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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].  

Figure 1. Scheme of an ALD process [7] 

Aluminum nitride (AlN) 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 
AlN: 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 [8-12]. 
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Due to the vast list of advantages provided by incorporation of AlN, 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 AlN 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, AlN 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 [13-17].  

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 the 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 [18, 19]. 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 [20]. ALD, in this regard, 
has all the necessary requirements to ensure that surface area up to 450 m2/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 sought-after when it comes to chemical sensors for both liquids 
and gases alike [21-23].  It has been reported in the literature [24, 25] 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 [26]. 

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 [27]. 

Applications of ALN, however, are not limited only to electronics. For instance, Sarah Hashemi 
Astaneh et al. report in their review article [28] on benefits of using ALD for 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 
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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.  

1.2 Aluminum nitride thin films 

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. 

There is no shortage of records where researchers attempted ALD of AlN 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 Al(CH3)3 and N2H2 gas mixture as 
aluminum and nitrogen precursors respectively. There are many studies in which authors used 
aluminum chloride (AlCl3) as an aluminum precursor [29, 30]. The downside of aluminum 
chloride is that there is always a certain amount of chlorine 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. 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 
AlN to intense oxidization upon exposure to air. In fact, even high-quality AlN deposited by 
PVD methods are not immune to oxidization issue [31-33]. Therefore, this problem calls for 
appropriate post-processing solutions, which can include deposition of a passivating layer or 
high-temperature annealing.  
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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 AlN thin films by proposing alternative solutions to the established 
recipes. A decent part of this work is dedicated to basic research on AlN 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 AlN by ALD and bridging possible gaps in understanding of AlN 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:  N2H4, N2H5Cl, N2/H2 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)
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)
c) 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
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3 Experimental results 
3.1 AlN thin films with N2H5Cl 

3.1.1 The scheme of the ALD process 

The scheme of an assumed ideal ALD process is presented in Figure 2 for informative and 
illustrative reasons. In the middle is the result of the reaction of triisobutylaluminium (TiBA) 
with the activated substrate on the left, C4H10 is a waste product. On the right is the result of the 
reaction of N2H5Cl with the surface of the middle product; C4H10, C4H9Cl and HCl are the 
expected waste products. 

 
Figure 2 The scheme of an ideal ALD process. 

3.1.2 Surface characterization 

AFM method has been employed to investigate topography of AlN thin films before and 
after annealing at 1350 °C. The obtained AFM images are presented in Figure 3 

  
(a) (b) 

Figure 3 AFM images scan area 1x1 μm, (a) - before annealing; (b) - after annealing 

Obtained results enable observation of changes caused by annealing of the films (Figure 3 
a, b). AFM data confirms 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. 

It is assumed 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 4. The increase of existing reflections and 
appearance of new ones indicated that the annealed films consist of crystallites of a larger size. 
The root mean square of the surface roughness (Sa) for as-deposited AlN layer equaled to 0.23 
nm which is within the norm for ALD AlN. However, one can observe a rather significant 
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increase after annealing 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 of the similar magnitude (from 0.223 nm to 0.663 nm) after annealing. An 
increase in surface roughness can be explained by an increase in the grain size in the AlN 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 thermal expansion coefficient between AlN and silicon can 
lead to formation of pits and cracks.  

 
Figure 4. XRD spectra for as deposited and annealed samples. 

 
 

3.1.3 XPS analysis 

XPS comparison of as-deposited and annealed samples of AlN. Annealing was carried out 
in N2 atmosphere at 1350 °C for 1h, heating/cooling rate was at 100 °C/min. All spectra have 
been calibrated by setting C-C bond at 248.8 eV. The most important and notable change is the 
considerable increase of N1s peak intensity after annealing (Figure 5). Distinguishing nitrogen 
peak on 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 AlN to extensive 
oxidation is a notorious issue reported by multiple studies. Carbon is also an unavoidable 
contaminant occurring from atmosphere. 
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(a)  (b) 

Figure 5. Comparison of XPS wide spectra of: (a) as-deposited AlN sample; (b) 
annealed AlN sample. 

The N1s peak on the wide spectrum of unannealed samples is of rather low intensity 
nonetheless it is still well-defined in high-resolution mode. One can speculate that intensity of 
nitrogen peak might be enhanced by increasing exposure time of N2H5Cl, since the optimal 
saturation may not have been reached. However, this minor detail is by no means should be a 
hindrance to drawing conclusions regarding the efficiency of N2H5Cl. As will be demonstrated 
in the discussion section - N2H5Cl basically decomposes into hydrazine in the ALD chamber and 
the latter has already demonstrated positive results as a nitrogen precursor for AlN thin films. 
Moreover, imperfections of the ALD process have then been rectified by consecutive annealing 
in nitrogen. 

 Both peaks are located at ~396.8 eV which is the energy widely attributed to Al-N bond. 
The subpeak at ~400 eV is ascribed to C-NH2 bonds (Figure 6). It is also worth to emphasize that 
despite expectations neither of the N1s peaks shows any sign of oxidization, C-NH2 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 of Al-N bond intensity is explained by influx of new nitrogen atoms during the annealing 
in the N2 flow which induced reaction with Al atoms still engaged in Al-Al bonds. 

 

(a) (b) 

Figure 6. Comparison of high resolution N1s spectra of: (a) as-deposited AlN sample; 
(b) annealed AlN sample. 
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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 analyser 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. 

 
3.1.4 SIMS analysis 

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. Oxygen ions with 
energy of 2 keV was used for creating a crater and bismuth ions were used for analysing the 
sputtered area along the way. Every 2 sec of sputtering were followed by 3 sec of analysis. The 
area of crater was 200x200 nm, the area of analysis was 50x50 nm. The depth profiling spectra 
for O-, AlO-, Si-, Al-, AlN- and SiO- for both annealed and unannealed samples are given in Figure 
7 (a, b). 

 

 
(a) (b) 

Figure 7. (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. 

Sputter time on X-axis is 80 sec which can be translated into approximately 20 nm of crater 
depth. The Si spectrum maximizes at around 42 sec which translates into ~8 nm, indicating the 
end of the layer and beginning of the substrate. At the same point one can observe rapid decrease 
in intensity of Al and AlN peaks. SiO spectrum exhibits a hill between 20-50 sec which is the 
region of the substrate oxidization. It is worth to mention 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 was mentioned in the section describing XPS results the extensive 
oxidization of AlN films grown by ALD is a notorious issue and by no means limited to our 
particular case. Partially, the amount of oxygen can be explained by the fact that oxygen primary 
beam was utilized, a portion of that beam is scattered back to analyzer either in form of pure ions 
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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 8 below, images of 2D and 3D distribution of ions are presented. A sample without 
temperature treatment (fig.12a) shows a rather uniform distribution of an AlN- ions, whereas 
there as a noticeable grain of ~20x20 nm containing AlN- on a sample undergone temperature 
treatment (fig.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. 3D 
distribution of the grain is presented of the Fig. 10c. 

 

(a) (b) (c) 

Figure 8. (a) 2D distribution of AlN- ions for samples without temperature treatment; 
(b) 2D distribution of AlN- ions for samples with temperature treatment; (c) 3D 
distribution of AlN-, SiO-, and Si- ions of 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 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 AlN grain (dark green colour) which can be seen after SiO native layer (purple 
colour) is actually resides above the 3D model and not in the bulk of the substrate as the picture 
misleadingly implies.  
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3.2 AlN thin films with N2H4 

3.2.1 XPS analysis 

Figure 9 shows the results of the XPS analysis of the nitride film with a thickness of 300 Å 
obtained using ALD TDEAA/N2H4 at 200°C. 

 
Figure 9. XPS data on the atomic distribution in the bulk of the AlN ALD film obtained 

using hydrazine at 200°C. 
The upper layer of nitride contains oxygen and carbon impurities. It is known, that the substrates 
with an aluminum nitride coating are prone to oxidization 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 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 N2H4; in addition, it is known, that the 
hydrazine is hygroscopic. 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 properties of 
the AlN film.  

3.2.2 Hydrogen content 

ERDA analysis of the samples (Figure 10) shows that hydrogen in the films is at the level of 22.7 
and 26 at % for systems with N2H4 and NH3, respectively. This indicates that the reaction of 
TDEAA with the surface (–NHx) groups is possibly incomplete, which may be the reason for the 
presence of hydrogen impurities. 
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Figure 10. ERDA spectrum for AlN ALD samples deposited using ammonia and 
hydrazine at 200°C.

3.3 AlN thin film deposited by PE-ALD on HOPG

3.3.1 XPS analysis

XPS analysis of the obtained samples is given in the Figure 11. One should keep in mind that the 
following data provides the one the first few nm of the layer (~7nm). It is expected that oxygen 
peak is quite prominent at the surface due to oxidization (Figure 11 a). The ratio of the elements 
in the bulk of the sample is expected to be different and the oxygen intensity much lower.

a) b) c)
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d) e)

Figure 11. XPS high -resolution spectra for AlN on HOPG: a) wide spectrum, b) N1s, c) Al2p,
d) C1s, e) O1s

The nitrogen peak (Figure 11 b) 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 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.

Aluminum exhibits two subpeaks (Figure 11 c) the biggest occurs at 74 eV and is assigned as 
Al-N bond, the same energy values for Al-N bond are reported in the literature. 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 is assumed to belong to Al-Al defects which
are though small in percentage but nonetheless present in the film. Given the high affinity of 
Al/AlN to oxidization 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)
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 C1s and O1s high-resolution spectra (Figure 11 d, e). Deconvolution of C1s
resulted in 3 subpeaks located at 289,2 eV, 287,4eV and 284,8eV which correspond to O-C=O, 
C-O-C and C-C bond correspondingly.  By looking at O1s spectrum (Figure 11 e) 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 AlN 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 AlN
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.

3.3.2 SIMS analysis

SIMS distribution patterns are given in Figure 12. 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
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compound one needs to search for all possible combinations of its constituents, in our case those 
they are N+, AlN (a, b) and Al (c). By looking at these 3D images of ejected ions distribution 
one can clearly tell at which points the AlN 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 AlN 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. 

a)  b) 

 c) d) 

Figure 12. SIMS 3D distribution for AlN on HOPG: a) N+, b) AlN+, c) Al+, d) C+ 
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3.4 Hydrogen impurites in AlN films grown by PE-ALD 
For convenience, all the samples obtained and discussed below have been assigned designations 

as given in Table 1. 

Table 1. Details and IDs of prepared samples 

Samples Description 

#1 20sccm/0.06sec TMA; LSAT substrate; 1200 cycles 

#2 100sccm/0.12sec TMA; SiC substrate; 700 cycles 

#3 150sccm/0.15sec TMA; Si substrate; 600 cycles 

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

3.4.1 SIMS analysis 

The SIMS profiles are given in Figure 13 for AlN- (a) and H- (b) ions. When processing SIMS 
data in order to securely establish the presence of AlN one can directly search for AlN- 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 obtained samples, this fact eliminates any ambiguity. 
AlN- distribution are presented for all samples obtained within this study.  

All sample have a visible abrupt transition from AlN layer into substrate with the exception of 
the one which has undergone the annealing procedure. The annealed sample appears to have 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 discussed in more detail, however, in the 
discussion of ERDA 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.  

The hydrogen (H-) profile shows similar tendencies as AlN 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.  

Figure 13. SIMS profiles for: a) AlN- ions; b) H- ions 
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3.4.2 ERDA spectra 

ERDA spectra in Figure 14 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 AlN 
upon exposure to air is a notorious and widely reported issue in the litrature. 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 14 b, c). However, on 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 would 
most likely provide superior mass resolution. In ERDA spectra for the AlN deposited on LSAT 
substrate (Figure 14 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 AlN 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 14 d) the delineation between Si and Al is no longer 
distinguishable which perfectly correlates with what could be observed in SIMS spectrum. High 
temperature appears to cause diffusion of AlN 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. 

Figure 14. ERDA spectra for: a) #1; b) #2; c) #3; d) #4 
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3.4.3 ERDA depth profiles 

The depth profiles extracted form the ERDA data are shown in Figure 15. 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 AlN 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 – it is no longer possible to see the delineation 
between Al and Si ions for the annealed sample (Figure 14 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 15 d 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 AlN 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 
13 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 AlN 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 of alleviation of the persistent 
AlN oxidization issue. However, one might want to consider using a more heat-resistant 
substrate (SiC, HOPG etc.) to avoid the said fusion, in the cases where preservation of a 
well-defined interface between the substrate and the layer is preferential. 
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Figure 15. Elemental distribution in AlN samples according to ERDA: a) #1; b) #2; c) #3; d) 
#4 

The approximate elemental concentrations according to ERDA are given in Table 2. As can 
be seen, 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. In is assumed 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 likely to occur 
from the nitrogen precursor introduction stage. N2/H2 gas mixture may cause incorporation of 
amine groups (N-H). The increased hydrogen concentration at the surface comes from H2O 
accumulation, as was already established. 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 as was shown in subsection 3.2. 

Table 2. Approximate concentrations of elements within the layers extracted from the ERDA 
depth profiles. 

Element 

Sample 
Al C H N O 

a) 41,3% 1.7% 4.2% 18.3% 34.5% 

b) 34.9% 1.4% 4.6% 26.9% 32.2% 

c) 35.4% 1.3% 4.7% 29.1% 29.5% 

d) 44.2% 4.1% 2.2% 34.7% 14.8% 
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Conclusion 
This work was aimed at enhancing the understanding of AlN ALD process and exploring 
alternative solutions to conventional recipes. These alternative solutions prove to be superior 
whether in terms of cost-efficiency or chemical reactivity, which constitutes the optimization 
aspect of this research. 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.  

As results clearly suggest, each approach has its advantages as well as shortcomings. However, 
almost in each scenario AlN 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. 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 AlN according to XRD and AFM data. 

Another important aspect of this dissertation comprised investigation of hydrogen phenomenon 
in the obtained layers. In the study, where hydrazine and ammonia were used as a nitrogen 
precursor, it was discovered that the hydrogen contamination in the resulted layers was 22-26 
at.% Unfortunately, in the study where hydrazinium chloride (N2H5Cl) was employed, there was 
no possibility to investigate hydrogen. However, one may speculate that its amount should be in 
decent agreement with the results where hydrazine was used, due to the fact that N2H5Cl 
dissociates into hydrazine in the chamber, therefore the chemistry inside the chamber should bear 
some resemblance. 

Dissertation shows that the thin films deposited with the use of plasma module (PE-ALD) on the 
other hand, 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%. However, 
similarly to the films obtained using thermal ALD, PE-ALD films were not immune to 
oxidization. Thus, the high-temperature annealing 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 AlN into the Si substrate.  

The main novelty of this dissertation consists in the implementation of the 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. 
It was found out, 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 and variation in these regimes was 
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established to have influence not only on the growth rate of the film, but on the density of Al-N 
bonds as well. In this regard, the optimal parameters for PE-ALD of AlN were also determined. 

All the research presented within this work is a good evidence to the fact that optimization of 
ALD technology in terms of obtaining high-quality AlN 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 AlN 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 AlN 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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Abstract 
Aluminum nitride (AlN) is a promising semi-conductive material with a wide band gap. Thin films 

of AlN 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 AlN 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 AlN ALD thin films. Hydrogen impurities have been investigated with the use of accurate and 

advanced techniques belonging to ion-beam analysis (IBA) groups. 

Abstrakt 
Nitrid hliníku (AlN) je slibný polovodivý materiál s velkou mezerou v pásu. Tenké filmy AlN 

nacházejí uplatn ní v r zných elektronických a optoelektronických za ízeních. V první ad  je 

cílem výzkumu prezentovaného v rámci této diserta ní práce p edstavit nové prekurzory do 

procesu ALD pro depozici tenkých vrstev AlN. Navrhované prekurzory jsou lepší než tradi ní 

prekurzory bu  v nákladové efektivnosti nebo reaktivit . ást diserta ní práce je v nována 

prohloubení porozum ní chemickým proces m, které probíhají b hem a po depozici. V tomto 

ohledu bylo navrženo pracovní ešení ke zlepšení chemického složení výsledných film  a ke 

zmírn ní nedostatk , nap íklad oxidace. Dalším d ležitým aspektem této studie je d kladná 

analýza fenoménu vodíku v tenkých vrstvách AlN ALD. Vodíkové ne istoty byly zkoumány 

pomocí p esných a pokro ilých technik pat ících do skupin analýzy iontovým paprskem (IBA). 
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