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Manuel Pelayo García d, Gonzalo Alba a, Des Gibson d, Daniel Araujo a

a Dpt. Materials Science, Metallurgical Engineering and Inorganic Chemistry, University of Cádiz, Puerto Real 11510, Spain
b Dpt. Applied Physics, University of Cádiz, Puerto Real 11510, Spain
c Dpt. Physical Chemistry, University of Cádiz, Puerto Real 11510, Spain
d Institute of Thin Films, Sensors and Imaging, University of the West of Scotland, Paisley, Scotland PA1 2BE, UK
e Microelectronics Lab, James Watt School of Engineering, University of Glasgow, Glasgow, Scotland G12 8QQ, UK

A R T I C L E  I N F O

Keywords:
Vapor deposition
Crystal structure
Microstructure
Piezoelectricity
Transmission electron microscopy

A B S T R A C T

Aluminum nitride (AlN) is a wide band gap semiconductor with interesting piezoelectric properties for many 
applications, including micromechanical systems (MEMS), acoustic wave sensors or energy harvesting devices. 
The influence of DC reactive magnetron sputtering (DCRMS) deposition parameters on the structural, crystalline, 
and piezoelectric properties of AlN thin films are presented. The systematic approach of Design of Experiments 
(DoE) has been used to evaluate the role of magnetron power, nitrogen and argon flows on the deposition process 
and the film properties. Magnetron power and argon flow have resulted to be the parameters causing the most 
significant effects on the deposition rate. AlN films have been deposited with a high crystal quality, showing low 
values of FWHM (0.28) and c-axis orientation parallel oriented respect to the growth direction, as evidenced by 
X-ray diffraction (XRD) analysis and high-resolution transmission electron microscopy (HRTEM). These samples 
also showed a high piezoelectric coefficient (d33) of 5 pC/N for AlN thin films. This work highlights the 
importance of deposition parameters on the properties of the film and the important role that DoE play for its 
optimization with a minimum number of depositions.

1. Introduction

Aluminum nitride (AlN) is a wide bandgap (6.2 eV [1]) semi-
conductor compound with outstanding properties for many applications 
[2–4]. This metal nitride is an excellent candidate for the fabrication of 
electronic devices thanks to its high thermal conductivity of 200 W m− 1 

K1 [5] combined with its superior insulating properties (range of 
ρ = 109–1011Ωm) [6]. Additionally, AlN can be deposited as a thin film, 
which makes this material a potential candidate for developing 
micro/nano devices and wearable/flexible electronic devices and sen-
sors [7]. As a consequence of reducing the thickness (t <10 µm), these 
devices are able to operate at high frequencies [8], opening opportu-
nities for AlN thin film devices to contribute in the area of MHz or even 
GHz [9,10]. Furthermore, the non-centrosymmetric character of AlN 
wurtzite structure (i.e., the crystal structure lacks inversion symmetry), 
exhibiting a strong piezoelectric coefficient along its c-axis (d33) ranging 

from 3.4 to 5.2 pC/N for the case of polycrystalline films [11], makes it a 
very interesting material for a number of applications. For example, AlN 
function as an active layer in a variety of microelectromechanical sys-
tems (MEMS) [12] based sensors and actuators [13]. AlN has been also 
deposited on diamond for high-frequency surface acoustic wave (SAW) 
devices [14,15], taking advantage of electromechanical coupling prop-
erties, making AlN to improve the acoustic impedance between both 
materials. AlN has also demonstrated great potential in SAW devices for 
microfluidic applications, which is required in areas such as biochemical 
sensing or drug development [16]. Moreover, AlN has been proposed as 
an excellent candidate for the development of energy harvesting devices 
[17] with the aim of generating and storing electric power at micro-scale 
[18], contributing to improve the autonomy and reduce the size of the 
wireless sensors systems. For instance, a MEMS-based vibration energy 
harvester with AlN piezoelectric thin film has an output power density of 
854.55 µW/(cm3⋅g2) [19].
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Most of the aforementioned applications strongly depend on the 
piezoelectric properties of AlN. In this regard, optimization of AlN film 
microstructure is crucial in order to achieve high quality piezoelectric 
properties, where d33 coefficient is enhanced as the (002) orientation in 
the wurtzite hexagonal structure of the AlN crystal is maximized [20]. 
However, the d33 coefficient has not been analyzed as a function of other 
AlN properties studied in this work, such as grain size and orientation, 
and chemical composition and stoichiometry, where pure AlN pre-
venting oxygen incorporation inside the crystal lattice is desirable to 
achieve maximum d33. Achieving AlN thin films with a crystal structure 
well-oriented along c-axis, i.e., <0001> direction in wurtzite nomen-
clature, is still very challenging due to the unintentional incorporation 
of oxygen inside the AlN structure observed in standard physical vapor 
deposition (PVD) procedures. That oxygen contamination as well as 
other microstructural factors such as grain size reduction/increase, and 
lattice strain [21] have been demonstrated to reduce the full width at 
half maximum (FWHM) of (002) peak in AlN [22]. To overcome this 
challenge, a thorough investigation of the AlN growth kinetics has been 
carried out using various techniques, including reactive direct current 
(DC) [23], reactive pulsed DC [24], reactive radio frequency (RF) [25]
magnetron sputtering, metal-organic chemical vapour deposition 
(MOCVD) [26], and molecular beam epitaxy (MBE)[20,27]. Sputtering, 
is a PVD method capable to produce high crystal quality thin films at 
moderately low substrate temperatures (< 100℃ [28]) which is an 
advantage in comparison to its counterparts CVD (> 500℃) [26], and 
MBE (700℃ to 1000℃) [29]. That feature makes PVD depositions be 
compatible with non-conventional substrates for flexible/stretchable 
electronics and energy systems [30]. Among the sputtering techniques, 
DC reactive sputtering presents higher deposition rates (30 nm/min) 
[5], producing microns depositions in a relatively short time, preserving 
the quality. This is useful for ultrasonic applications, where 10–20 µm is 
needed for transducers. For optical coatings, depositing large area 
coatings with uniformity is key. For energy systems, it is important to 
have thick films that allows to add more charges into the system. These 
applications would not be viable achieved by epitaxial systems with very 
slow deposition rates. The characteristics of AlN films and the efficiency 
of the resulting devices can be improved by optimizing the deposition 
parameters. Therefore, several sputtering parameters such as gas 
flow/composition, residual/growth pressure, substrate temperature, 
and magnetron power can affect the deposition rate, modify the film 
characteristics an alter the crystallinity and the piezoelectric properties 
of the AlN film [31]. Distance between substrate and target, and purity 
of the target and gases, are also key parameters to control the quality of 
the resulting AlN thin films. From literature, the relationship between 
growth parameters and material properties is still not clear and might 
involve a huge number of samples to extract conclusions [4,5,32–35]. 
Regarding the gas flow for example, it can affect the full width at half 
maximum (FWHM) of XRD peaks of the deposited AlN films. For 
instance, some studies mention that by increasing the nitrogen flow 
ratio, the intensity of the (002) peak increases and the FWHM of the 
peak decreases [4]. Other works defend that a (002) preferred orienta-
tion can be achieved by deposition processes with a higher concentra-
tion of argon than nitrogen [32]. A similar ambiguity is found when the 
parameter under study is the magnetron power. While some studies 
report a better crystalline quality of AlN layers by increasing the power 
[33], other publications propose that a reduction in the power results in 

a enhancement of the (002) orientation [34]. Table 1 shows a compar-
ison of the FWHM (XRD) of the (002) orientation of AlN films deposited 
under different conditions of power and Ar and nitrogen flow. The last 
row corresponds to the data obtained in this work for the FWHM ob-
tained for the (002) XRD diffraction peak for sample #S1.

This work aims to understand the influence of sputtering parameters 
on the properties of AlN thin films, allowing to clarify aforementioned 
controversy, in order to obtain high quality and uniform AlN films for 
piezoelectric applications. To that end, design of experiments (DoE), 
being a statistical method, has been used here to analyze the effect of 
sputtering influential parameters on outcome material properties (or 
also known as DoE response variables). DoE is a mathematical statistical 
method that is used for optimizing a process, identifying influential 
factors, and studying interactions between variables. It has been applied 
in different scientific research such as pharmaceutical development 
[37], analytical chemistry and process engineering [38]. In addition, 
DoE techniques have also been applied to optimize the deposition pa-
rameters for various thin films including Sm-Co or ZnO:Al, among 
others [39].

In this work, a series of depositions have been carried out by DC 
reactive magnetron sputtering method using DoE to plan the deposition 
conditions (magnetron power, N2 flow and Ar flow) of AlN thin films. 
The ultimate goal is to tune sputtering parameters in order to enhance 
the piezoelectric response of AlN film whilst understanding the influ-
ence of those parameters on other material properties such as crystal 
structure, morphology, and composition.

2. Material and methods

AlN thin films were deposited by DC reactive magnetron sputtering 
(Nordiko Ltd, UK) from a 100 × 300 mm2 Al target (99.99 % purity) 
using N2 and Ar as process gases. The layers were deposited on 0.80-inch 
single side polished (100)-oriented Si substrates (from University 
Wafer®). Prior to each deposition, substrates were cleaned in an ultra-
sonic cleaning system (UCS, from Optimal Technologies®) consisting in 
a series of ultrasonic baths, comprising: (i) 5 minutes in Decon neu-
tracon® solvent (anionic and non-ionic active surface agents in an 
aqueous polyhydric alcohol base); (ii) 5 minutes in WashBryte® solvent: 
15–30 % anionic surfactants; (iii) 5 minutes in deionized (DI) water. 
Finally, substrates were dried under N2 flow and loaded into the depo-
sition system under a residual pressure around 10− 7 mbar, to prevent air 
contamination. Prior to each deposition, and with the shutter covering 
the substrate set in close position, the Al target was cleaned in pure Ar 
(flow of 30 sccm) at 300 W for 10 min to remove potential oxygen 
contamination from the surface, followed by 5 min carried out in a 
reactive atmosphere (i.e., Ar/N2 plasma) to reach stable reactive con-
ditions of the plasma, the latter similar to that used during the de-
positions. This key step allowed to achieve a stable plasma ensuring a 
repeatable deposition process with a constant deposition rate, and a 
uniform resulting thin film as it will be presented in the results section.

The deposition series have been planned via DoE through R-code 
software (R 4.2.1 version, from Bell Laboratories Inc.) [40], using 
magnetron power, N2 gas flow, and Ar gas flow as key input variables 
(KIV). R software provided a wide variety of statistical and graphical 
techniques such as linear and nonlinear modelling, classical statistical 
tests or clustering among a wide variety of techniques. In this work, DoE 
approach involving the utilization of an upper and lower limit of each 
growth parameter i.e., 2-levels study was used, that corresponds there-
fore to a linear modelling. Specifically, AlN thin films were deposited 
using magnetron powers of 70 and 400 W, and Ar & N2 flows of 20 and 
40 sccm limits as summarized in Table 2.

All experiments were conducted at room temperature, and the 
deposition time was set at two hours. Sample S5 has not been carried out 
since plasma was not stable under those conditions. In order to check the 
repeatability of the deposition rate of the samples see Table S1 in Section 
A of Supplementary Material.

Table 1 
Comparison of FWHM of (002) AlN obtained at different DC sputtering 
conditions.

Power (W) Ar (sccm) N2 (sccm) FWHM (002)

X. Bi et al. [23] 460 3 20 1.63
A. Pandey et al. [36] 100 10 10 4.20
A. Iqbal et al. [32] 1200 40 10 2.00
This work 400 20 40 0.28
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After the deposition, samples were characterized through different 
techniques. The thicknesses of the deposited layers, and hence the 
deposition rate (Table 2), were obtained by profilometry (Dektak 3ST 
surface profilometer from Veeco®). Scanning electron microscopy 
(SEM) and energy dispersive X-ray spectroscopy (EDX) have been car-
ried out in a VEGA 4 from Tescan to study the film morphology and the 
elemental composition, respectively, operating at 5 keV and 300 pA. 
The film crystallinity has been studied by XRD using a Siemens D5000 X- 
Ray diffractometer (Cu Kα, 1.5406 Å) at 40 kV/30 mA. The measures 
were performed in the thin films, in symmetric diffraction geometry, 
collecting Bragg reflections with a 2D detector. The XRD analysis has 
been carried out using PANalytical X’Pert HighScore Plus software. In 
addition, TEM studies have been carried out in a FEI Talos F200X mi-
croscope, operating at 200 keV and working in bright field (BF) and dark 
field (DF) mode. The elemental composition along the cross-section has 
been studied by Scanning-Transmission electron microscopy (STEM) 
EDX, using high angle annular dark field (HAADF) detector [41]. TEM 
analysis has been carried out through Velox software from Thermo-
Fisher®. The cross-sectional TEM samples were prepared by lift-off 
method in a focused ion beam (FIB) dual beam SEM microscope from 
Tescan, using platinum as protective layer to prepare the lamella [42]. 
Finally, the piezoelectric properties have been studied by measuring the 
d33 coefficient through a Berlincourt method (PM-300 from Piezotest 
Ltd) adapted for thin film characterization [43]. This quasi-static 
method is based on the measurement of the charge generated in the 
piezoelectric material under the influence of an oscillating mechanical 
force [44].

3. Results and discussion

Fig. 1 shows the half-normal probability plot obtained from the in-
fluence of KIV (i.e., magnetron power, Ar gas flow, and N2 gas flow) and 

the interaction between them, on the deposition rate (referred in DoE as 
key output variable, KOV) of the AlN thin films obtained from the pro-
filometry measurements (see Table 2). This plot compares the absolute 
value of the effect from each KIV (circles in Fig. 1) and their interactions 
(squares in Fig. 1), on the probability scale [45] (see Section B of Sup-
plementary Material for further discussion about the half normal plot). 
For a given factor, the absolute effect is the difference of the average 
response variable over high factor levels X(+) minus the average 
response over the low factor levels X( − ). The absolute effect is calcu-
lated by 

Estimated effect = X(+ ) − X( − ) (1) 

Where X( +) and X( − ) are high and low factor levels, respectively.
The half normal scores represent the positions of the effects in a mean 

normal distribution. If the effects are not significant, they should line 
roughly in a straight line. Linearity implies half-normality, which im-
plies that factors are unimportant.As a result, high-effect terms would 
fall near the right side of the graph an deviate from the rest of terms 
[46]. If the points are above the line will often indicate a positive effect, 
which means higher values of the corresponding KIV will contribute 
positive to KOVs. The orange line in Fig. 1 is a way to visualize how all 
the factors and factor interactions are aligned along a line (following a 
normal distribution) except one factor, which is the factor that have a 
stronger effect on the deposition rate, in this case the power (see Sup-
plementary Material-Section C).

Here, the DoE demonstrates that both magnetron power and Ar flow 
are the KIV that most affect the growth rate of the AlN, as are the points 
that deviate from the line-orange line in Fig. 1. Moreover, power is the 
only parameter above the alpha level in the half normal scores (0.05). 
These results are in agreement with those observed by Y.Bian et al., that 
shows the high influence of power in the deposition rate [47]. In this 
case, as power and Ar flow points are above the line, more power or Ar 
flow will produce thicker layers. These results allow to calibrate the 
deposition rate by tuning the power level and Ar flow (Table 2). More-
over, AlN tensile stress and stoichiometry is influenced by the deposition 
rate [48].

Fig. 2(a-g) shows the SEM-EDX spectrum obtained at the surface of 
samples. For samples #S1, #S2 and #S3, the main peaks correspond to 
Al and N atoms. In addition, a minor contribution of oxygen (O) is also 
evidenced. On the other hand, samples S4-S8 have a higher intensity of 
the oxygen peak. Fig. 2(h) shows the N/Al ratio (left axis), obtained 
through the atomic percentage of nitrogen (N) divided by the atomic 
percentage of aluminum (Al), and the atomic percentage of oxygen (O) 
on the right axis. This work shows that samples with a higher percentage 
of nitrogen incorporated in the film are the ones deposited at higher 
power (i.e., higher deposition rates). In this regard, samples S1 
(4.98 nm/min), S2 (8.70 nm/min) and S3 (5.28 nm/min) exhibit N/Al 
ratio of around 1, which corresponds to highly stoichiometric crystals 
(see green dashed line in Fig. 2(h)). Good results are obtained here for 
both high fluxes and low fluxes. On the other hand, samples S4 
(2.34 nm/min), S6 (1.02 nm/min) and S8 (0.84 nm/min) show a higher 
percentage of oxygen in the film structure leading to a stoichiometry 
highly differing from the ideal 1:1. Sample S7 shows a N:Al stoichiom-
etry closer to 1:1, however the presence of oxygen is quite high, around 
25 %. The presence of oxygen is explained in terms of the strong 
chemical affinity of the Al to oxygen, that is higher than the one cor-
responding to nitrogen [5]. This affinity is responsible of the oxygen 
incorporation in samples that have less nitrogen in their structure when 
samples are exposed to the atmosphere [49]. Samples deposited at lower 
powers have more porosity as a consequence of lower energy of ions and 
a lower density of ions, which enhance the post-oxidation effects in 
porous layers.

Fig. 3 shows the XRD spectra of samples. Samples S1, S2 and S3 are 
the only ones among all samples exhibiting diffraction peaks corre-
sponding to a crystalline phase of AlN. Diffractograms S4-S8 do not show 

Table 2 
Deposition conditions and deposition rate of samples.

Sample Power 
(W)

Ar flow 
(sccm)

N2 flow 
(sccm)

Deposition rate (nm/ 
min)

S1 400 20 40 4.98
S2 400 40 20 8.70
S3 400 40 40 5.28
S4 70 40 20 2.34
S5 400 20 20 0.00
S6 70 20 40 1.02
S7 70 20 20 0.84
S8 70 40 40 0.84

Fig. 1. DoE half-normal probability plot, for deposition rates (KOV) obtained 
under different deposition conditions (KIV). Each factor (magnetron power, N2 
flow and Ar flow) is represented in terms of its half normal score comprising 
their absolute effect (○) and interactions (□). The linear fitting evidences the 
significant effects; dashed line indicates the position of the alpha level.
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Fig. 2. (a-g) SEM-EDX spectrum of the surface of samples S1-S8, operating at 5 KeV, 300pA. (h) Graphic of SEM-EDX results extracted from samples spectra of Fig. 2
(a-g). These EDX results are shown in terms of the atomic concentration at the surface of the samples. Left axis shows the atomic ratio N/Al, and the right axis the 
atomic percentage of oxygen. The green area corresponds to stoichiometric films: S1, S2 and S3 are the samples with a stoichiometry closer to 1:1 N:Al, and less 
oxygen on the sample surface. On the other hand, samples S4-S8 present a higher oxygen incorporation.
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any diffraction peak. This absence of crystallinity is attributed to the 
presence of an amorphous alumina (AlxOy), as a result of the oxygen 
contamination. Regarding S1, S2 and S3, the major diffraction peak is 
observed around 2θ = 36.06◦ corresponds to (002) plane, characteristic 
of the wurtzite structure of AlN (extracted from Inorganic Crystal 
Structure Database (ICSD) nº 54697 [50]). Sample S1 shows (002) peak 
centered at that 2θ = 36.00◦, whereas both #S2 and #S3 present (002) 
diffraction peak located at slightly lower angle (35.98◦), indicating an 
increase of the tensile stress on the film [51,52]. Furthermore, (002) 
peak is wider in #S2 and #S3 than in #S1, which means a smaller 
crystallite size in #S2 and #S3 [53]. The FWHM of (002) peak shows 
low values on these samples, being 0.28, 0.43 and 0.32 for S1, S2 and S3 
respectively. In a first order approximation, a reduction of the FWHM 
indicates larger grain size [54]. Although samples have different thick-
ness, a relative comparison of the FWHM indicates that sample S1 is the 
one showing bigger grains as it has a higher FWHM than S2 and S3. In 
terms of relative intensities, S1, S2 and S3 samples present 100 % for 
(002) orientation. Moreover, minimal diffraction signals are detected, 
mainly in samples #S2 and #S3, corresponding to AlN (100), at 
2θ = 33.204◦and to AlN (101) at 2θ = 37.734◦. Sample S2 shows a 
relative intensity of 17 % for (100) and 7 % for (101), while S3 shows 
50 % for (100) and 31 % for (101). These relative intensities deviate 
from the reference values that are 100 % for (100), 65 % for (002) and 
86 % for (101). These signals confirm the presence of a polycrystalline 
phase of the deposited film. Additionally, samples #S2 and #S3 have 
shoulders in the (002) peak, which can be a consequence of crystal strain 
or heterogeneous grain size in the layer. Consequently, XRD confirms 
the crystallinity of these 3 samples. To sum up, samples #S1, #S2 and 

#S3, which are the samples that have more nitrogen incorporated and 
were deposited at higher deposition speeds, show the peak corre-
sponding to the c-axis, (002) direction. This direction is where the po-
larization vector is stronger and it is related to the d33 piezoelectric 
coefficient, which is the largest among all the dij [11].

Fig. 4 shows TEM micrographs in BF mode of the sputtered AlN thin 
films with high stoichiometry and low oxygen content, i.e., those 
deposited under of #S1, #S2 and #S3 conditions (see Table 2). Specif-
ically, (a-c) present HRTEM micrographs of the AlN films and Fig. 4(d-f) 
their corresponding fast-Fourier transform (FFT). Fig. 4(a-c) show Moiré 
fringes, resulting from the interference of two sets of planes. This result 
corroborates the presence of different orientations in the film [55]. By 
measuring in the FFT pattern the distance between the main spots and its 
symmetrical, the interplanar distance is calculated. From these mea-
surements, the deduced interplanar distances are 0.27, 0.25 and 
0.24 nm which corresponds to the (100), (002) and (101) families, 
respectively. Moreover, it is possible to do an approach of the grain size 
by comparing the FFT patterns. Fig. 4(d) shows a ring pattern with more 
defined spots than Fig. 4(e) and (f), where the patterns are well defined 
Debye-Scherrer rings [56]. This indicates that #S1 presents wider grains 
than #S2 and #S3. This result is in agreement with those obtained in 
XRD, where S1 was the sample with lower FWHM, which indicates a 
bigger grain size.

Fig. 4 h shows the FFT of the grains of Fig. 4 g. In this area, a pattern 
corresponding to the [010] pole is identified (Fig. 4i). Indeed, the N/L 
and M/L ratios corresponds to the ratios obtained from the theoretical 
pattern. Therefore, the TEM lamella is parallel to the (010) planes of a 
family of grains. These grains have their c-axis (direction [001]) 
perpendicular to the AlN/Si interface. Specifically, the presence of (002) 
orientation is crucial, as this orientation is the main responsible of the 
piezoelectric properties of the film [57].

Fig. 5 shows Selected Area Electron Diffraction (SAED), DF-TEM 
micrographs of samples (a) #S1, (#b) #S2 and (c) #S3 recorded using 
the [002], [100] and [101] reflections. SAED technique selects just a 
certain area of the sample by inserting an aperture (10 µm) above the 
specimen [55,58]. Additionally, the use of an objective aperture allows 
to select a specific spot of the diffraction pattern, i.e., a specific reflec-
tion. Therefore, the contribution of only such reflection of the AlN layer 
shows up. This allows to select a AlN related reflection [59]. The cor-
responding diffraction patterns obtained from the AlN layer are shown 
as inset. These diffraction patterns show a ring pattern where each ring 
corresponds to a certain family of plains. This corroborates the presence 
of polycrystalline AlN. The main observed rings correspond to the family 
of plains (002), (100) and (101). The blue circumference marks the 
position of the objective aperture used for the DF micrograph. In these 
cases, the objective aperture is centered in the (002) spot. However, the 
smallest objective aperture available (10 µm) is too big to select just the 
contribution of a single spot from the diffraction pattern, so the selected 
point covers the contributions of spots belonging to three different rings: 
(002), (100) and (101).

Regarding the grain orientation in Fig. 5, the upper part of the layer 
exhibits larger columnar grains perpendicular to the Si substrate. Most 
of the grains that are illuminated have (002) orientation as the aperture 
is centered in that spot [60]. Therefore, these layers have columnar 
grains with its c-axis perpendicular to the Si surface, which is adequate 
for the piezoelectric response. Additionally, sample #S3 shows slightly 
tilted grains, 15º respect the c-axis, measured by ImageJ software [61]. 
This is explained in terms of the different deposition conditions 
compared to samples #S1 and #S2. #S3 has been deposited at a higher 
pressure (4.15⋅10− 3 mbar) than #S1 and #S2 (3.4⋅10− 3 and 3.33⋅10− 3 

mbar, respectively), as its total gas flow is 80 sccm, compared to the 60 
sccm of total gas flow of #S1 and #S2. A higher pressure is traduced in a 
smaller free path of the atoms, so the sputtering particles will make 
collisions before reaching the substrate and the probability of forming 
dimmers is higher, reducing therefore the energy of the particles. These 
phenomena will enhance the growth of (100) direction, instead of the 

Fig. 3. XRD spectra of AlN films of samples #S1, #S2, #S3, #S4, #S6, #S7 and 
#S8 deposited by DC reactive sputtering at different Ar and N2 flows.
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c-axis direction (002), as the Al-N bond in the direction of the c-axis is 
higher [62]. Thus, tilted AlN film is deposited [63]. These results agree 
with XRD results, as the diffractogram #S3 shows a diffraction peak at 
2θ= 33.204, that corresponds to (100) orientation.

Fig. 6(a) is a HRTEM micrograph of sample #S1 in cross-sectional 
view, showing the AlN/Si interface. Three sections are distinguished 
in this micrograph: AlN polycrystalline phase on the top (Zoom 1), an 
amorphous phase as interlayer (Zoom 2), and Si (100) substrate (Zoom 
3). Each zoom has its corresponding FFT, comprising Zoom1-FFT1, 
Zoom2-FFT2, and Zoom 3-FFT3 presented in Fig. 6(e,d,f), 

respectively. FFT2-which is the FFT of the Zoom 2- shows less spots than 
FFT1 and contributions of an amorphous phase, as it shows amorphous 
circles, different from the polycrystalline rings observed in FFT1. These 
polycrystalline rings correspond to the same rings observed in Fig. 4(d) 
for AlN orientation. On the other hand, regarding the grain size, Cutout 
1, and Cutout 2 of Fig. 6 show areas, pointed out with a dashed 
circumference, where grains of the indicated size are revealed. The 
deposited film has been divided in two sections for this purpose (Cutout 
1 in Fig. 6(b), and Cutout 2 in Fig. 6(c)) as there is a clear difference 
between the grain size of the very first nanometers (∼ 10nm) of the 

Fig. 4. (a), (b), (c) HRTEM micrographs of samples #S1, #S2 and #S3, respectively, using BF mode and (d), (e), (f) their corresponding FFT, operating at 200 KeV. 
Main orientations are marked by coloured circumferences, pink for (100) orientation, blue for (002) and yellow for (101). (g) Zoom of a grain of Fig. 4(a). (h) FFT of 
Fig. 4(h), (i) Standard indexed diffraction patterns for hcp crystal in B = [010] beam direction. Ratios of the principal spots spacing are shown.

Fig. 5. Cross sectional Dark Field TEM micrographs of the AlN layer of samples (a) #S1, (b) #S2 and (c) #S3. The diffraction patterns of the layer are shown as insets 
with the selected spot marked by blue circumferences. These circumferences collect (100), (002) and (101) orientations.
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deposited film and the grain size of the rest of it [64]. The section of 
Cutout 1 shows larger grains (> 5 nm) than the grains observed in 
Cutout 2 (<5 nm). These results agree with those of FFT, as FFT1 shows 
more distinguished spots than FFT2, which indicates a larger grain size.

Additionally, EDX through STEM has been carried out to study the 
elemental composition along the layer of sample #S1 (Fig. 6(g) STEM 
micrograph using HAADF detector). The section corresponding to 
Zoom2 in Fig. 6(e) shows a composition of a higher concentration of 

Fig. 6. (a) Cross sectional HRTEM micrograph of the interface of sample #S1. (b) Cutout 1: AlN layer showing examples grains of 5–10 nm (pointed out with dashed 
blue circumferences). (c) Cutout 2: AlN/Si interlayer showing examples of grains of <5 nm (pointed out with dashed blue circumferences). (d) Zoom 1-FFT1: AlN 
polycrystalline phase, (e) Zoom 2-FFT2: a mixture of small grains of AlN and an amorphous phase, (f) Zoom 3-FFT3: Si (100) substrate, (g) STEM micrograph 
obtained by the application of EDX technique in #S1, (h) Coloured map of S1 obtained from the STEM micrograph of Fig. 6(g) and the corresponding profile intensity 
in the direction of the white arrow.

Fig. 7. (a) Left axis (black) shows d33 coefficient vs N/Al ratio obtained through SEM-EDX, selecting the atomic % of each element, right axis (red) shows the FWHM 
for (002) of samples S1, S2 and S3. (b) DoE half normal probability plot for d33 coefficient obtained under different DC sputtering deposition conditions.
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oxygen than nitrogen, being the opposite composition of Zoom1 (Fig. 6
(d)), that presents a higher concentration of nitrogen than oxygen. This 
HRTEM micrograph indicates that the interlayer of sample #S1 
observed in Fig. 6(c) (Cutout 2) corresponds to small grains of AlN 
(<5 nm) in a matrix of an amorphous phase of AlxNyOz. The presence of 
oxygen on this part of the layer is probably due to the native oxide of 
silicon has not been eliminated on the cleaning process, and as a 
consequence, this oxygen react with the Al-N particles that arrive on Si 
substrate at the initial stage of film deposition [65]. The native oxygen 
on Si (100) along with the residual oxygen in the reaction chamber and 
the low deposition temperature have produced this interlayer, as is re-
ported by Hwang et al. [66].

Fig. 7(a) presents d33 coefficient measured in AlN thin films with 
different stoichiometries, i.e., N/Al ratios (see EDX analysis above). 
From that study, one could easily understand that samples with a better 
stoichiometry, i.e., samples with a N/Al ratio closer to 1 (S1, S2 and S3), 
are those AlN thin films exhibiting a higher d33 coefficient of around 
4.5–5 pC/N. Not only the N/Al ratio is important for the piezoelectric 
effect, but also the oxygen concentration. The piezoelectric properties of 
films deposited through a sputtering process are significantly impacted 
by the concentration of oxygen, as there is a greater propensity for Al 
atoms to form bonds with O atoms and consequently, modify the crys-
tallinity [11]. These results are in good agreement with those of the XRD 
and TEM, as the samples that present a higher d33 coefficient match with 
the ones that show good (002) orientation. This fact is explained in 
terms of the strong relation between piezoelectricity and crystallinity. A 
c-axis (002) orientation of the hexagonal AlN is necessary for enhance 
the d33 coefficient of the material [67,68]. Furthermore, as reported by 
Fei et al., the piezoelectric stress constant is significantly influenced by 
the c-axis and the (002) orientation distribution [11]. Additionally, the 
slightly titling angle observed in sample S3 (Fig. 5(c)) may have reduced 
the d33 coefficient, i.e., the effective d33 is reduced by a factor cosγ, 
where γ is the angle of the c-axis with respect to the substrate normal (see 
Fig. 5(c)) [69]. The mixture of grains and their size observed in HRTEM 
micrographs might contribute to reduce the d33 due to the inversion of 
domains as it creates dipoles in opposite directions [11].

On the other hand, in Fig. 7(b) the half normal probability plot is 
proposed with the aim of determining which parameter or combination 
of parameters has a stronger influence on the piezoelectric effect of 
sputtered AlN thin films. The DoE demonstrates that magnetron power 
combined with the nitrogen flow is the factor interaction that affects the 
most the d33 of the film, as is the factor interaction with a higher ab-
solute effect and deviates more above the line within the power. How-
ever, these points do not affect significantly to the d33 as they do not 
deviate drastically from the line.

4. Conclusions

This work highlights the benefits of using DoE for the optimization of 
DC reactive magnetron sputtering deposition conditions to obtain 
piezoelectric AlN thin films. It explores the impact of the deposition 
parameters including magnetron power, nitrogen flow and argon flow 
on the elemental composition, the structural, crystalline, and piezo-
electric properties of AlN thin films. DoE analysis revealed that the 
deposition rate is primarily influenced by magnetron power and Ar flow. 
The deposition rate has been taken into account as KOV as it influences 
the film properties in terms of impurity incorporation and tensile stress 
[5].

This work demonstrates that AlN thin films with high-crystal quality 
and c-axis (002) well-oriented with growth direction is achieved by 
using a power of 400 W, 20 sccm of Ar flow and 40 sccm of N2 flow. It is 
stablished that increase of N2 flow produce films with better crystallinity 
(lower FWHM) and increase of Ar flow also enhance the (100) 
orientation.

SEM-EDX analysis indicated that higher nitrogen incorporation is 
obtained at a higher power (400 W). XRD and TEM analysis have 

confirmed the crystalline nature of samples #S1 (400 W, 20:40 Ar:N2), 
#S2 (400 W, 40:20 Ar:N2) and #S3 (400 W, 40:40 Ar:N2), which show a 
well oriented c-axis orientation (002), i.e. aligned with the crystal 
growth direction. However, sample S3 conditions produce tilting, which 
slightly reduce the effective d33 as gamma angle is off-tilt. Moreover, the 
analysis of the interface shows that the first 15 nm of the layers have 
amorphous regions and smaller grains (<5 nm), in contrast with the rest 
of the film, which shows bigger and columnar grains. The d33 coefficient 
measurements have revealed that samples with better stoichiometry, 
lower oxygen incorporation and well oriented c-axis exhibit higher 
piezoelectric coefficients (4.5–5 pC/N), that confirms the connection 
between crystallinity and piezoelectricity. These results emphasize the 
importance of using the DoE approach to optimize the deposition con-
ditions in order to obtain piezoelectric films, which is promising for the 
development of energy harvesting devices.
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[29] F. Malengreau, M. Vermeersch, S. Hagège, R. Sporken, M.D. Lange, R. Caudano, 
Epitaxial growth of aluminum nitride layers on Si(111) at high temperature and for 
different thicknesses, J. Mater. Res. 12 (1997) 175–188, https://doi.org/10.1557/ 
JMR.1997.0024.

[30] G. Ross, H. Dong, C.B. Karuthedath, A.T. Sebastian, T. Pensala, M. Paulasto- 
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