synthesized using TDEAA and N,H, is
comparable or lower to that of the AIN films obtained
by ALD and PE-ALD by other authors [13, 16].
According to [41], the AIN films obtained by ALD
using TDMAA and NH; at 200°C contains ~6.5 at %
oxygen and ~1.5 at % carbon. The CVD of AIN films
at 200°C using TDMAA and NHj; leads to the follow-
ing impurity contents: <5 at % oxygen and <2.95 at %
carbon [13, 16]. Using TMA and NH;, one can obtain
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ALD AIN films at 330—450°C with 0.8—2.5 at % oxy-
gen and <7 at % carbon impurities [22, 25]. The ALD
AIN layers deposited at 500°C using AlCl; and NH; con-
tain 6 at % chlorine impurities and a certain amount of
oxygen [28]. The AIN films obtained PS-ALD at 150—
200°C contain 0.07—3.0 at % oxygen and <2.5 at %
carbon when TMA and NHj; are used [33, 34, 37, 54]
and 0.14—6.0 at % oxygen and <4 at % carbon when a
combination with NH,/Ar, N,/H,, N,/H,/Ar is used
[34, 37, 53, 56]. Note that the PE-ALD AIN films
obtained using TMA and N, plasma are unstable in air,
the oxygen and carbon contents in them reaching 39—
48.45 and 4—8 at %, respectively [53, 60]. In PE-ALD
of AIN using AlICl; and a gas mixture of NH;/H, [31] or
NH,/Ar/H, [32], however, the chlorine level is low,
0.21-0.23 at %.

According to Fig. 8, the ratio of N to Al atomic
concentrations in the bulk of the films is 0.6. There is
enough evidence [61, 62] for the preferential reactive
removal of light elements by Ar* ions during the XPS
analysis. In our case, the decreased nitrogen level is
possibly explained by the removal of NH; and its
derivatives. For more precise determination of the N
to Al ratio, we analyzed the films by RBS. Figure 9
shows the RBS spectrum of the ALD AIN films with a
thickness of 382 A grown at 200°C by alternating doses
of TDEAA and N,H,. The processing of the results
showed that the N /Al concentration ratio is ~1.3. This
value is close to the data of [16, 53] for CVD and PE-
ALD of AIN films obtained at 200°C using TDEAA
Vol. 47
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Fig. 9. RBS data obtained for the AIN ALD film grown using hydrazine at 200°C.

and NH;, where the N/Al ratio was 1.15 and 1.1-1.2,
respectively. Earlier, it was assumed that the nitrogen
excess in the film could be in the form of (N—N)
bonds [16, 63].

Hydrogen is one of the most frequent impurities in
AIN films grown by thermal and plasma-stimulated
ALD. In the present study, the content of hydrogen
atoms in the films was determined by forward recoil
elastic spectrometry (FRES). Figure 10 presents the
FRES spectra of the ALD films of aluminum nitrides
with thicknesses of 980 and 550 A obtained at 200°C
using N,H, and NHj, respectively. An analysis of the
samples shows that hydrogen in the films is at the level of
22.7 and 26 at % for systems with N,H, and NH, respec-
tively. This indicates that the reaction of TDEAA with
the surface (—NH,) groups (reaction A, Fig. 2) is pos-
sibly incomplete, which may be the reason for the
presence of hydrogen impurities.

The hydrogen concentrations in the films obtained
in this work are slightly lower than in the films grown
at 200°C using TDMAA/NH; by ALD (30 at %) [41]
and CVD (11-31 at %) [13, 16]. The films obtained by
ALD AIN at 350 and 500°C using NH; and TMA or
AICl; contain ~9—15 and 9 at % hydrogen, respec-
tively [22, 28]. It is interesting that the hydrogen con-
tent in some PE-ALD AIN films obtained at 200°C
using TMA and NH; is high enough, 20—21 at % [53,
54]; for N,/H,, it is 19—22 at % [53, 56]. In PE-ALD
of AIN films obtained using AICl; and the NH,/H,
[27] or NH;/Ar/H, [32] gas mixtures at 350°C, the
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hydrogen content was low, 2.01 at %. It should be
taken into account, however, that the deposition of
films with hydrogen plasma and hydrogen mixtures
can lead to gas diffusion into the substrate and modi-
fication of its surface [64], therefore, requires special
control [32]. An increase in deposition temperature of
AIN generally leads to a decrease in the hydrogen con-
tent in the synthesized films [41, 54]. In our case, the
films obtained at a higher deposition temperature
225°C using ALD TDMAA and N,H, or NH; should
also contain less hydrogen impurities. An analysis
shows that the hydrogen level in our samples (obtained
at the same temperatures) is comparable to the litera-
ture data given above, but higher than for the films
obtained by high-temperature PE-ALD.

Thus, hydrogen may be present in the films in the
form of amino (—NH,) or imide (—NH) groups and
tetra-coordinated amino groups [63, 65, 66]. The
excess of nitrogen and the presence of hydrogen impu-
rities also suggest possible formation of stable com-
plexes (adducts) between the OM precursor and NH;
or N,H, [43, 47, 63]. For effective decomposition of
nitrogen—hydrogen bonds in AIN films, it was shown
[24] that the deposition temperature should not be
lower than 330°C. To refine the mechanism of the
surface reactions that are specific for the systems
considered, additional studies by infrared spectros-
copy are required.

The amount of hydrogen can be reduced by
annealing the films in an inert gas atmosphere [16] or
vacuum [56] at 550—650°C or by treatment in nitrogen
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Fig. 10. FRES spectrum for AIN ALD samples deposited using ammonia and hydrazine at 200°C.

plasma at ~400°C [67] or argon plasma at 300°C [68].
The thermal and plasma treatments of the film should
lead to increase in density and improved chemical sta-
bility, in particular, to its stability against oxidation in
air [67]. We observed [50] a significant decrease in
hydrogen concentration in ALD AIN films obtained
using TDMAA and NHj; after annealing in a nitrogen
atmosphere for 1 h at 650°C. The films obtained in the
present study were not annealed. Even with high hydro-
gen contents, the films obtained in this study can find
potential application in microelectronics [16, 40, 66].

CONCLUSIONS

The results of the experimental studies showed that
the films with an approximate composition AINH and
with some hydrogen and carbon impurities can be
obtained by ALD using TDEAA and N,H, or NH;
with relatively high deposition rates and at relatively
low temperatures. At the same time, hydrazine has
more favorable surface reactivity with TDEAA, which
leads to increased density of the films, all other condi-
tions being equal. Level of impurities, density, and
roughness, of our films are comparable to and occa-
sionally exceed the AIN film samples obtained by
other thermal and plasma-stimulated ALD processes.
The oxygen content in the films obtained from
TDEAA and N,H, can be reduced by using hydrazine
with higher than 98% purity. The AIN films obtained

RUSSIAN MICROELECTRONICS

in this work have a relatively high level of hydrogen
impurities, which is a problem for many ALD AIN sys-
tems. This problem can be solved by using high-tem-
perature annealing of the samples which can help to
preserve exclusive homogeneity of the resulting layer
inherent only to thermal ALD. The precursors and
deposition conditions of AIN films used in this work
can be considered an alternative path to the conven-
tional plasma or high-temperature methods.
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Alternative approaches for preparation of AIN nanolayers by atomic layer deposition

5 AIN thin films deposited by thermal ALD using
Hydrazinium Chloride and Triisobutylaluminum as
precursors

5.1 Motivation of the article

Despite generally positive results described in the previous article (Chapter 4), it was decided
that the search for optimal precursors for deposition of AIN must continue. The reasoning
behind this is that despite its decent reactivity, hydrazine as a precursor, unfortunately, also
has a number of disadvantages. Due to its flammable nature, the usage of hydrazine poses
certain difficulties during transportation and immediate handling, it is also a relatively costly
compound. All of these issues on the other hand are completely solved by replacing
hydrazine with its salt - hydrazine chloride (N2HsCl). Hydrazine chloride is widely available
chemical compound, it is cheap and its usage does not require as much precaution as that of
hydrazine. In terms of reactivity, however, N2HsCl is expected to yield results similar to
those of hydrazine, as it dissociates in the chamber into hydrazine and HCI. Thus, this

reasoning constitutes the motivation of the following research.

5.2 Conclusion on the article

As a result of this study it was established that hydrazine chloride is a viable nitrogen
precursor in AIN ALD process. The XPS and SIMS analysis of the obtained films confirmed
the presence of Al-N bonds. Another positive aspect lies in the fact that despite expectation,
no amount of chlorine impurities was detected by either of methods. This unambiguously
proves that chlorine is removed from the chamber during the purge stage in the form of HCI.
Furthermore, a solution to oxidization was proposed which implies high-temperature
annealing in nitrogen atmosphere. After such procedure, chemical composition of AIN layers
was significantly improved. Unfortunately, at the period of writing this paper there was no
option to quantify hydrogen impurities within the obtained films. Nonetheless, since upon
entering the chamber hydrazine chloride decomposes into hydrazine, we can speculate that

the amount of hydrogen should be of similar values as reported in Chapter 4.

5.3 Contribution

I conducted all the measurements and wrote the entirety of the manuscript. The co-authors
contribution lies in providing resources, help with the visualisation and annealing, as well as

making minor corrections and giving valuable advice throughout the study.

5.4 Article 3

The paper Aluminum Nitride Nanofilms by Atomic Layer Deposition Using Alternative
Precursors Hydrazinium Chloride and Triisobutylaluminum was published in the
Coating journal (2079-6412; IF: 2.436) in the year of 2020. This is an Open Access paper.
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Abstract: The aim of this study is motivated by the pursuit to investigate the performance of new
and as yet untested precursors such as hydrazinium chloride (N;HsCl) and triisobutylaluminum
Al(C4Ho); in the AIN atomic layer deposition (ALD) process as well as to study effects of successive
annealing on the quality of the resulting layer. Both precursors are significantly cheaper than
their conventional counterparts while also being widely available and can boast easy handling.
Furthermore, AI(C4Hy); being a rather large molecule might promote steric hindrance and prevent
formation of undesired hydrogen bonds. Chemical analysis is provided by X-ray photoelectron
spectroscopy (XPS) and secondary-ion mass spectrometry (SIMS) techniques; surface morphology
was studied using atomic force microscopy (AFM). Chlorine containing precursors such as AICls are
usually avoided in ALD process due to the risk of chamber contamination. However, experimental
data of this study demonstrated that the use of NoH5Cl does not result in chlorine contamination due
to the fact that temperature needed for HCI molecules to become reactive cannot be reached within
the AIN ALD window (200-350 °C). No amount of chlorine was detected even by the most sensitive
techniques such as SIMS, meaning it is fully removed out of the chamber during purge stages. A part
of the obtained samples was subjected to annealing (1350 °C) to study effects of high-temperature
processing in nitrogen atmosphere, the comparisons with unprocessed samples are provided.

Keywords: aluminum nitride; triisobutylaluminum; hydrazinium chloride; atomic layer deposition;
atomic force microscopy; X-ray photoelectron spectroscopy; secondary-ion mass spectrometry

1. Introduction

Aluminum nitride is a wide band gap semiconducting material with covalent bonds, which has a
hexagonal crystalline structure that is analogous to the structure of zinc sulfide known as wurtzite.
It has a wide range of applications in optoelectronics UV detectors, surface acoustic wave devices,
piezoelectric energy convertors and other fields; devices that can benefit from this material are:
ultraviolet (UV) optoelectronic devices, such as UV light-emitting diodes (LEDs) and UV laser diodes
(LDs) [1].

Ever increasing popularity of AIN-based nanostructures is well justified considering the abundance
of its remarkable characteristics. Besides having a wide band gap, AIN boasts such properties as:
high electrical resistance, high breakdown voltage, mechanical durability, chemical stability, low
deposition temperatures and a potential for piezoelectric applications [2]. This material is resistant to
high temperatures in inert atmospheres and has a low expansion coefficient [3]. Lower deposition
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temperatures within the range of 150-400 °C (depending on a chosen method) ensure compatibility
of AIN for applications such as post-processing of integrated circuits. Furthermore, it appears to be
an appropriate material to be implemented in surface acoustic wave sensors and bulk acoustic wave
filters [4]. Taking into consideration that the conventional silicon monolithic systems also require
lower temperatures of deposition, AIN seems to be a more favorable option in comparison to other
piezoelectric materials such as zinc oxide (ZnO) or zinc zirconate (ZnZrOs3) [5]. AIN has also been
reported to exhibit resistive switching properties [6].

Being such an attractive semi-conductive material, it is well expected for there to be a plethora
of studies and reports featuring AIN deposited by a variety of multiple tools (magnetron sputtering,
ion-beam deposition, metalorganic vapor-phase epitaxy etc.) [7-11]. This particular paper focuses on
the atomic layer deposition (ALD) method. ALD is a subtype of the bigger group of methods known
as chemical vapor deposition (CVD) methods which are employed for obtaining thin films of various
materials in vapor phase. The main feature of an ALD is the sequential introduction of the precursors
followed by purging stage which increases homogeneity, purity and quality of the films altogether.
ALD has established itself as a promising technique in the semiconductor manufacturing process and
technologies for energy conversion [12-14]. For application in nanoelectronics, it is essential to have
atomic precision in materials manufacturing. Over the last decades ALD proved to be a relatively
affordable method with high scalability and repeatability while also providing the necessary precision
of the atomic layer for films fabrication at the nanoscale level [15-17].

Nowadays, the most common precursors for obtaining AIN by ALD are: N»/H, plasma, ammonia
(NH3), aluminum chloride (AICl3), hydrazine (N,Hy4) with each having its advantages and deficiencies.
The usage of AlCl; as an aluminum precursor results in considerable chlorine impregnation into the
layer, and also leads to chamber contamination. Ammonia requires high energy for activation and is
reported for its limited reactivity under temperatures below 475 °C [18,19]. Hydrazine on the other
hand has a more favorable thermochemistry but despite the generally positive results, the use of
hydrazine (NyHjy) is associated with a number of complications, such as transportation difficulties,
explosiveness, instability and expensiveness [20]. The two most common precursors nowadays for
obtaining AIN seem to be AI(CHj3)3 and Np/H; plasma. There are numerous reports demonstrating
the use of these two precursors in deposition of AIN thin films, the quality of which mostly is within
reasonable bounds [6,13,14].

However, the search for more affordable and efficient precursors is always a relevant and justifiable
task. In this study, we will be exploring alternatives to the well-established precursors.

Triisobutylaluminum (hence TiBA) is a metalorganic compound with an exact formula
[(CH3),CHCH;]3Al or Al(C4Hg)3 in a compressed form, which is mostly used as an Al precursor in CVD
processes [7,8]. The following reasons speak in favor of choosing TiBA as an alternative Al precursor:

(1) Triisobutylaluminum is 1.7 times cheaper than the conventional Trimethylaluminum according
to “Sigmaaldrich”:

Triisobutylaluminum; CAS Number: 100-99-2; Triisobutylaluminum (~97% purity grade); price:
USD 147 (100 g); trimethylaluminum; CAS Number: 75-24-1; trimethylaluminum (97% purity grade);
price: USD 250 (100 g).

(2) AI(C4Hy)3 may actually be a more favorable choice in terms of reactivity with Si and a higher
chamber pressure due to its being a larger molecule [21,22].

(8) Novelty factor—we have already seen multiple times AIN films grown using conventional
precursors, so it seems only reasonable to test out something new, especially when there is no apparent
reason why Al(C4Hy); should perform poorer than the well-established Al(CHz)s.

Much like TiBA, NyHs5Cl is a relatively cheap compound (USD 62 for 100 g according to
Sigma-Aldrich) and thus seems to be an attractive choice for nitrogen precursor. Another aspect which
speaks in favor of NpH5Cl lies in the fact that, although it requires some basic precaution measures it is
much easier to handle compared to hydrazine in its pure form [23]. As was stated above, chlorine is an
aggressive element that might lead to the instrument contamination, which is why chlorine-containing
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precursors are usually overlooked when it comes to ALD. However, as will be demonstrated in the
experimental section, the use of hydrazinium chloride does not result in chlorine contamination since
HCl into which N,H5Cl decomposes upon entering the ALD chamber never reaches energy to become
reactive and is removed out of the chamber as a waste product.

Annealing in nitrogen is known to produce a positive effect on the quality of AIN thin films [10,24,25],
hence, we also performed high-temperature annealing of the deposited layers. Simplification, optimization
and price reduction in the technological aspects of obtaining AIN films will help in creating a single
technological cycle for obtaining products working in the UV spectral region, buffer layers for LED
structures, as well as piezo-crystalline layers in NEMS structures.

2. Experimental Detail

Deposition of the AIN thin films was carried out on the ALDCERAM ML-200 setup located in the
physics department of the Dagestan State University. Prior to deposition, substrates were cleaned with
acetone, isopropanol and dried in a stream of UHP nitrogen. Then the substrates were placed in the
ALD chamber and were kept there for ~30 min until the chamber temperature reached 250 °C, allowing
to initiate deposition. The container with TiBA has been heated to its vaporization temperature (86 °C).

In total, 150 ALD cycles were performed with the following parameters: the exposure time of
TiBA Al(C4Hg)3 was 4 s, after which the reactor chamber was purged with the inert gas (N) for 5 s;
the next stage was the introduction of hydrazinium chloride N,H5Cl, the duration of which was 0.2 s
followed by a nitrogen purging of 30 s; then, again introduction of Al(C4Hy); for 4 s, followed by a
nitrogen purging of 30 s. The image of the ALD equipment used is presented in Figure 1a. One cycle
of the ALD process, as well as the change in the chamber pressure during precursor introduction,
is presented in Figure 1b. The gradual decrease in the chamber pressure during precursor exposure
time indicates chemisorption which takes place on the substrate.
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Figure 1. (a) Atomic layer deposition (ALD) equipment and its main units: 1—vacuum chamber,

2—section for containers with precursors, 3—controller with a custom-built software; (b) Dependency
of the chamber pressure on the precursor exposure time.

Growth per cycle (GPC) as a function of precursor exposure time and temperature is given in
Figure 2a,b. The values were calculated from spectroscopic ellipsometry data on thickness. The average
growth rate was found to be ~0.072 nm/cycle. The stable value of GPC is reached at ~1 s of exposure for
N,HsCl and at ~20 s for TiBA (Figure 2a). According to Figure 2b, the self-limiting growth takes place
in the temperature range of 150-250 °C. The rapid increase in GPC after 250 °C might be attributed to
self-decomposition of TiBA as is the case for TMA after 300 °C [26].
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Figure 2. Growth per cycle (GPC) as a function of (a)—precursor exposure time; (b)—deposition

temperature.

For informative and illustrative reasons, we include the scheme of an assumed ideal ALD process
presented in Figure 3. In the middle we can see the result of the reaction of TiBA with the activated
substrate on the left; C4Hjg is a waste product. On the right is the result of the reaction of NyH5Cl with
the surface of the middle product; C4H;j, C4HoCl and HCl are the expected waste products.

Activated substrate (250 °C)

rviecion NLH,, - HCJ
"™ CaH,0,C4HyCl,HC

Figure 3. The scheme of an ideal ALD process.

Heating of the container with hydrazinium chloride was carried out at temperature up to 90 °C
(T of NpH5Cl ~ 89 °C). The deposition temperature of the sample batch used for analysis was 250 °C,
which is within the AIN ALD window according to our GPC measurements and a plethora of other
studies [2,3,6,12,13,18,20]. A part of the obtained films has been also subjected to a high-temperature
annealing (1350 °C) in the nitrogen (N;) atmosphere for 1 h to remove possible impurities (in particular,
hydrogen impurities).

AFM images were taken on a Scanning Probe Microscope Bruker Dimension Icon (ICON-SPM) in
tapping mode. Gwyddion software was used for processing and extracting values for surface roughness.

Kratos Analytical Axis Supra instrument with Al K« excitation source and emission current of
15 mA was employed to perform XPS analysis. Wide spectrum was taken at 80 eV. High resolution
spectra were taken at 20 eV. All spectra were calibrated by shifting major C 1s peak (C—C bond) to
284.8 eV. The presented spectra were made in CasaXPS software (Version 2.3.19.PR1.0), SG linear
smoothing and background subtraction tools were used.

SIMS analysis was performed on ION-TOF TOESIMS 5 instrument in positive mode. The instrument
utilizes the dual gun mode of analysis. An oxygen gun with energy of 2 KeV was used for aggressive
sputtering (material removal only), whereas a Bi gun provides a much slower sputtering rate and the
secondary ions produced by it are collected by the analyzer. The area of the crater was chosen to be
100 nm X 100 nm and the area of analysis 50 nm X 50 nm. The 3D modelling was carried out using the
native software SurfaceLab 7.1 provided by the manufacturer.



Coatings 2020, 10, 954 50f 14

All aforementioned instruments used for analysis of the obtained samples are located at the
CEITEC Nano Research Infrastructure in Brno, Czech Republic.

3. Experimental Data

3.1. Atomic Force Microscopy (AFM) and X-ray Diffraction (XRD) Data

In our study, the AFM method has been employed to investigate topography of AIN thin films
before and after annealing at 1350 °C. The obtained AFM images are presented in Figure 4.
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Figure 4. AFM images scan area 1 pm X 1 um, (a)—before annealing; (b)—after annealing; (c,d) profiles
of the films before and after annealing correspondingly.
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Obtained results enable observation of changes caused by annealing of the films (Figure 4a,b).
AFM data confirm that annealing contributes to the increase in roughness; coalescence of particles on
the surface is likely to occur as well as removal of the residual hydrocarbon bonds from the film.

Annealing also leads to an increase in the topography uniformity and regularity of the surface
texture (Figure 4c,d).

We assume that the film is in the crystallization stage, that is, in the intermediate state between
amorphous and polycrystalline. Annealing completes the crystallization process which is proved by
the XRD spectra provided in Figure 5. The increase in existing reflections and appearance of new
ones indicated that the annealed films consist of crystallites of a larger size [24,27]. The root mean
square of the surface roughness (S,) for as-deposited AIN layer equaled to 0.23 nm which is within
the norm for ALD AIN [15,28]. However, we can observe a rather significant increase after annealing
of up to 0.84 nm, which suggests once again that temperature treatment promotes the tendency of
the layer to coalesce into clusters. Huan-Yu Shih et al. report in their work an increase in the similar
magnitude (from 0.223 nm to 0.663 nm) after annealing [18]. An increase in surface roughness can be
explained by an increase in the grain size in the AIN layer, resulting in an improvement of crystallinity.
In addition, the high conformity of films obtained by the ALD method leads to the filling of surface
pits and pinholes with each deposited layer, which helps to reduce the density of pits or point defects
on the surface. In addition, thermal stress caused by the difference in the thermal expansion coefficient
between AIN and silicon can lead to formation of pits and cracks.

i) 1350 °C

(110)

\
(100) (002
( %101) (103) (112)
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T v T v
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2 Tetta (deg.)

Intensity (a.u.)

Figure 5. XRD spectra for as-deposited and annealed samples.

3.2. X-ray Photoelectron Spectroscopy (XPS) Data

XPS comparison of as-deposited and annealed samples of AIN. Annealing was carried out
in Ny atmosphere at 1350 °C for 1 h, heating/cooling rate was at 100 °C/min. All spectra have
been calibrated by setting the C—C bond at 248.8 eV. The most important and notable change is the
considerable increase in N1s peak intensity after annealing (Figure 6). Distinguishing nitrogen peak on
the wide-spectrum of as-deposited films is somewhat challenging, which is why it is best instead to
consult the high-resolution spectra provided below. The proneness of AIN to extensive oxidation is a
notorious issue reported by multiple studies [6,17,18,29]. Carbon is also an unavoidable contaminant
occurring from atmosphere [6,17,30].

The N 1s peak on the wide spectrum of unannealed samples is of rather low intensity; nonetheless
it is still well-defined in high-resolution mode. We speculate that intensity of the nitrogen peak might
be enhanced by increasing exposure time of N,H5Cl, since the optimal saturation may not have been
reached. However, this minor detail should by no means be a hindrance to drawing conclusions
regarding the efficiency of NpH5Cl. As will be demonstrated in the discussion section, N, H5Cl basically
decomposes into hydrazine in the ALD chamber and the latter has already demonstrated positive
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results as a nitrogen precursor for AIN thin films [20]. Moreover, imperfections of the ALD process
have then been rectified by consecutive annealing in nitrogen.
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Figure 6. Comparison of XPS wide spectra of: (a) as-deposited AIN sample; (b) annealed AIN sample.

Both peaks are located at ~396.8 eV which is the energy widely attributed to AI-N bond [9,17,31-33].
The subpeak at ~400 eV is ascribed to C-NH; bonds (Figure 7). It is also worth emphasizing
that, despite expectations, neither of the N 1s peaks shows any sign of oxidization; C-NH; bonds
apparently occur as a result of side reaction between the two used precursors and remain unaffected
by high-temperature annealing given the strong nature of these bonds. The dramatic increase in AI-N
bond intensity is explained by influx of new nitrogen atoms during the annealing in the N, flow which
induced reaction with the Al atoms still engaged in Al-Al bonds.
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Figure 7. Comparison of high resolution N1s spectra of: (a) as-deposited AIN sample; (b) annealed
AIN sample.

Figure 8a shows that the Al 2p peak can be deconvoluted into several subpeaks, the major one at
75.5 eV is related to Al-O and the smaller at 74.4 eV is attributed to AI-N [10,17,30,34-36]. Both peaks
persist after high-temperature treatment (Figure 8b) and remain at the same binding energies. However,
there is also a third peak that can be observed for as-deposited samples which is located at 77 eV.
The literature is very scant on that matter, there is a record on Al-F bond located at 77 eV [37], however,
no fluoride has been detected in our wide spectra, which is why this third peak more likely belongs to
the Al-O bond affected by nitrogen as this is suggested by P.W. Wang et al. [38].
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Figure 8. Comparison of high resolution Al 2p spectra of: (a) as-deposited AIN sample; (b) annealed
AIN sample.

Extensive study of literature compels us to conclude that there is no consensus whatsoever among
researchers on the exact position of the AI-N bond and the records vary greatly. Which is why we are
also including a table with values of AI-N binding energy reported by other research studies (Table 1).

Table 1. Energies values assigned to AI-N bond by different authors.

Bond Peak Binding Energies (eV)

Al 2p 74.7 [17],73.5 [30], 74.3 [35], 74.4 [39], 74.2 [40], 74.0 [11], 74.6 [41]
Al-N

N1s 397.8 [29], 396.4 [30], 397.3 [39], 397.4 [40], 396.5 [41], 397.7 [29], 397.1 [42]

Analysis of C 1s peak (Figure 9) shows the presence of different organic bonds, which are O-C=0 at
2884 eV for as-deposited sample and O-C=0 287.6 eV, C-O-C 285.9 at eV for annealed sample [6,25,30].
The formation of new types of bonds is well expected when high temperature treatment is applied
(Figure 9b), especially with a reactive element such as oxygen, the coalescence of the layer during
extreme heating is also a promoting factor for such reactivity. The new C-O-C is likely to be formed
not only from the C atoms in the C-C bond but also as a result of breaking of m—m bonds in O-C=0
which are less stable in comparison with o bonds in C-O-C.
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Figure 9. Comparison of high-resolution C 1s spectra of: (a) as-deposited AIN sample; (b) annealed
AIN sample.
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O1s high-resolution spectra are presented in Figure 10 and there we can observe the same tendency
as in the C 1s peak a shift from C=0 bond at 533.2 eV to C-O-C bond at 532.9 eV. The Al-O bond at
531.6 eV is present in both scenarios due to AIN’s high affinity to oxidation [6,17,18,29,30].
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Figure 10. Comparison of high-resolution O 1s spectra of: (a) as-deposited AIN sample; (b) annealed
AIN sample.

3.3. Secondary-lon Mass Spectrometry

To further investigate the chemical composition as well as to provide depth profiling of the films
obtained, the secondary-ion mass spectrometry (SIMS) was utilized in time-of-flight mode. The main
principle of this mode is that different ions require different periods of time to reach the analyzer due
to mass discrepancy; this period of time is then counted and used to detect and identify an ion using
the software with an extensive built-in database.

The SIMS equipment used in this work utilizes two ion-guns, one of which is used for sputtering
only and the other with much lower energy is used for analysis. For sputtering, we used oxygen ions
with energy of 2 keV for creating a crater and bismuth ions for analyzing the sputtered area along
the way. Every 2 s of sputtering was followed by 3 s of analysis. The area of the crater was 200 nm x
200 nm; the area of analysis was 50 nm x 50 nm. The depth profiling spectra for O~, AIO~, Si~, Al”,
AIN™ and SiO™ for both annealed and unannealed samples are given in Figure 11a,b.

Sputter time on X-axis is 80 s which can be translated into approximately 20 nm of crater depth.
The Si spectrum maximizes at around 42 s which translates into ~8 nm, indicating the end of the
layer and beginning of the substrate. At the same point, we can observe a rapid decrease in intensity
of Al and AIN peaks. SiO spectrum exhibits a hill between 20 and 50 s which is the region of the
substrate oxidization. It is worth mentioning that SIMS spectra are unusable for quantification. It can
be noticed that the intensity of O~ and AlO™ ions is high, which also correlates with XPS data. As we
mentioned in the section describing XPS results, the extensive oxidization of AIN films grown by ALD
is a notorious issue and by no means limited to our particular case [6,17,18,29]. Partially, the amount of
oxygen can be explained by the fact that we utilized oxygen primary beam, a portion of that beam is
scattered back to the analyzer either in the form of pure ions or ions formed by the interaction with the
atoms in the sample. Thus, the real amount of oxygen or oxygen containing ions is significantly lower.

In Figure 10 below, images of 2D and 3D distribution of ions are presented. A sample without
temperature treatment (Figure 12a) shows a rather uniform distribution of AIN~ ions, whereas there is
a noticeable grain of ~20 nm X 20 nm containing AIN™ on a sample that has undergone temperature
treatment (Figure 12b); such grains have been spotted throughout the entire surface of all samples.
This discovery unambiguously confirms the clustery nature of the layer on annealed samples. The 3D
distribution of the grain is presented in Figure 12c.
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Figure 11. (a) Depth profile SIMS spectra for different ions for a sample without temperature treatment;
(b) depth profile SIMS spectra for different ions for a sample with temperature treatment.

Now it is important to state here, that there is a known issue that comes into play while modeling
3D distribution of elements on uneven surfaces which lies in the fact that the model begins with the
lowest point on the surface and all the features (including grains) that are higher than the lowest point
are shown to be distributed downwards in the model instead of upward. So the continuation of the
AIN grain (dark green color) which we see after the SiO, native layer (purple color) actually resides
above the 3D model and not in the bulk of the substrate as the picture misleadingly implies.
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Figure 12. (a) 2D distribution of AIN~ ions for samples without temperature treatment; (b) 2D
distribution of AIN™ ions for samples with temperature treatment; (c) 3D distribution of AIN~, SiO~,
and Si~ ions of a sample with temperature treatment.

4. Discussion

The experimental results suggest clusterization of the grown layer after annealing. The plethora
of different peaks and artefacts observed in the XPS spectra is likely due to the fact that XPS beam
captures clusters of AIN as well as part of the oxidized substrate.

The first step was the introduction of the Al precursor; the low-energy metalorganic bonds can be
broken at relatively low temperatures (~200-250 °C) [7,8]. The ion formed as a result will connect with
the surface oxygen:

[substrate]-SiO, + Al(C4Hg); — [substrate]-Si-O-Al-(C4Hg), + C,Hg ™"

Then, the chamber is purged and hydrazinium chloride is introduced. The hydrazinium chloride
salt first decomposes into hydrazine and hydrogen chloride [43].

[N2H5]+'C1_ — NoH, + HCl1

It is worth indicating that no presence of the latter has been detected neither by XPS nor SIMS
analyses, which means HCIl molecules are completely removed out of the chamber during the purge
stage. It has to do with the fact the that the deposition temperature is not nearly enough to ionize
HCI, hydrazine on the other hand can be activated at temperatures <250 °C [20] and, theoretically,
reaction should proceed as following;:

N>H4 — (-N-H»), 1)

[substrate]-Si-O-Al- (C4Hyg), + (-N-Hj), — [substrate]-Si-O-Al-N- (H), + C4H;o (2)

Further annealing is necessary since the optimal saturation with nitrogen atoms has not been
reached and oxygen atoms that might have been in the chamber have much higher affinity to Al than
nitrogen atoms. Annealing in nitrogen is supposed to rectify inadequacies of the ALD process and
improve the quality of AIN in general (crystallization).

Thus, the deposited samples have then been submitted to high-temperature (1350 °C) annealing
in nitrogen atmosphere which promoted formation of nitridic and oxynitridic bonds in different
proportions throughout the sample.

Al,O3 + Ny — Al-N-O-(main reaction) (3)

Al,O3 + N — Al-O-N-(side reaction) 4)

The XPS spectra unambiguously suggest an increased amount of Al-N bonds for annealed
samples, which is why we assume that some of the Al-O-Al and Al-O-N bonds are decomposed
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under the thermal stress and new Al-N-Al and AlI-N-O bonds are formed either through reaction
with molecular nitrogen of through diffusion process. The fact that molecular nitrogen might become
reactive at temperatures exceeding 1000 °C has also been reported by C. F. Cullis and ]. G. Yates in their
study on reaction of carbon with molecular nitrogen [44]. The diffusion implies the release of nitrogen
atoms that are seated deep down in the layer, beyond the range of the X-ray. Upon release, these atoms
are distributed equally throughout the layer forming new bonds. To corroborate our assumption,
we refer to the work of Cao D. et al. [25] who also studied the effect of high-temperature annealing
on AIN films deposited by PE-ALD and reported similar tendency. The overall observation in their
work is that high-temperature annealing seems to promote formation of new Al-N bonds and causes
decomposition of AI-O-N bonds. Furthermore, they also indicated that the annealing of AIN in a
nitrogen atmosphere generally improves the quality of the film while eliminating the defects that might
have occurred during the growth through diffusion and rearrangement of the atoms. Annealing also
produces a favorable effect on the crystalline qualities of the layer.

5. Conclusions

The main purpose of this work was to test out the new cheap and accessible precursors, hydrazinium
chloride (N, H5Cl) and triisobutylaluminum (TiBA), in the AIN ALD process. Obtained samples have
been analyzed using AFM, XPS and SIMS methods. The data collected from these analyses incline us to
conclude that optimal saturation with nitrogen might not have been reached; however, temperature
treatment fixed that issue and resulted in the film taking the “clustery” nature. These small crystals
with diameters of ~20 mm X 20 nm cover the substrate in a uniform manner. Overall, it can be said that
hydrazinium chloride showed positive results, though of course with several stipulations. We believe
that by optimization of the technology and growing films with higher thickness, more reassuring results
can be achieved. Thus, based on the data provided within the scope of this study, additional research
regarding these precursors is warranted.
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Alternative approaches for preparation of AIN nanolayers by atomic layer deposition

6 Study of the chemical composition of AIN layers
obtained by PE-ALD

6.1 Motivation of the article

This short communication was published as a result of my participation in the 9th
International Conference on Materials Structure and Micromechanics of Fracture (MSMF9).
This study is an attempt at investigation of hydrogen phenomenon within AIN layer with the
use of conventional and widely available technique such as Fourier-transform infrared
spectroscopy (FTIR) as well as less common secondary-ion mass spectrometry (SIMS). In
general, hydrogen quantification requires the use of advanced methods which utilize high-
energy ions species (ERDA, NRA). However, more common methods could still provide us
with a tentative idea on the hydrogen presence as well as indicate what type of bonding it is
engaged in. Since, hydrogen contamination is potentially detrimental to the quality of the
resulting layers, its investigation is a justifiable task which constitutes the motivation of the

following study.

6.2 Conclusion on the article

The AIN thin films were deposited by PE-ALD. The XPS indicated the presence of Al-N
bonds. FTIR has detected the presence of C-H bonds, which exist in rather small
concentration given the low intensity of the corresponding peak. This data overlap with what
we could observe in SIMS analysis, which indeed confirms the hydrogen presence within the
bulk of the AIN layer. Such conclusion can be made based on the fact that the concentration
of H ion drastically decreases upon reaching the substrate by sputtering ions. However, there
is no possibility to estimate the degree of hydrogen contamination, which is why the use of
more advanced and capable of quantification techniques is warranted, which is the

implication for future study.

6.3 Contribution
I conducted all the measurements and wrote the entirety of the manuscript. The co-authors
contribution lies in providing resources, making minor corrections and giving valuable

advice throughout the study.

6.4 Article 4

The paper Investigation Of Structure Of Aln Thin Films Using Fourier-Transform
Infrared Spectroscopy was published Procedia Structural Integrity journal (ISSN: 2452-
3216; indexed in WoS and Scopus databases) in the year of 2019.
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Abstract

This study focuses on structural imperfections caused by hydrogen impurities in AIN thin films obtained using atomic layer
deposition method (ALD). Currently, there is a severe lack of studies regarding the presence of hydrogen in the bulk of AIN
films. Fourier-transform infrared spectroscopy (FTIR) is one of the few methods that allow detection bonds of light elements, in
particular - hydrogen. Hydrogen is known to be a frequent contaminant in AIN films grown by ALD method, it may form
different bonds with nitrogen, e.g. amino (-NH2) or imide (-NH) groups, which impair the quality of the resulting film. Which is
why, it is important to investigate the phenomenon of hydrogen as well as to search for the suitable methods to eliminate or at
least reduce its quantity. In this work several samples have been prepared using different precursors, substrates and deposition
parameters and characterized using FTIR and additional techniques such as AFM, XPS and EDS to provide a comparative and
comprehensive analysis of topography, morphology and chemical composition of AIN thin films.
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1. Introduction

Aluminum nitride is a wide band gap semiconducting material with covalent bonds, which has a hexagonal
crystalline structure that is an analog of the structure of zinc sulfide known as wurtzite. This material is resistant to
high temperatures in the inert atmospheres [1].

Thin films of aluminum nitride (AIN) are gaining a lot of attention lately, due to the excellent characteristics of
this material such as wide band gap, remarkable mechanical properties, high chemical stability, high electrical
resistance, high breakdown voltage, low deposition temperature and impressive piezoelectric properties [2]. Another
advantage of AIN thin films in comparison to other piezoelectric materials such as lead zirconate titanate and zinc
oxide is the possibility of their integration in traditional silicon monolithic systems, for synthesis of which a low
temperature deposition processes is demanded [3]. A low deposition temperature (below 400 °C) of AIN makes it a
compatible material when it comes to post-processing of the integrated circuits. Also, it seems to be a promising
candidate for bulk acoustic wave filters and surface acoustic wave [4].

Atomic layer deposition (ALD) is a vapor phase method used for obtaining thin films of different materials. ALD
has established itself as a promising technique in semiconductor manufacturing process and technologies for energy
conversion [5]. For application in nanoelectronics it is crucial to have atomic precision in materials manufacturing.
Over the last several years ALD proved to be a relatively cheap and scalable method which provides the necessary
precision of the atomic layer for fabrication of films at the nanoscale level [6].

But there is still a lack of study regarding contaminations in AIN obtained by various methods [7, 8]. This paper in
particular aims to fill the gap in knowledge of preparation AIN thin films grown by ALD.

Infrared reflectance is a spectroscopic non-destructive techniques providing information on the nature of
chemical bonds. By evaluating the intensity of light dispersed from and through a sample, NIR reflectance spectra
can be employed to quickly define material's properties without changing the sample.

Another technique that allows detection of light elements is Secondary ion-mass spectrometry (SIMS). In this
work it was employed in time-of-flight mode, the sputtering of the film was conducted using Ar cluster. As a result,
we managed to create 3D profile images for certain elements in the bulk of the film. The depth of the sputtering was
around 200nm (the density of the AIN layer is around 70nm).

2. Preparation of the samples

In this work we obtained AIN thin films using plasma enhanced atomic layer deposition (PE-ALD) on silicon
substrates and highly oriented pyrolytic graphite (HOPG). Obtained films have been analyzed using AFM, XPS,
EDS methods.

In total 634 ALD cycles have been performed which translates into thickness of approximately 40nm (1cycle =
0,629 A). The temperature of deposition was 250 °C. The energy of plasma was 300W. The sequence of each cycle
consisted of following steps: 1) introduction of TMA (0,06sec), 2) purge 10sec, 3) initiate flow of N2/H2 (20 sccm)
and enable plasma (40 sec), 4) purge Ssec. Annealing duration was of 1h, 10min of which under 1250 °C, the rest 50
min under 1000 °C. Silicon substrates with (100) orientation and dimensions of 1x1x0,1cm are polished to atomic
thickness and were cleaned with isopropanol prior to deposition.

3. Results and discussion
3.1. Atomic force microscopy

In order to investigate surface morphology and topography of the films obtained we utilized atomic force microcopy
technique in tapping mode. AFM images are given in fig. 1.
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a) b)
Figure 1. AFM imgaes of: a) AIN on Si substrate, b) AIN on HOPG

Average rougness (Ra) has also been calculated. For AIN on Si its values equals to 12.5 A and for AIN on HOPG —
9.7 A. Which suggests that the films grown on HOPG have more uniform topography and therefore better quality.

3.2. Fourier-transform infrared spectroscopy data

FTIR reflectance spectrum of AIN on HOPG is given in fig 2.
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Figure 2. FTIR spectra for AIN on HOPG
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The major peak at ~615 cm! is assigned to AI-N, vibration mode A1(TO); smaller peaks at 735 cm and
~1100 cm! are attributed to v(Al-O), vibration mode Al-O and to Si-O vibration mode v(Si—O) correspondingly [9,
10]. There is also a slightly visible peak at ~1500eV which is according to [11] corresponds to C-H bonds. This peak
is of particular interest since FTIR used in this work mostly to detect the presence of hydrogen.

3.3. Secondary ion-mass spectrometry

3D SIMS images are given in fig. 3.

Figure 3. SIMS 3D profiling images of: a) Aluminum, b) Nitrogen, c) Silicon, d) Hydrogen.

As expected, we have a dense distribution of aluminum atoms and less so of nitrogen in the surface of the sample
(fig 3a and fig. 3b). According to [16] annealing of AIN in the nitrogen atmosphere might improve the quality of the
layer and therefore increase the amount of nitrogen atoms.

Once the sputtering beam has broken through the AIN layer, no more aluminum is detected, instead we can observe
the dense distribution of Si atoms of the substrate (fig 3¢). The hydrogen 3D profile is given in fig 3d. Since SIMS
detector picks up not only atoms emitted from the surface but also from the atmosphere it is nearly impossible to tell
how much of the hydrogen exactly belongs to the AIN layer. Nevertheless, we still can reasonably assume that at
least part of it resides in the bulk of the AIN layer, given that there is almost none of the hydrogen in the substrate.

3.4. X-ray photoelectron spectroscopy (XPS) data

To provide comprehensive analysis of chemical composition X-ray photoelectron spectroscopy (XPS) method was
utilized. Fitted elemental high resolution spectra are presented in fig. 4.
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The nitrogen peak (fig. 4a) consists of two subpeaks of binding energies of 397eV and 398,3eV. The bigger
suppeak at 397¢V is one belonging to Al-N bond and the smaller one is ascribed to N-Si [12].

Aluminum has just one intense peak (fig.4b) at ~73,5 eV which is exacly the binding energy of Al-N accoridng to
literature [13], which perfectly correlates with the data of the nitrogen peak

Peaks of unavoidable contaminants in form of carbon (fig.4c) and oxygen(fig.4d) are also presented. Carbon forms a
triplet of peaks at 284,8eV; 286,5¢V and 288,5 eV which are attributed to C-C; C-O-C and O-C=0 correspondingly.
Oxygen doublet consits of peaks at 529,8 eV (C-O) and 531eV (Al-O) [14, 15].

4. Conclusion

In this paper AIN thin films have been deposited using PE-ALD equipment on two different substrates — silicon and
HOPG. Surface analysis of the samples using AFM indicated that AIN layer on HOPG has a more uniform
topography as compared to the one on silicon. Chemical structure of the samples obtained has been thoroughly
studied using such techniques as FTIR, SIMS and XPS. FITR analysis showed the presence of Al-N bonds which
was also confirmed by XPS analysis. Hydrogen has also been detected by FTIR in the form of C-Hx bonds. Using
data obtained by SIMS method with Ar cluster, 3D profiles of the aluminum, nitrogen, silicon and hydrogen have
been generated which provided information on distribution of these elements in the stratum of the sample. As a
result of this study we have confirmed the presence of nitrogen in the bulk of the AIN layer using several methods
while at the same time providing a comprehensive analysis of AIN thin films obtained by PE-ALD.
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7 Analysis of AIN layers deposited on the surface of
HOPG by PE-ALD

7.1 Motivation of the article

This is another short communication that was published as a result of a student national
conference EEICT 2021, organized by Brno University of Technology. In this study, HOPG
was chosen to be the substrate for deposition of AIN by PE-ALD. The choice of HOPG as a
substrate is explained by several factors. First of all, HOPG has not been utilized before and
it is always a good idea to test new substrates in terms of their viability, to increase amount
of available options. Aside from that, HOPG actually has certain advantages over more
conventional substrates:

1) Since HOPG is basically just carbon, it has extremely high melting point (~3550 °C), this
greatly facilitates post-processing and unlocks the possibility of annealing of deposited layers
under very high temperatures without affecting the substrate.

2) Another reason lies in the laminated nature of HOPG which makes possible the transfer

of the deposited layer from the substrate onto a different foundation, if such necessity arises.

7.2 Conclusion on the article

The obtained films were investigated by AFM, XPS and SIMS methods. AFM indicated
good uniformity of the obtained layers with the surface roughness of only ~3.6nm. The
presence of Al-N bonds was confirmed by XPS. SIMS has provided additional information
on the chemical composition, such as distribution patterns of certain ions within the layers.
AIN ion was detected on the SIMS mass spectrum, which is a positive aspect and correlates
well with XPS results. Both methods, however, also discovered impurities in the form of
carbon and oxygen, just as was the case with previous studies. This issue would require

appropriate post-processing which is made easier due to the nature of HOPG substrate.

7.3 Contribution

As a sole author I am responsible for the entirety of the given research.

7.4 Article 5
The article is accepted and will be published as proceeding of EEICT 2021 conference, Brno,

Czech Republic. This contribution was awarded 1% place during the conference, and as result,

will be indexed in Web of Science database. ISBN: 978-80-214-5943-4

-69-



STUDENT
N S W ey

ELEIG ) Accepted: 6.5.2021

ISBN: 978-80-214-5943-4

ELECTRICAL ENGINEERING, INFORMATION SCIENCE, AND COMMUNICATION TECHNOLOGIES

Characterization of AIN nanolayers deposited on a surface of
HOPG by PE-ALD

Rashid Dallaev
Doctoral Degree Programme (4th year), FEEC BUT
E-mail: xdalla03@vutbr.cz

Supervised by: Petr Sedlak

E-mail: sedlakp@feec.vutbr.cz

Abstract: In this study plasma-enhanced atomic layer deposition process of AIN has been performed
with the purpose to test the expediency of highly oriented pyrolytic graphite (HOPG) to serve as a
substrate in such process. The obtained samples were thoroughly analyzed using various analytical
techniques. Atomic force microscopy was employed for studying topographic and morphological
features of the surface; x-ray photoelectron spectroscopy (XPS) analysis supported by second ion-
mass spectrometry method (SIMS) has been conducted on the obtained sample to investigate the
chemical nature of the deposited films as well as elemental distribution. Temperature stability of
HOPG makes it a suitable substrate for preparation of AIN films, being a bottom contact for further
testing of the films electrical properties. The data gathered from the aforementioned techniques have
indicated that HOPG is a viable choice for AIN ALD process.

Keywords: aluminium nitride, atomic layer deposition, highly oriented pyrolytic graphite, x-ray
photoelectron spectroscopy, atomic force microscopy, second ion-mass spectrometry.

1 INTRODUCTION

Aluminium nitride (AIN) is a semi-conductive piezoelectric material with various promising
physical and piezoelectric properties which attract attention of scientists from all over the world. AIN
demonstrates an outstanding performance in a variety of electronics and covers quite a large range
of applications which have been abundantly described by many researchers [1-11]. There is a lot of
reports of AIN thin films grown using different physical and chemical vapour deposition methods
(PVD, CVD) [2, 8, 9]. Atomic layer deposition (ALD) is one of the methods of CVD group. Its main
advantages over others stem from the fact that reactions in ALD are sequential and self-limiting
which enables a precise control over the film’s growth at the atomic level [2, 8, 9, 11]. Further benefit
of ALD is that after each reaction cycle the deposition chamber is purged from unreacted components
of metalorganic precursors by an inert gas which leads to excellent purity and homogeneity of the
film. So far, AIN thin films have been mostly deposited on silicon and sapphire wafers which proved
to be reliable substrates to be employed in the process [8, 9, 11]. However, it remains a relevant
topic of research to test out different substrates for AIN atomic layer deposition since chemical
reactions that take place on the surface of the substrate as well as the nature of film/substrate interface
may define the resulting quality of the entire deposited film. Thus, in this paper it has been decided
to test out highly oriented pyrolytic graphite (HOPG) as a substrate for AIN ALD process. HOPG
appears to be a promising substrate for AIN deposition process due to the carbon’s ability to
withstand extremely high temperatures, 3550 °C (a potential for high-temperature processing of the
sample). Another advantage of HOPG is that its laminated nature allows for easy transferring of films
grown on it onto a different foundation should such a need arise [12, 13].



2. EXPERIMENTAL DETAIL

To deposit AIN thin films using plasma enhanced atomic layer deposition (PE-ALD) on highly oriented
pyrolytic graphite (HOPG) substrate Ultratech/CambridgeNanoTech Fiji 200 ALD instrument have
been used. Obtained films have been analyzed using AFM, XPS and SIMS methods.

In total 1500 ALD cycles have been performed which translates into thickness of approximately 100nm
(Icycle = 0,629 A). The temperature of deposition was 300 °C. The energy of plasma was 300W. The
sequence of each cycle consisted of following steps:

1) introduction of TMA (0,06sec),

2) purge 10sec,

3) initiate flow of N2/H2 (20 sccm) and enable plasma (40 sec),
4) purge Ssec.

To ensure to purity of the surface, first layers of HOPG substrate were removed using an adhesive tape
right before loading the samples into the ALD chamber.

SIMS analysis was carried out on ION-TOF TOF.SIMS 5 instrument in positive mode. The instrument
enables analysis in dual gun mode. Oxygen gun with energy of 2KeV was employed for rough sputtering
(material removal only), whereas Bi gun provides much slower sputtering rate and secondary ions
produced by it are collected in an analyzer. Area of the crater was chosen to be 200x200nm, area of
analysis 80x80 nm. The 3D modelling was done in the native software SurfaceLab 7.1 provided by the
manufacturer.

Kratos Analytical Axis Supra instrument with Al Ko excitation source and emission current of 15mA
was employed to perform XPS analysis. Wide spectrum was taken at of 80 eV. High resolution spectra
were taken at of 20 eV. All spectra were calibrated by shifting major C1s peak (C-C bond) to 284.8 eV.
The presented spectra were made in CasaXPS software, SG linear smoothing and background
subtraction tools were used.

2 RESULTS AND DISCUSSION
3.1 Atomic force microscopy

Figure 1 shows surface images obtained by AFM. The average roughness for 2x2 and 5x5 um images
are 36,4 A and 34,7 A correspondingly. In total, around 15 images have been taken with different
resolutions (0,5x0,5 pm, 2x2 um, 10x10 pm). Several images have been taken at different spots all
across the sample and exhibited the similar pattern. The average surface roughness value (Ra) fluctuates
around ~35 A for all of them, this indicates excellent uniformity of the deposited layer and conformal
growth.




Figure 1. AFM images of: a) 2D 1x1 pm, b) 2D 5x5 pm, ¢) 3D 1x1 um, d) 3D 5x5 um

3.2 Secondary ion-mass spectrometry

Elemental distribution patterns according to SIMS are provided in Figure 2. During sputtering in SIMS
not only individual ions are ejected from a material (C+, N+, O- etc.) but also composite ions (OH-,
CH3-, AlO+ etc.) and even molecules. Which is why, in order to get a complete picture about the target
compound we need to search for all possible combinations of its constituents, in our case those they are
N+, AIN (a, b) and Al (c). By looking at these 3D images of ejected ions distribution we can clearly tell
at which points the AIN ends and HOPG substrate begins. 3D profile of carbon (d) is also given to
emphasize that shift. Furthermore, some of the carbon can also be noticed in the AIN layer, that is
explained by the fact that the precursor employed in the ALD process (TMA) contains carbon some of
which might have formed different bonds within the layer, which is also confirmed by XPS results.
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Figure 2. SIMS 3D distribution for AIN on HOPG: a) N+, b) AIN+, ¢) Al+, d) C+

3.1 X-ray photoelectron spectroscopy (XPS) data

XPS spectra are given in Figure 3. Wide spectum (fig. 3a) shows that the surface of the films is heavily
oxidized and some carbon impurities are also present. The presence of carbon and oxygen is the result



CPS

PP

of the samples exposure to atmosphere after the deposition. Thus, the bulk of the sample is expected to
have superior degrees of purity. The nitrogen peak (fig. 3b) consists of three subpeaks with binding
energies of 396,7 eV, 398,3 eV and 399,9 eV. The biggest of them located at 396,7 eV and according
to a number of sources [14-18] is the one belonging to N-Al. The remaining two are located at 398,2 eV
and 400 eV and attributed to N-O and N-Al-O correspondingly [14, 16].

Aluminum exhibits two subpeaks (fig.3c) the biggest occurs at 74 eV and is assigned as Al-N bond, the
same energy values for AI-N bond are reportied in literature [15, 16]. There is also a good correlation
with the nitrogen pieak in this regard, which also exhibits the presence of Al-N bond. The second peak
has energy of ~73.5 eV and we speculate belongs to Al-Al defects which are though small in percentage
but nonetheless present in the film. Given the high affinity of AI/AIN to oxidization [15, 16], both during
the deposition process as well as in the open air, Al-O subpeak could also be reasonably anticipated
here, however, it occurs at higher binding energies (>75eV) [19, 20] and hasn’t been noted in this
particular sample. XPS spectra have been taken at several different points on the sample surface and
proved to be practically identical.

It appears instead that the bulk of the oxygen is bound to carbon in one way or the other which can

be seen from Cls and Ols high-resolution spectra (fig. 3d and fig. 3e). Deconvolution of Cls resulted
in 3 subpeaks located at 289,2 eV, 287,4eV and 284,8¢V which correspond to O-C=0, C-O-C and C-C
bond correspondingly [21]. By looking at Ols spectrum (fig. 3e) it can be inferred that the rest of the
oxygen is bound to nitrogen forming N-O bond (530,3 eV). Overall, carbon and oxygen are undesirable
but inevitable contaminants in ALD AIN their presence can be minimized by adjustments in the ALD
process (temperature, pressure, precursor type) or by post-treatment of deposited samples (annealing,
etching). Studying of oxygen impurities in AIN films is important since it is known to have negative
effects on the resulting qualities of the film such as optical absorption and thermal conductivity [16].
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Figure 3. XPS high -resolution spectra for AIN on HOPG: a) wide spectrum, b) N1s, ¢) Al2p, d)
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3 CONCLUSION

In this paper we attempted to deposit AIN thin films using PE-ALD equipment on a previously
untested substrate - HOPG. Surface analysis of the samples done by AFM indicates that deposited
AIN layer exhibits quite uniform surface topography. Such methods as XPS and SIMS have been
employed to investigate the chemical structure of the samples obtained. The data provided by these
methods unambiguously confirms the presence of AIN compound, although not in the pure form. We
can also observe formation of Al-Al and N-O defects as well as some impregnation of carbon in the
XPS spectra which probably occur due to imperfection of the equipment's vacuum system or post-
deposition surface oxidization. The removal of the undesired compounds from the films is the
implication for future research, high-temperature annealing in nitrogen atmosphere might have a
positive effect in this regard which is made possible thanks to carbon extremely high melting point.
Presently, however, HOPG seems to be a promising substrate to be utilized in AIN deposition
process.
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8 Study of hydrogen content in AIN nanolayers deposited
by PE-ALD

8.1 Motivation of the study

As was demonstrated in the results of the Chapters 4 and 5, samples obtained using thermal
ALD exhibited rather high amount of hydrogen impurities (22-26 at.%). Given, the fact that
hydrogen presence can drastically worsen the quality of the AIN layer, this issue has become
somewhat concerning. Which is why, it was decided to look into the problem further. This time
the AIN thin layer were deposited with the use of entirely different recipe and with the
involvement of plasma. The research described in this chapter is the result of my 35-day
internship in Sweden (Uppsala University, The Tandem Laboratory) where I have been working
with the advanced equipment utilizing SMV NEC PELLETRON particle accelerator. The results

described in this chapter are currently under consideration in an impact journal.

8.2 Relevance of the study

The main focus of the current study is to investigate the degree of hydrogen impurities
occurring in AIN deposited by PE-ALD with the use of trimethylaluminum (TMA) and N2/Hz
plasma as precursors for aluminum and nitrogen respectively. By investigating the deposited
films one can draw conclusions on how PE-ALD compares to its thermal counterpart in terms of
hydrogen impregnations. The reason why the mixture of these two gases is used instead, for
instance, pure nitrogen is that hydrogen atoms seem to positively affect the growth kinetics of the
AIN layers by maximizing density of Al-N bonds, reducing the oxygen contamination,
passivating defects, and so on. Therefore, the use of hydrogen alongside nitrogen during ALD of
AIN minimizes the frequency of Al-O and Al-Al defects and allows to obtain resulting layers of
superior quality overall [59, 60].

Since both precursors in this experiment contain hydrogen atoms, they both can be
considered as potential sources of hydrogen contamination. Investigation of hydrogen
contamination is important due to the fact that its presence in the structure may severely damage
electrical, mechanical and optical properties of semi-conductive and metallic materials, especially
in high concentrations. Most commonly, however, hydrogen causes embrittlement which is
understood as increase in brittleness over time. Altogether, a great amount of materials may

deteriorate in quality as a result of hydrogen absorption. [61, 62].
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The most common and informative methods to study hydrogen content are the ones
belonging to so-called ion-beam analysis (IBA) group. IBA group encompasses a large amount
of methods which utilize medium or high energy primary ions in order to analyze the chemical
composition of samples, however their usage is not limited to that. Some of the most prominent
of IBA methods are: Rutherford backscattering spectrometry (RBS); secondary ion mass
spectrometry (SIMS); elastic recoil detection analysis (ERDA) and nuclear resonance analysis
(NRA), the latter two being widely employed for detection of hydrogen [63]. While other more
readily available and conventional techniques such as for instance XPS and FTIR can be
employed to detect hydrogen bonds, there is no possibility to use these methods for adequate

estimation of the hydrogen concentration and distribution.

Not all IBA methods, however, are suitable for the task of hydrogen evaluation. For instance,
RBS processing can get particularly problematic in cases when analyzed samples contain heavy
elements (e.g. layer consisting of light elements on a heavy substrate), in which case peaks of
light elements end up being drowned in those of heavy elements [64]. Additionally, the specifics
of RBS make it impossible to detect elements which are lighter than the ones constituting the

primary beam.

SIMS while not being specifically designed for detection of hydrogen can still be partially
employed for this purpose by looking for hydrogen-containing ions. While any sort of
quantification of hydrogen is unachievable (even with the use of standards) one can still draw
conclusion by investigating and juxtaposing intensity of hydrogen atoms detected in different
spectra, provided they were taken under the same parameters and at the same time. SIMS can also

give a tentative idea on the hydrogen distribution [65].

Thus, when it comes to the study of quantity and distribution of hydrogen atoms, there are
mainly two IBA methods which are up to the challenge. These methods are: elastic recoil
detection analysis (ERDA) and nuclear resonance analysis (NRA), namely its subtype - resonance
NRA, otherwise called nuclear resonance broadening (NRB). Additionally, oftentimes these
methods employed particularly for the purpose of hydrogen investigation. These techniques are
capable of detection and relatively accurate quantification of light elements in samples in a non-
destructive manner and up to ~1 um depth, which renders them extremely valuable tools when

such analysis is required [66].
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8.3 Sample preparation

For deposition of AIN thin films an ALD instrument Ultratech/CambridgeNanoTech Fiji
200 located at CEITEC Nano cleanrooms in Czech Republic, Brno was used. A recipe for a single
ALD cycle consisted of the following stages:

1) TMA pulse — 2) wait 10 sec — 3) turn on N2/H> flux — 4) wait 1 sec — 5) turn on
plasma 300W (40 sec) — 6) turn off N2/H: flux — 7) wait 5 sec

In total 3 separate depositions were performed with the following deposition parameters:

1) The flux intensity of N2/H2 = 20sccm; TMA pulse time = 0.06s; 1200 cycles in total;
LSAT substrate which has the following chemical formula (LaAlO3)0.3(Sr2TaAlOe)o.7

2) The flux intensity of N2/H2 = 100sccm; TMA pulse time = 0.12s; 700 cycles in total; SiC
6H substrate

3) The flux intensity of N2/H2 = 150sccm; TMA pulse time = 0.15s; 600 cycles in total; Si

substrate

These changes in recipe were introduced with an aim to analyse how the difference in
intensity of N2/Hz flux and TMA dosing would affect the resulting layer. The different amount of
cycles was tried with the purpose to investigate if the thickness of the film has any effect on the
distribution of hydrogen and other impurities. Parameters that remained constant for all
depositions are: power of the plasma source - 300 Watt; chamber temperature - 300 °C; the pulse
time of N2o/Hz gas mixture - 40s; chamber pressure — 2.4x107 Torr. It should be also stated that
not one but several samples were obtained as a result of each deposition process. All consecutive
measurements were performed for every sample in order to ensure precision of the experiment.
Thus, the samples belonging to the same deposition batch demonstrated results indistinguishable

from one another.

Additionally, some of the samples from the 3™ deposition batch were subjected to high
temperature annealing (1350 °C) in nitrogen atmosphere for 1 hour in order to investigate what
sorts of changes such temperature processing would introduce into the samples structure, and
most importantly how it would affect hydrogen concentration. As will be shown below, the
samples from the 3™ batch demonstrated superior quality in comparison to others, which is the

reason why they were chosen for post-processing. Furthermore, Si substrate being by far the most
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common among the three is of greater interest in terms of utilization in post-processing
procedures. For convenience, all the samples obtained and discussed within this study have been

assigned designations as given in Table 1.

Table 1. Details and IDs of prepared samples

Samples Description

#1 20scem/0.06sec TMA; LSAT substrate; 1200 cycles
#2 100sccm/0.12sec TMA; SiC substrate; 700 cycles
#3 150scecm/0.15sec TMA; Si substrate; 600 cycles

#4 150scem/0.15sec TMA; Si substrate, 600 cycles; annealed (1350 °C)

The substrates were purchased from Biotain Crystal Co., Ltd and were sealed in airtight
packages upon manufacturing, therefore no pre-treatment was necessary. All three substrates are
heat-resistant with very high melting points: 1414, 1840 and 2730 °C for Si, SiC and LSAT
correspondingly. All three substrates were preliminarily tested in terms of growth tendency. The
GPC values for all substrates turned out to be practically indistinguishable, suggesting that all
three substrate provide similar degree of chemisorption for initial Al atoms. Given the
aforementioned, in this study, it was decided to set aside speculations on advantages of a
certain substrate over the others. Instead, the focus will be made on how the change in the flux
intensity affects the GPC and chemical composition in the resulted layers. The GPC values as
a function of temperature and precursor pulse times are given in Figure 4 for three different
flux intensities of N2/H2 and TMA dosing. The values were calculated based on the

data provided by spectroscopic ellipsometry.
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Figure 4. GPC as a function of: a) temperature of deposition; b) pulse time of N2/Hz, ¢)
pulse time of TMA

According to Figure 4a The ALD windows appears to fall within 200-300 °C temperature
range. In this regard the temperature of 300 °C was chosen for all depositions. The growth rate at
the chosen deposition temperature was 0.83, 0.93 and 0.94 A for 20, 100 and 150sccm of N2/H:
flux respectively. Taking into account these values and the total amount of cycles one can
calculate thickness values of the resulting films, which are: 99,6 nm; 65.1nm and 55.8nm for 1,
2 and 3" depositions correspondingly. Figure 4 (b, ¢) shows us GPC as a function of pulse time
for both precursors. It can be observed that the deposition rate stabilizes after at the 3™
introduction of both precursors, indicating stoichiometric growth. Intensity of flux seems to be
directly proportional to the growth with the difference being most noticeable between 20 and 100
sccem and not so much between 100 and 150 sccm. The growth tendency is analogous to the one
of TMA precursor where growth rate maximizes at ~0.2s of pulse time. Increasing the pulse time
of TMA and intensity of the flux of N2/Hz beyond the maximum values presented here has also
been tested and did not produce any noticeable changes. Based on these results in can be inferred
that optimal saturation occurs at the maximum values presented here (150sccm/0.15s), at least
for the equipment used in this study. Even though the samples from the 1 and 2" batches were
found to be deposited under suboptimal parameters, the obtained data and discussion on them
will be provided for comparative purposes. However, the data most relevant to the overall
conclusion of this study should be made based on the results obtained for the samples from the

3" batch and their annealed variants.
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8.4 Characterization methods

Atomic force microscopy (AFM) setup

AFM images were taken using scanning probe microscope Bruker Dimension Icon (ICON-
SPM) equipment in ScanAsyst mode of analysis devised by Bruker (CEITEC Nano, Czech
Republic, Brno). The processing of the images and extraction of the data on average roughness

was carried out with the Gwyddion software.
Secondary-ion mass spectrometry (SIMS) setup

SIMS analysis was conducted using ION-TOF TOF.SIMSS5 instrument (CEITEC Nano,
Czech Republic, Brno) in dual-gun non-interlaced mode, which means sputtering and analysis is
done alternately. One gun is utilized for aggressive sputtering/quick material removal with 2keV
Cs primary ions, while the second gun utilizes low energy Bi" ions during which secondary ions
are sent to analyser where they are measured by the time of flight detector. The raster size was
set to be 200x200um, the analysing area to 100x100 pm. All measurements were done in the
negative mode. The raw data were exported from the native software SurfaceLab 7 and then

rebuilt in OriginPro 2015.
Nuclear reaction analysis (NRA) setup

Both NRA and ERDA measurements are implemented using the SMV NEC PELLETRON
accelerator at the surface and profile measurement at Tandem Laboratory which is a part of
Uppsala university, Sweden. The resonance at 6.385 MeV for the reaction 'H(**N,ay)!?C was
used in the present experiment. A sample with a known amount of artificially implanted hydrogen
(18 at.%) was used as a reference in order to calibrate y-yield intensity. To avoid the loss of
hydrogen during the measurement the beam was broadened to ~6-7mm and its current was
minimized. Background noise was measured and subtracted from all values. Hydrogen
percentage was further normalized according to stopping power and density. The graph from the

collected values was built in KaleidaGraph software.
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Elastic recoil detection analysis (ERDA) setup

The ERDA setup utilizes the same accelerator as that in NRA. For the measurement
described in this study 36 MeV '?’I-ions were employed. The detector angle for backscattered
ions and the elements constituting the samples was set to be 45°. The values on elemental
distribution were extracted using a non-commercial community-built Potku software [67]. The
more detailed description of the ERDA setup can be found elsewhere [68]. The ERDA images

were further processed for the purpose of removing redundant noise in a graphical software.
8.5 Atomic force microscopy (AFM) results

AFM measurements were performed in order to investigate the surface morphology and how
it is affected by the alterations in deposition recipes and as a result of high-temperature treatment.
The 3D AFM images are presented in Figure 5. The roughness profiles are given in Figure 6.
Average roughness (Ra) was calculated for all samples and was found to be 1.07 nm, 0.31 nm;
0.28nm; 4.35 nm for #1, #2, #3 and #4 correspondingly. The sample #2 and #3 indicate similar
roughness values which is expected since the difference in the recipes and layer thickness for
these samples is not significant. The #/ sample which was obtained using the least 20sccm N2Hz
and 0.06sec TMA shows inferior surface roughness, which higher than that of #2 (Figure 5 b)
and #3 (Figure 5 ¢) almost by a factor of three. That is due to the fact that 20sccm N2H2 and 0.06
sec TMA are not optimal (as could be seen from the GPC measurement in Figure 4), and the
increase in the roughness is a clear sign of undersaturation and suboptimal stoichiometry. The
other reason is that sample #/ has AIN layer almost two times thicker than #2 and #3 (1200 vs
700 and 600 cycles), and it is a general tendency that thicker layer demonstrate higher values of

surface roughness [69].

The annealed sample #4 (Figure 5 d) also demonstrates a massive increase in roughness and
one can also see the formation of trenches. This coarsening of the surface and the tendency to
coalesce into clusters has been discussed in the author’s previous work [70] and indicates the

crystallization of the AIN layer.
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Figure 5. 3D AFM images of AIN thin films for: a) #1; b) #2; c) #3; d) #4
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Figure 6. Comparison of surface roughness profiles for images presented in Figure 5.
8.6 Secondary-ion mass spectrometry results

The SIMS profiles are given in Figure 7 for AIN- (a) and H- (b) ions. When processing SIMS
data in order to securely establish the presence of AIN one can directly search for AIN™ ion. The
reason for this is that this ion is situated at ~41u on the mass spectrum, it is well defined and
separated from other ions which are likely to exist in the analyzed samples, this fact eliminates

any ambiguity. AIN" distribution are presented for all samples obtained within this study.

All sample have a visible abrupt transition from AIN layer into substrate with the exception

of the one which has undergone the annealing procedure. The annealed sample appears to have
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lost the interface between the layer and the substrate suggestion that some sort of fusion has taken
place. The fact that melting point of Si (~1400 °C) is close to the temperature values utilized in
the vacuum chamber (1350°C) makes such fusion possible, it will be described in more detail,

however, in the discussion of ERDA and NRA results.

The direct calculation of thickness through SIMS is complicated by the fact that it is
necessary to know the density in order to produce accurate values. But given that the amount of
cycles were different for the various batches of samples, namely 600 (150sccm, 0.15s), 700
(100scem, 0.12s), and 1200(20sccm, 0.06s), it can be seen that SIMS data on thickness ratios are

in excellent agreement with the GPC measurements (Figure 4).

The hydrogen (H-) profile shows similar tendencies as AIN profile. One can observe a slight
increase in intensity at the interface level, however whether this increase is genuine or a result of

matrix effects is difficult to establish [71].
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Figure 7. SIMS profiles for: a) AIN" ions; b) H™ ions

8.7 Nuclear reaction analysis results

Figure 8 demonstrates NRA spectra for all the samples. Values at 6400 keV, which is slightly
above the surface resonance energy (6385 keV), could be misleading due to H2O accumulation.
The longer a sample is exposed to air the more H20 will be present at the surface region. Hence,
the values at 6500 keV provide more realistic picture on hydrogen concentration, which varies
from ~3 to ~5 at.%. The beam energy was increased up to 7000 keV during NRA measurement
by the step of 100 keV, which after calculating stopping power in SRIM software was estimated

to be ~35 nm. It should be noted that these values are approximate, since calculating stopping
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power for materials with uncertain elemental concentration is a tricky matter. As can be seen from
the spectrum, only 2 samples have concentrations larger than 0 at.% at the 6600 keV, which is
well anticipated, considering that only 2 out of 4 samples have the layer thickness exceeding
70nm, those sample are the 20sccm; 0.06s TMA sample (purple) which had the most cycles
during the deposition (1200) and the annealed sample (red) which has apparently fused into the
substrate and by so doing extended itself beyond its initial thickness value (55.8 nm). Despite that

stepping in this particular NRA measurement is rather rough, it serves its main purpose well, that

purpose being corroboration of the results provided by ERDA below.
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Figure 8. Hydrogen depth profile within the AIN layers according to NRA (100keV =

In this section, a comparison for hydrogen concentration values extracted from both NRA

and ERDA analyses (see Table 2) is also provided. As can be noticed, there is a good agreement

35nm)

between the values and the deviations across the two techniques are within the expectations.

Table 2. Hydrogen concentration in obtained AIN according to NRA and ERDA

#Sample NRA (surface) NRA(bulk) | ERDA(average)
20sccm; 0.06s TMA 6.72% 4.41% 4.20%
100sccm; 0.12s TMA 8.51% 5.09% 4.62%
150sccm; 0.15s TMA 8.94% 5.43% 4.71%
100sccm; 0.12s TMA annealed 8.75% 2.49% 2.23%
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8.8 Elastic recoil detection analysis results

ERDA spectra in Figure 9 are provided for illustrative reasons and in order to emphasize a few
peculiar phenomena. The first one is that according to the spectra all samples appear to be heavily
oxidized. As has been stated in the introduction section, oxidization of amorphous AIN upon
exposure to air is a notorious and widely reported issue [72-28]. Another thing worth noticing is
the lack of mass resolution which results in elements which are close to each other in mass appear
as a single curve, as is the case with aluminum (atomic weight = 27) and silicon (atomic weight
~ 28) in the spectra (Figure 9 b, c). However, at closer inspection the delineation between these
elements can be noticed as demonstrated in 3x magnified segments of the curves presented in
corresponding circles. In this ERDA measurement a standard silicon detector was used. More
advanced type of detector as for instance gas ionization chamber [68] would most likely provide
superior mass resolution. In ERDA spectra for the AIN deposited on LSAT substrate (Figure 9 a)
the situation is slightly different - since in this scenario Al is a constituent element of both the
layer and the substrate there would be no delineation, instead however, one can clearly observe
the transition from AIN films to the LSAT substrate by the change in intensity, what is more -

intensity of Al counts appears to be much higher in the film than in substrate.

For the annealed sample (Figure 9 d) the delineation between Si and Al is no longer
distinguishable, which perfectly correlates with what what could be observed in the SIMS
spectrum. High temperature appears to cause diffusion of AIN layer into the substrate removing
the interface between the two. Even though the concentration of Al atoms is still gradually
decreasing deeper into the sample, this change is no longer sufficient to result in a visible

transition on the spectrum.
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Figure 9. ERDA spectra for: a) #1; b) #2; c) #3; d) #4

The depth profiles extracted form the ERDA data are shown in Figure 10. The substrate peaks
for SiC and LSAT were excluded from the spectra since they have little to none bearing to the
discussion of the results. The Si peak, however, for annealed and as-deposited samples were
integrated in ordrer to provide a comparison and draw the reader’s attention to an interesting
phenomenon occurring at 1350 °C between AIN layer and the Si substrate. As has been mentioned
earlier, due to the lack of mass resolution of the used detector and disappearance of the interface
between the film and the substrate — one can no longer see the delineation between Al and Si ions
for the annealed sample (Figure 9 d). For this reason, it is rendered extremely difficult to separate
Al from the Si signal in the software, which is why its distribution in Figure 10d might not be as
precise as it is for other elements. Nevertheless, judging by the distribuiton pattern to extracted
from ERDA data, one can conclude that there seem to be a rather drastic difference between
annealed and as-deposited samples. First of all, the depth profile of the annealed sample confirms
the idea of ‘fusion’ and, as expected, there is no abrupt transition from the layer into the substrate,
instead, one can observe a gradual decrease in intensity of all elements. Effect provided by
annealing seems to be rather considerable as the AIN layer-related ions are still detected at the
depth which exceeds the thickness of the initial layer by a factor of three (55nm vs 180nm+). It
should be emphasized here, that data acquired from ERDA measurement perfectly correlates with
what could be observed in the SIMS profile (see Figure 7 a,b). The other aspect worth of attention
is the significant reduction in oxygen concentration and increase in that of nitrogen, which
confirms that aggressive annealing of AIN layer in nitrogen atmosphere has indeed produced a
favorable effect on the overall quality of the film. With that being said, such treatment can be
viable in terms alleviation of the persistent AIN oxidization issue. However, one might want to

consider using a more heat-resistant substrate (SiC, HOPG etc.) to avoid the said fusion, in the
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cases where preservation of well-defined interface between the substrate and the layer is

preferential.

50 T T T T

=9

o
1

1

w
e

— Al
—C

—N
—O0

)
e

Concentration (at.%)
Concentration (at.%)

=
2

5
Depth (nm)

— [ -
X R
] &
c c
0 .0
® L ®
- e
- -~
c c
] F @ 204 -
€ £
e
&) ]

- 10_
R HWW\».-JA
6

20 40 60 0 30 120 180
Depth (nm) Depth (nm)
Figure 10. Elemental distribution in AIN samples according to ERDA: a) #1; b) #2; ¢) #3;
d) #4

The approximate elemental concentration according to ERDA are given in Table 3. As we
can see, the carbon concentration is low (within 1-2%) with only the annealed sample exhibiting
an increased amount, which must have been a result of some sort of contamination which took
place in the chamber during annealing process. Other than carbon, concentration values are in
good agreement with the values reported by a similar study [79]. In that study, authors suggest
that one of the possible reasons of carbon occurrence is an unwanted reaction between nitrogen
atoms and CH-groups during plasma introduction which results in appearance of C-N bonds; the
other possible reason is incomplete removal of TMA organic ligands from Al atoms which are
adsorbed by the substrate. This latter speculation also partially explains the presence of hydrogen,

with it being a constituent element of the said ligands. The other part of the hydrogen amount is
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likely to occur from the nitrogen precursor introduction stage. N2/H2 gas mixture may cause
incorporation of amine groups (N-H) [80]. The increased hydrogen concentration at the surface
comes from H20 accumulation, as was already established in the NRA section. On the whole,
uniform depth profiles of both carbon and hydrogen indicate that these contaminations take place
due to series of unwanted but altogether unavoidable side reactions occurring throughout the
entire deposition process. However, it should be stated that concentration of these so-called PE-
ALD defects is within reasonable bounds. The thermal ALD, in general, results in far greater

amounts of carbon and hydrogen concentrations

Table 3. Approximate concentrations of elements within the layers extracted from the

ERDA depth profiles.

Element
Al C H N O
Sample
a) 413% | 1.7% | 4.2% | 18.3% | 34.5%
b) 349% [ 1.4% | 4.6% |26.9% | 32.2%
c) 354% | 1.3% | 4.7% | 29.1% | 29.5%
d) 442% | 4.1% | 2.2% | 34.7% | 14.8%

8.9 Conclusion of the study
In this work several batches of AIN samples by plasma-enhanced atomic layer deposition were
deposited with the main goal being investigation of the amount of hydrogen impurities within the
deposited samples. The recipe parameters were different for each deposition in order to establish
whether alteration in N2/Hz flux and TMA pulse time would lead to any changes in the resulting
layers. GPC measurements revealed that increase in those parameters indeed leads to a more
improved growth rate with the change being most drastic between 20 and 100 sccm/0.06 and
0.12s (N2H2/TMA). The optimal saturation, however, is reached at around 150sccm/0.15s
(N2H2/TMA) which is confirmed by SIMS analysis, in which one can observe an increase in

intensity of AIN"1on for the samples exposed to more intensive precursors dosing.

To achieve the goal in detecting and quantifying hydrogen, deposited samples have been
thoroughly analysed with the use of such technique as: elastic recoil detection analysis (ERDA);
nuclear reaction analysis (NRA), secondary-ion mass spectrometry (SIMS). Generally, it can be
said, that the results harvested from all these methods are in good agreement with one another.

The layers obtained within the scope of this study have demonstrated low amounts of hydrogen
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contamination (3-5 at. %), especially when compared to thermal variation of ALD, which puts
PE-ALD in a more favourable position, at the very least in terms of minimizing hydrogen

impurities.

Aside from investigation of hydrogen, an interesting phenomenon, which takes place during high
temperature treatment of AIN on Si, has been demonstrated. Apparently, such temperature
treatment (at 1350 °C for 1 hour) causes a fusion of the initial layer into the substrate. Other than
that, such treatment seems to be a viable option when it comes to post-processing of the obtained
films prone to oxidation, as the chemical composition of the deposited films was considerably
improved upon annealing, drastically reducing the concertation of oxygen and increasing that of
nitrogen. Thus, the results presented in this study can be important for optimization of the AIN

ALD technology as well as for post-processing of the obtained layers.
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Conclusion

This work was aimed at enhancing the understanding of AIN ALD process and exploring
alternative solutions to conventional deposition recipes. The major contribution of this
dissertation lies in the fact that these alternative solutions prove to be superior whether in
terms of cost-efficiency or chemical reactivity. The task at hand was undertaken through a
series of experiments which were followed by rigorous interpretation of the obtained data.
These experiments were consistently published as individual articles in impacted journals as
well as in WoS indexed conferences during my PhD study. The dissertation was presented
as a compilation of these articles which are organized into corresponding chapters. A detailed
overview of all the research presented in the dissertation is provided in the discussion below.
The discussion begins with Chapter 3, as Chapters 1 and 2 are introductory and do not contain

any experimental results.

Thus, Chapter 3 was entirely dedicated to the study of silicon substrates - the most popular
substrates utilized in a variety of thin films deposition techniques. The substrates were
subjected to various post-processing procedures, such as annealing and etching by argon, to
investigate the change in the surface features under harsh environments. To achieve that
purpose, AFM technique was utilized and was followed by stercometric analysis of the
surface characteristics. The information on the chemical composition and as well as chemical
bonds was provided by XPS. Results of that study demonstrated that the Si substrates had a
native oxide layer which is thickened by the annealing procedure. Etching by argon, on the
other hand, results in the removal of the said oxide layer. Stereomteric analysis provided
thorough and detailed picture on the surface microstructure before and after the processing
of the substrates. Thus, these results are important in terms of understanding the chemistry

which take place at the interface level during the precursor introduction.

In the Chapters 4 and 5, new approaches for the deposition of AIN were suggested. In the
Chapter 4, hydrazine (N2H4) and ammonia (NH3) were used as a nitrogen precursor.
Hydrazine is considered a rather unconventional precursor for deposition of AIN, which is
why, is it of interest to test its viability as a nitrogen precursor and provide comparison with
a more common ammonia. By the results of this study it was discovered that hydrazine
demonstrates superior reactivity in comparison to ammonia, which leads to better values of
growth rate and improved chemical composition in terms of purity. Additionally, lower
dissociation energy of hydrazine molecule allows for lower deposition temperatures, which
also is an important factor in ensuring the better quality of the layer. Furthermore, the results

provided by ERDA showed that the hydrogen contamination in the resulted layers was as
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high as 30% for both precursors. Research presented in Chapter 5 was intended to resolve
several important issues which the usage of hydrazine entails. Despite the generally positive
results, the usage of hydrazine poses certain difficulties. Aside from being a rather expensive
compound, hydrazine is also known for its explosiveness, which is why, it requires extreme
caution during handling. In this regard, a new, previously untested precursor was introduced
- hydrazinium chloride (N2HsCl). Hydrazinium chloride is basically a chlorine containing
salt of hydrazine, but unlike pure hydrazine it is relatively cheap and easier to handle. The
results obtained within that study showed that hydrazine chloride is indeed a viable precursor
choice for the deposition of AIN thin films. The presence of Al-N bonds was detected by
XPS. According to XPS the obtained layers also appeared to be heavily oxidized. After
consulting the literature, it was found out that the oxidization issue of AIN is widely reported
and requires post-processing. Hence, the high-temperature annealing at 1350 °C in nitrogen
atmosphere was performed for the obtained layers. Such treatment, indeed, has produced a
favourable effect on the layers. The concentration of Al-N bonds was significantly increased
upon treatment, which can be explained by two factors described in Chapter 5:

1) It is known that the intensity of oxidization increases towards the surface. High-
temperature induces recombination of the atoms, which results in a more uniform
concentration profiles.

2) Annealing in nitrogen environment causes existing Al-O bonds to break and form Al-N
bond instead.

Annealing also seems to have caused crystallization of the films according to AFM and XRD.
Unfortunately, during this study there was no possibility to investigate hydrogen
concentration, as this sort of analysis requires advanced equipment utilizing high-energy
primary ions. However, one may speculate that its amount should be in decent agreement
with the results reported in Chapter 4, where hydrazine was used, due to the fact that NoHsCl
dissociates into hydrazine in the chamber, therefore the chemistry inside the chamber should
bear some resemblance. It is also worth to emphasize that no amount of chlorine was detected
in the resulting layers even by extremely sensitive SIMS analysis. That indicates that chlorine
is completely removed from the chamber during the purge stage in the form of hydrogen
chloride (HCI) into which hydrazine chloride decomposes. It is an important observation
because, according to the literature, AIN thin films obtained by other chlorine containing

precursors (e.g. AICl3) suffer from some amounts of chlorine impurity.

Chapter 6 contains short communication which describes AIN thin films obtained by PE-
ALD. A heavy focus of this research was put into detection of hydrogen by common and
available techniques which do not require particle accelerator, such as FTIR and SIMS. As a
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result of this study it was discovered that the obtained films indeed have some hydrogen
impurities, though seemingly less than was reported for thermal ALD. Even though both
methods lack the possibility of quantification, they provide enough information to warrant
further investigation with the use of more advanced techniques. Furthermore, it was
discovered by FTIR that hydrogen seems to have formed bonds with carbon, as a small peak

was observed at ~1500cm-1 which is attributed to C-H bond.

Chapter 7 reports on AIN deposited on HOPG substrate. There are no records in the literature
of HOPG being utilized as a substrate for AIN thin films. Nevertheless, this substrate might
a promising option due to its extremely high-melting point 3550 °C, which unlocks the
possibility of annealing under very high-temperatures. In comparison, Si substrates have
melting point of only 1,410 °C. Another benefit of HOPG is its laminated (layered) nature,
which allows transferring of the deposited films if necessary. The obtained layers were
characterized by AFM, XPS and SIMS. AFM demonstrated that the layers are uniform and
have low values of surface roughness (~35 A). XPS revealed the presence of Al-N bond
whereas SIMS detected the presence of AIN ion. Thus, HOPG was determined to be a viable
substrate choice for the deposition of AIN thin films by ALD.

The aim of the study described in Chapter 8 was to investigate the hydrogen contamination
of AIN thin films deposited by PE-ALD. According to the literature, hydrogen impurity in
AIN thin films is common and its presence can be detrimental to the mechanical or electrical
properties of the film. Additionally, it was shown in Chapter 4 that the amount of hydrogen
in AIN obtained by thermal ALD was 22-26 at.%. Which is why, the hydrogen phenomenon
is concerning and its investigation is important. According to the results of this study, thin
films deposited with the use of plasma module (PE-ALD) have demonstrated far superior
quality, at least in terms of hydrogen contamination. According to ERDA and NRA data, the
quantity of hydrogen constituted only 3-5 at.%. However, similarly to the films obtained
using thermal ALD, PE-ALD films were not immune to oxidization. Thus, the high-
temperature annealing (1350 °C) in N2 atmosphere was performed once again, and once
again led to a drastic decrease in the amount of oxygen. IBA methods have also revealed an
interesting phenomenon which appears to have occurred as a result of the annealing - a so-
called of fusion of the AIN into the Si substrate. Given that the annealing temperature was
quite close to the melting point of Si substrate (1410 °C), such fusion is not entirely
unexpected. As was explained in Chapter 8, the choice of a substrate did not seem to produce
much of an effect on the resulting layer, at least from the point of view of chemical

composition analysis. The impact of deposition regimes, on the other hand, was noticeable

-03-



Alternative approaches for preparation of AIN nanolayers by atomic layer deposition

and variation in these regimes was established to have influence not only on the growth rate
of the film, but on the density of AI-N bonds as well. In this regard, the optimal parameters
for PE-ALD of AIN were determined in this study. The optimal parameters were found to be
the following: flux intensity of N2/H2 gas mixture 150 sccm, TMA pulse time 0.15 sec and
the deposition temperature 300 °C.

As results clearly suggest, each approach has its advantages as well as shortcomings.
However, almost in each scenario AIN thin films deposited using ALD have demonstrated
acute proneness to oxidization upon exposure to air. This issue, however, is by no means
exclusive to the films obtained within the scope of this work. The same discovery has been
also made by many other researchers in the field. All thing considered, this notorious
oxidization problem seems to be unavoidable in most scenarios and calls for appropriate post-
processing measures. One such measure was proposed here, which is high-temperature
annealing in nitrogen atmosphere at 1350 °C for about 1 hour (Chapters 5 and 8). Upon such
processing, the overall quality of the layers was significantly improved, resulting in massive
decrease of the amount of oxygen. Annealing also seems to have induced crystallization of
the AIN according to XRD and AFM data.

In conclusion, it should be stated once again that the main novelty of this dissertation consists
in the implementation of previously untested precursors. However, different substrates and
deposition regimes, as they were described in the aims of the dissertation (deposition
temperature, precursor exposure time etc.), were also tested. All the research presented above
is a good evidence to the fact that optimization of ALD technology in terms of obtaining
high-quality AIN thin films is not a simple task, and many challenges arise along the way.
Many of these challenges have been highlighted in this dissertation, and a viable solution,
through which the inadequacies of the resulted layers can be at least partially remedied, has
been proposed. Overall, each of the described approaches for deposition of AIN films has
demonstrated its utility in certain aspects, and the summation of all the data presented here

is a comprehensive and valuable contribution into the understanding of ALD AIN process.

Finally, as has been mentioned earlier, the heaviest focus of this dissertation was put into
characterization of the samples in terms of chemical composition. That being said, there is
still much work to be done on the topic. For instance, it may be worthwhile to obtain more
thorough data on the optical properties, as well as to explore the electric behaviour by
depositing Ohmic contacts or to look for other effective methods of post processing. All of
this, however, would be enough to fit another dissertation’s volume and therefore is

considered to be the implications for future research.
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