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Amorphous AlN films grown by ALD from
trimethylaluminum and monomethylhydrazine

Roman G. Parkhomenko, *a Oreste De Luca, b Łukasz Kołodziejczyk, c

Evgeny Modin,a Petra Rudolf, b Diego Martínez Martínez, d Luis Cunhad and
Mato Knez a,e

The great interest in aluminium nitride thin films has been attributed to their excellent dielectric, thermal

and mechanical properties. Here we present the results of amorphous AlN films obtained by atomic layer

deposition. We used trimethylaluminum and monomethylhydrazine as the precursors at a deposition

temperature of 375–475 °C. The structural and mechanical properties and chemical composition of the

synthesized films were investigated in detail by X-ray diffraction, X-ray photoelectron spectroscopy, elec-

tron and probe microscopy and nanoindentation. The obtained films were compact and continuous, exhi-

biting amorphous nature with homogeneous in-depth composition, at an oxygen content of as low as 4

at%. The mechanical properties were comparable to those of AlN films produced by other techniques.

Introduction

Aluminium nitride thin films have gained attention due to
their excellent electrical and mechanical properties, namely,
their wide bandgap, good piezoelectric response, high resis-
tance to bending, and remarkable thermal and chemical stabi-
lity, and their optical properties; consequently they found
application in sensors, light-emitting diodes, or as insulating
layers.1–8 Emerging devices of great interest are high electron
mobility transistors, where AlN layers are used as buffer layers
for GaN films to compensate for the misfit of the lattices and
the thermal expansion between the substrate and GaN.9,10

AlN thin films have been deposited using various chemical
and physical methods, including metal organic vapor phase
epitaxy, ion-beam deposition and magnetron sputtering.11–13

Despite their wide use, all these methods have drawbacks,
which hamper their industrial exploitation. For example, the
films must show good uniformity and conformality through-
out the entire surface to be covered. Another important point
is that the film thickness must be controlled at the Angstrom
level. The method of choice that meets all these criteria is

atomic layer deposition (ALD) because it relies on the self-
saturating exposure of substrates to vaporized precursors. The
precursors are introduced into a reactor alternately, resulting
in self-limiting film growth that allows one to achieve atomic
scale thickness control with excellent conformality.
Amorphous AlN films are of particular interest due to their
improved mechanical, electrical and optical properties com-
pared to those of the crystalline phase of AlN.14–17 However,
most AlN films grown by ALD are of crystalline nature18–25

hence obtaining amorphous AlN films by ALD is an actual
problem. AlCl3 with NH3 is a common precursor combination
that has often been used for depositing AlN.26,27 However, the
use of AlCl3 leads to substantial chlorine contamination in the
films due to the evolution of HCl as the by-product, which also
causes severe corrosion of reactor components over time. An
alternative precursor that is widely used as the Al source is tri-
methylaluminum (TMA) but it is rarely considered in combi-
nation with ammonia due to its low decomposition tempera-
ture. In fact, the growth of AlN films with ammonia by ALD
requires substantial energy input, since NH3 exhibits a low
affinity to the growing surfaces owing to the strong N–H bond
(389 kJ mol−1). Hence, plasma processes are often used
instead to lower the thermal budget.21–26 However, not all ALD
reactors have plasma units. Moreover, a huge fraction of reac-
tors in use worldwide is not suitable for a plasma upgrade
from an engineering standpoint, which is a considerable
obstacle for many research groups. To avoid the use of
plasma, the corrosion of the reactor by HCl, and/or the con-
tamination of the AlN films with chlorine, the use of TMA in
combination with a highly reactive nitrogen source is desired.
Monomethylhydrazine (MMH) is a more reactive precursor

aCIC NanoGUNE, Tolosa Hiribidea 76, E-20018 San Sebastian, Spain.

E-mail: r.parkhomenko@nanogune.eu
bZernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4,

9747 AG Groningen, The Netherlands
cInstitute of Materials Science and Engineering, Lodz University of Technology,

Stefanowskiego 1/15, 90-924 Lodz, Poland
dPhysics Center of Minho and Porto Universities-CF-UM-UP, School of Sciences,

University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal
eIKERBASQUE, Basque Foundation for Science, Alameda Urquijo 36-5, 48011 Bilbao,

Spain

15062 | Dalton Trans., 2021, 50, 15062–15070 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

11
/2

2/
20

21
 7

:2
5:

18
 A

M
. 

View Article Online
View Journal  | View Issue

www.rsc.li/dalton
http://orcid.org/0000-0003-4226-1957
http://orcid.org/0000-0002-4428-0863
http://orcid.org/0000-0002-4704-4188
http://orcid.org/0000-0002-4418-1769
http://orcid.org/0000-0003-0425-1029
http://orcid.org/0000-0002-9850-1035
http://crossmark.crossref.org/dialog/?doi=10.1039/d1dt02529e&domain=pdf&date_stamp=2021-10-29
https://doi.org/10.1039/d1dt02529e
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT050042


that fulfils those criteria. Hydrazine derivatives have already
been used for the deposition of transition metals by ALD,28

but AlN processes have not been studied to date. Here, we
perform an investigation of amorphous AlN films grown by
ALD from TMA and MMH, where we determined their compo-
sition, structure, morphological features, and their mechanical
properties and demonstrate that the use of MMH leads to the
formation of high quality AlN films with good uniformity.

Experimental section

ALD experiments were carried out in a semi-industrial, com-
mercial ALD reactor (Beneq TFS-200). Trimethylaluminum
(98%, Strem Chemicals) and monomethylhydrazine (98%,
Sigma-Aldrich) were supplied at their own vapor pressure,
without additional heating. The reactor was heated to tempera-
tures between 375 and 475 °C. Nitrogen (99.99%, Nippon
Gases) was used as a carrier gas at 200 sccm and continuously
delivered through the precursor manifold. The AlN films were
deposited on Si(100) substrates (PI-KEM Ltd) with a size of 10
× 10 mm with a terminal native oxide thickness of ∼2 nm in a
reactor with a diameter of 200 mm. For each run we positioned
a multitude of substrates in the chamber to evaluate the uni-
formity. The samples were placed in the centre of the reactor
and radially around the reactor perimeter. We did not observe
any difference in neither the composition, nor the thickness
or morphology. A typical ALD process consisted of 0.1 s TMA
pulse → 2 s purge with N2 → 0.1 s MMH pulse → 2 s purge
with N2 and the pressure in the reactor was 67 Pa in all experi-
ments. Scanning electron microscopy (SEM) images of the
films were obtained with a Helios NanoLab 450S microscope
(FEI, The Netherlands) at an accelerating voltage of 1–5 kV and
a beam current of 13 pA. The sample preparation for trans-
mission electron microscopy (TEM) imaging was performed on
a FIB/SEM machine Helios Nanolab 450S (FEI, The
Netherlands). We used the normal protocol of the FIB lift-out
procedure to prepare the cross-section: the region of interest
was locally covered with the protective layer of platinum and
then extracted from the bulk with the micromanipulator.
Furthermore, it was attached to the TEM lift-out grid and
thinned down to the electron transparency. TEM measure-
ments were performed using a Titan 60–300 (FEI, The
Netherlands) equipment operated at an accelerating voltage of
300 kV. X-ray diffraction (XRD) and X-ray reflectivity (XRR)
measurements were performed using a Panalytical X’PertPRO
diffractometer with Cu Kα radiation (40 kV, 40 mA). XRD pat-
terns were recorded in the 2θ range from 10 to 80°, in steps of
0.015° and with a counting time of 8 s per step in a grazing
incidence configuration with grazing angles of 0.5–2°. XRR
patterns (for thickness determination) were recorded in the 2θ
range from 0.1 to 2°, in steps of 0.008° and with a counting
time of 2 s per step. X-ray photoelectron spectroscopy (XPS)
was conducted using a Surface Science SSX-100 ESCA spectro-
meter with a monochromatic Al Kα X-ray source (hν = 1486.6
eV). The pressure in the measurement chamber was main-

tained below 1 × 10−7 Pa during data acquisition; the electron
take-off angle with respect to the surface normal was 37°. The
XPS data were acquired on a spot of 1000 μm diameter and the
energy resolution was set to 1.3 eV for both the survey spectra
and the detailed spectra of the Al 2p, C 1s, N 1s and O 1s core
level regions. Binding energies are reported to be ±0.1 eV and
referenced to the Al 2p photoemission peak (Al–N species)
centred at a binding energy of 74.3 eV.29 All XPS spectra were
analysed using the least-squares curve-fitting program
Winspec (LISE laboratory, University of Namur, Belgium). The
deconvolution of the spectra included a Shirley baseline sub-
traction and fitting with a minimum number of peaks consist-
ent with the composition of the thin film, taking into account
the experimental resolution. The profile of the peaks was
taken as a convolution of Gaussian and Lorentzian functions.
The uncertainty in the peak intensity determination was
within 2% for all core levels reported. XPS depth profiling was
conducted by alternating Argon sputtering at 5 keV, and opti-
mized to minimize the preferential sputtering of elements.
The sputtering rate of ∼3 ± 1 nm per hour was determined
from the sputtered depth, measured using stylus profilometry,
and sputtering time. Spectra were acquired on two distinct
spots for each of the indicated sputtering times.

Surface morphology and topography analysis were performed
under ambient conditions using a Multimode 5 atomic force
microscope (AFM) equipped with a Nanoscope V controller
(Bruker Corporation). AFM measurements were repeated three
times on different reference areas. Topography measurements
were performed in the tapping mode and the sizes of the images
were 1 × 1 μm and 5 × 5 μm. Commercial silicon probes of type
OTESPA (MicroMasch), with a tetrahedral shape with a nominal
tip radius < 7 nm were used for optimized positioning on the
sample; the cantilever spring constant was 26 N m−1 and the res-
onant frequency was 300 kHz. Image acquisition was performed
using the Nanoscope 7.3 software and further image processing
was done using the Nanoscope Analysis 1.9 (Bruker Corporation)
and MountainsMap Premium 5.0 (Digital Surf) software.
Commonly known geometric surface structure parameters of the
samples, average roughness (Ra), maximum roughness (Rz) and
root-mean square roughness (RMS), were defined as average
values taken from 1024 surface profiles based on images with a
scan size of 10 × 10 μm. The error was calculated as the standard
deviation among all surface profiles. The size of the globular
domains of AlN coating was calculated using the SPIP 6 image
processing software (Image Metrology A/S). The prepared topo-
graphy images were processed using the Pore and Particle ana-
lysis option in the Watershed – Packed Features segmentation
mode (this method is used when the image is fully covered by
adjoining features of the same type with no spacing in between).

Hardness and elastic modulus of the coatings were
measured using the nanoindentation technique on a Nano
Indenter G200 system (KLA Corporation). For nanoindentation
a diamond Berkovich tip (Micro Star Technologies) and the
continuous stiffness measurement mode were used. The tip
shape was calibrated by conducting experiments on a fused
silica standard and the data were analysed using the Oliver
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and Pharr approach.30 25 experiments were performed on the
AlN sample at a strain rate of 0.05 s−1, a harmonic displace-
ment of 2 nm and a frequency of 45 Hz. In order to obtain the
real values of mechanical properties with a minimized sub-
strate effect on the result, thus leading to higher convergence
of the obtained result with the actual value, samples with
thicker AlN coating (370 nm) were selected. The used Poisson
ratio of the AlN films was 0.25.31 In addition, the obtained
values were supplemented with the results measured for the
bare Si substrate. For adhesion strength measurements a
diamond cone with an apex angle of 90° and a radius of 1 μm
was used. The delamination force was determined based on
the friction coefficient evolution and penetration depth
changes registered during the measurement process. The
normal load increased linearly at a 0.2 mN μm−1 rate and the
scratch velocity was 1 μm s−1. Eight nanoscratch experiments
were performed on each AlN sample. Nano-wear tests were
conducted in reciprocating the sliding mode with the use of a
nanoindenter equipped with a diamond conical tip with 1 µm
radius and an apex angle of 90°. The tests were carried out for
500 cycles at low normal forces ranging from 3 mN to 10 mN,
a sliding distance and frequency of 50 μm and 0.5 Hz, respect-
ively. All tests were performed under ambient conditions. Six
experiments for each value of selected normal force were con-
ducted on each sample. Cross profile measurements in the
location of the wear tests allowed specific wear coefficient cal-
culations, based on the Archard equation.32

Results and discussion
Film growth

The deposition of AlN films from TMA and MMG comprised
alternatingly pulsing the precursors with purging after each

pulse. To obtain detailed information about the ALD process,
the growth of the films was studied for different growth para-
meters, i.e. different pulse duration of the precursors, purge
time and temperature of the reactor. The deposition experi-
ments were performed in a range from 375 to 475 °C. With
increasing deposition temperature the growth per cycle (GPC)
increased linearly from 0.66 to 1.34 Å per cycle (Fig. 1a).
Recently, Kim et al. obtained a substantially higher GPC,
namely >3 Å per cycle at 350 °C when using TMA and N2H4.

33

In view of the overall higher reactivity of hydrazine derivatives
compared to that of hydrazine an increase in the GPC was
expected for MMH; however, in our experiments we were
unable to reach their values. It is known that hydrazine
methyl-derivatives decompose at 200–300 °C through a radical
formation mechanism. At an initiation stage the energy
needed to break the N–N bond of MMH is higher than that of
hydrazine. However, the methyl substituent provides a source
of methyl radicals facilitating and enhancing the chain effect,
which results in a higher overall decomposition rate of the
MMH and the formation of less reactive species in the gas
phase, such as NH3 and N2. Therefore, the lower growth rate of
the AlN films in the present work can be explained by the com-
peting reactions occurring in the gas phase. In addition, it was
shown that the presence of water, even in a small amount, can
substantially (up to 10 times) lower the reactivity of hydrazine
derivatives.34 In our case, MMH containing up to 2% of water
was used, which potentially contributed to the lower GPC. We
also explored the change in the GPC with pulse time and
found that with increasing pulse time of MMH (0.2 s), the GPC
remained almost the same, as it is expected from an ideal ALD
process. An extension of the TMA pulse time (0.2 s) did not
lead to an increased GPC neither. Purge time variation
between 1 and 3 s did not affect the growth rate. It should be
noted that even though our experiments were performed at

Fig. 1 (a) Growth per cycle as a function of the deposition temperature; (b) XRD patterns of AlN films annealed at different temperatures.
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temperatures above the decomposition temperatures of the
precursors, the decomposition seems to not affect the pro-
cesses on the surface or only very weakly affect them, otherwise
an enhanced growth would have been observed upon increas-
ing the pulsing time of the precursors (and thereby the
exposure time). As a partial decomposition will be unavoidable
at those temperatures, we believe that the decomposition
occurs in the gas phase only and potentially generates volatile
byproducts, which do not affect the film growth.

The XRD analysis (Fig. 1b) shows that all as-deposited films
showed no peaks in the patterns indicating an amorphous
structure. At the same time the HR-TEM micrographs (Fig. 2b)
indicate that the films are not amorphous in the classical

sense, since they are composed of very small nanocrystallites
with a distorted lattice embedded in an amorphous matrix.
These nanocrystallites are not resolved by XRD, which may be
due to their small sizes and/or the ratio of the crystalline to
amorphous fraction. In this respect, we have to clarify that we
do not grow fully amorphous AlN films but suppress to some
extent the crystallite formation in the amorphous AlN.
Crystallinity generally increases with the deposition tempera-
ture, however according to the literature most of the AlN films
grown both at relatively low and high temperatures are
crystalline.18–25 This fact indicates that the major contributing
factor leading to a decrease in the crystallinity is apparently
not the deposition temperature but the chemical structure of

Fig. 2 (a) SEM, (b) TEM and (c and d) AFM images of an AlN film grown at 450 °C.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2021 Dalton Trans., 2021, 50, 15062–15070 | 15065

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

21
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

11
/2

2/
20

21
 7

:2
5:

18
 A

M
. 

View Article Online

https://doi.org/10.1039/d1dt02529e


MMH. Namely, the suppression in crystallinity is likely result-
ing from the presence of methyl groups in the MMH mole-
cules, which upon reaction at the surface occupy more space
than NH3 or N2H4, thereby disturbing the order and suppres-
sing the crystallite growth. With this hypothesis we can
assume that the use of higher substituted hydrazine deriva-
tives, for example, unsymmetrical dimethylhydrazine or tert-
butylhydrazine, might further decrease the crystallinity.
Annealing at a temperature of 700 °C for 2 hours in a nitrogen
atmosphere did not change the XRD patterns. However, at
1000 °C an onset in crystal formation was observed.

Morphology

For detailed investigations we chose the films deposited in the
center of the studied deposition temperature range (450 °C).
Fig. 2a and b show the typical top view SEM and TEM images
of the AlN film surface. The films consist of agglomerates with
an average grain size of 9–15 nm. The circles in the FFT image
(inset in Fig. 2b) correspond well to the appropriate lattice
spacing of AlN.

According to the AFM data, the surface of the coating is
compact and continuous. The investigated films show a granu-
lar structure with a relatively smooth surface (Fig. 2c and d)
and uniform grain size with an RMS roughness of 1.40 ±
0.13 nm (Rz = 7.95 ± 1.07 nm, Ra = 1.10 ± 0.09 nm). There are
neither voids between the grains, nor conglomerates of con-
siderable size, as reflected by the small values of standard
deviation of the coatings’ roughness parameters. The esti-
mated grain size from the AFM images is 14.7 ± 4.4 nm, which
agrees with the SEM results.

Chemical composition

An XPS depth profile analysis over the entire thickness of the
sample was performed to investigate the chemical composition
of the AlN film deposited at 450 °C. The XPS survey spectra
and the stoichiometric analysis, as deduced from the XPS
depth profile, are shown in Fig. 3. The sputtered depth corres-
ponds to the fraction of the AlN film removed after each sput-
tering cycle. A depth of about 3 nm is obtained after 1 hour of
Ar+ sputtering.

Before Ar+ sputtering, the most noteworthy features in the
XPS survey spectrum are the carbon and oxygen peaks. Indeed,
it is well known that the substrates with an aluminium nitride
coating oxidize in air, forming a passivating alumina film.35,36

Besides, exposure to air between ALD deposition and XPS ana-
lysis leads to contamination of the film surface. A small signa-
ture of chlorine (∼0.5 at%) is also present on the surface.

Upon sputtering, both the aluminium and nitrogen contri-
butions increased rapidly with the depth, while the carbon and
oxygen contents decreased significantly (Fig. 4). The AlN film
became quasi-stoichiometric after 4 h of Ar+ sputtering (i.e. at a
depth of ∼12 nm); the concentrations of aluminium and nitro-
gen in the bulk of the film were nearly constant over the film
thickness, with an average content of ∼45 at% and 42 at%,
respectively. The quasi-constant concentrations of all elements
testify a non-preferential Ar+ sputtering process, contrary to what

was reported for III-nitrides by J. T. Grant et al.37 Concerning
other elements, Fig. 4 shows that after the first sputtering cycles,
the oxygen concentration decreases exponentially with depth,
reaching ∼4.0 at% at a depth of ∼36 nm, while the carbon
content equally decreases with the same depth to ∼9.0 at%.

The lower amount of oxygen in the bulk compared to the
surface confirms the hypothesis that a significant portion of
the surface oxide is resulting from atmospheric oxidation and
does not stem from the deposition process itself. The oxygen
content in the bulk of the film can be explained by water impu-
rities in the dosed MMH, as this compound is hygroscopic.38

Furthermore, the presence of oxygen can also be associated
with TMA reacting with water impurities during the ALD
process.39 As far as carbon is concerned, its content in the film
is not too high, and likely to result from the partial thermal
decomposition of TMA.

Fig. 5 shows the XPS spectra of the Al 2p and N 1s core level
regions after 20 h of Ar+ sputtering (∼60 nm depth). The Al 2p
spectrum shows an asymmetric peak, with two components in
the fit; the main peak at a binding energy (B.E.) of 74.3 eV is
assigned to the Al–N/Al–C bonds, while the other peak located
at 75.3 eV can be assigned to the Al–N–O species.39–41 The Al–
N–O feature is generally referred to as aluminium oxynitride

Fig. 3 (a) XPS survey spectra and (b) atomic concentration in the bulk
of the AlN ALD film grown at 450 °C as a function of the depth, deduced
from XPS.
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(AlOxNy).
40–42 The asymmetric N 1s peak is the best fitted with

two components; the main peak at a B.E. of 397.6 eV corres-
ponds to N–Al bonds, while the other component at 399.0 eV
can be ascribed to N–Al–O bonds.40

The C 1s spectrum shows an asymmetric peak, which is
deconvoluted into four components to obtain a good fit; the
main component at a B.E. of 282.3 eV is assigned to C–Al
species,41,43,44 while the other peaks located at 284.1 eV, 285.8
eV and 287.5 eV can be ascribed to C–C, C–O/C–N, and CvO
bonds, respectively.45,46 The asymmetric O 1s spectrum is
fitted with two components; the main peak at 532.5 eV corres-
ponds to O–Al–N/CvO bonds, while the other peak at 533.5 eV
can be assigned to Al–O/C–O bonds.40

Table 1 shows the atomic concentration of elements at
various deposition temperatures. Note that the Al/N ratio is

almost constant, while the concentrations of carbon and
oxygen change noticeably. For example, the concentration of
carbon for deposition at 400 °C is 3 times lower than that at
450 °C, which can be explained with the partial thermal
decomposition of TMA at high temperatures.

Fig. 4 XPS spectra of the Al 2p, N 1s, C 1s and O 1s core level regions of the AlN ALD film grown at 450 °C, before and after Ar+ sputtering.

Fig. 5 XPS spectra of the Al 2p, N 1s, C 1s and O 1s core level regions of a AlN ALD film grown at 450 °C after 20 h of Ar+ sputtering.

Table 1 Atomic concentration of elements in AlN films at various
deposition temperatures

Deposition temperature

Element content, at%

Al N C O

400 46 39 3 12
425 44 37 7 12
450 45 42 9 4
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Mechanical properties

From the nanoindentation theory, which says that the depth of
penetration should not exceed 10% of the coating thickness
and due to the imperfect geometry of the used indenters, it is
generally recommended to perform measurements on coatings
with a thickness of more than 100 nm.47 This may allow one to
obtain real values of mechanical properties of the thin films
where the superposition of the substrate properties is mini-
mized. Therefore, for the analysis of mechanical properties a
thicker AlN film (370 nm) was synthesized at 450 °C.

The obtained values for the mechanical properties of the
AlN film (Fig. 6) were supplemented with the results calculated
for the bare substrate (denoted as the dashed lines in the
graph). The ALD-synthesized AlN films exhibited hardness (H)
and elastic modulus (E) mean values of 13.8 ± 0.2 GPa and 164
± 1 GPa, respectively. In the case of the bare substrate its hard-
ness was lower (12.3 ± 0.1 GPa), while the Young’s modulus
was higher 173 ± 1 GPa. The obtained results are slightly lower
than those reported in the literature for other ALD-synthesized
AlN coatings. They also correlate roughly with the results
obtained for plasma-enhanced ALD films deposited at low-
temperature (H and E of ∼15 and ∼160 GPa, respectively),
while for high-temperature films the values are higher (∼19.5
and ∼180 GPa, respectively).48 These differences may result
from the density, the degree of crystallinity, and the impurity
levels of the synthesized films. In fact, the AlN films with an
amorphous structure usually show lower hardness values as
compared to crystalline phases.

This can be attributed to a short-range order of the amor-
phous films that generally results in lower stiffness (hardness).
However, the results of this study are consistent with some of
the reports on amorphous AlN produced by other techniques,
e.g. a beam-assisted filtered cathodic vacuum arc (H =
11.8–14.5 GPa), while other papers report twice higher values
of hardness (approx. 23 GPa) for the amorphous coatings syn-

thesized by pulsed laser deposition.49,50 Another study on the
mechanical properties of AlN coatings synthesized by magne-
tron sputtering reports values of hardness and modulus
ranging from 10 to 21 GPa, and 120 to 200 GPa, respectively,
depending on synthesis conditions (e.g. sputtering pressure).51

A measure of adhesion strength of the thin film to the sub-
strate is the load at which the total peeling-off of the film from
the substrate surface occurs, denoted here as critical load Lc.
Hardness and elastic modulus are important material para-
meters that indicate the resistance to elastic/plastic defor-
mation and could be used for the estimation of the coating
wear behaviour. The calculation of the elastic strain to failure
(which is related to H/E) and the resistance to plastic defor-
mation (often associated with H3/E2) may be translated directly
into the behaviour of the film during wear and scratch tests
(assuming uniformity of the film).52,53 Scratch adhesion and
wear results of the studied films are presented in Table 2, sup-
plemented with the results of the H/E and H3/E2 parameters.

The critical load obtained in nanoscratch tests, for the AlN
ALD film was approximately 32 mN, a value that can be
regarded as relatively high for an adhesion to the substrate.
Comparing the results of wear and scratch resistance with the
calculated values of H/E and H3/E2, it can be noticed that the
presented correlations are consistent with the literature.52,53

Most of the failure mechanisms begin with plastic defor-
mation, thus the coating should be more resistant to wear
when it has a high resistance to plastic deformation and,

Fig. 6 (a) Hardness and elastic modulus depth profiles of AlN coatings with reference to the bare substrate (dashed lines). (b) Wear coefficient vs.
depth of the wear track created in the tribological test.

Table 2 Wear coefficient and scratch critical load of the AlN ALD film,
supplemented with the corresponding results of H/E and H3/E2

Wear coefficient
(mm3 N−1 m−1)

Critical load
Lc (mN) H/E

H3/E2

(GPa)

AlN (4.5 ± 1.6) × 10−6 32.2 ± 1.3 0.084 0.097
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therefore reaches a high value of H3/E2 (H/E). In addition, to
analyse whether the films are homogeneous in terms of wear
resistance, the reciprocating wear tests were performed for
four different loading values (applied wear loads of 3, 5, 8 and
10 mN) which resulted in different depths of the wear tracks at
the end of the test. In Fig. 6 the evolution of the wear coeffi-
cient as a function of wear load (or wear depth) is depicted.
These results confirm a homogeneous wear resistance of the
AlN film regardless of the applied wear load, with an average
wear coefficient of ∼4.5 × 10−6 mm3 N−1 m−1. A literature
survey on the wear resistance of the AlN thin films revealed
very few studies performed under similar conditions to those
reported in our paper. For instance, the wear test results of the
AlN films with various degrees of c-axis texturing, obtained by
reactive radio-frequency magnetron sputtering were pre-
sented.54 In the case of the AlN film with the highest crystal-
line quality the wear rate was ∼8.6 × 10−7 mm3 N−1 m−1, while
for the film with the lowest crystallinity the wear rate was one
order of magnitude higher ∼8.5 × 10−6 mm3 N−1 m−1 which is
in good agreement with our results.54

Conclusions

Amorphous AlN films grown from TMA and MMH by ALD
were obtained with a growth rate of 0.66 to 1.34 Å per cycle
(375–475 °C). Unfortunately, MMH did not allow to decrease
the deposition temperature, which is likely due to its trans-
formation in the gas phase. However, the obtained films were
investigated by XRD, XPS and microscopy methods, while the
mechanical properties were studied by nanoindentation and
shown to be of good quality. The films were amorphous and
become polycrystalline after annealing at 1000 °C in a nitrogen
atmosphere. Through the whole thickness, the Al/N ratio was
close to stoichiometry. Depending on the deposition tempera-
ture the amount of impurities varied from 3 to 9 at% for
carbon, and 4 to 12 at% for oxygen. The values of mechanical
characteristics of the studied films were ∼14 GPa (hardness)
and ∼164 GPa (Young’s modulus), which are comparable to
those of AlN films deposited by other techniques.
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