Materials Science-Poland, 33(1), 2015, pp. 175-184
http://www.materialsscience.pwr.wroc.pl/
DOI: 10.1515/msp-2015-0036

DE GRUYTER OPEN

Morphological features in aluminum nitride epilayers
prepared by magnetron sputtering

SEBASTIAN STACH!, DINARA DALLAEVAZ, STEFAN TALU>*, PAVEL KASPAR?,
PAVEL TOMANEK?, STEFANO GIOVANZANA*, LUBOMIR GRMELA?2

University of Silesia, Faculty of Computer Science and Materials Science, Institute of Informatics,
Department of Biomedical Computer Systems, ul. Bedzinska 39, 41-205 Sosnowiec, Poland

2Brno University of Technology, Faculty of Electrical Engineering and Communication, Physics Department, Technick4 8,
616 00 Brno, Czech Republic

3Technical University of Cluj-Napoca, Faculty of Mechanical Engineering, Department of AET, Discipline of Descriptive
Geometry and Engineering Graphics, 103-105 B-dul Muncii St., Cluj-Napoca 400641, Cluj, Romania

4University of Milan-Bicocca, 20125 Milano, Italy

The aim of this study is to characterize the surface topography of aluminum nitride (AIN) epilayers prepared by magnetron
sputtering using the surface statistical parameters, according to ISO 25178-2:2012. To understand the effect of temperature
on the epilayer structure, the surface topography was investigated through atomic force microscopy (AFM). AFM data and
analysis of surface statistical parameters indicated the dependence of morphology of the epilayers on their growth conditions.
The surface statistical parameters provide important information about surface texture and are useful for manufacturers in de-
veloping AIN thin films with improved surface characteristics. These results are also important for understanding the nanoscale
phenomena at the contacts between rough surfaces, such as the area of contact, the interfacial separation, and the adhesive and

frictional properties.
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1. Introduction

As opposed to bulk material thin layers proper-
ties strongly depend on the surface condition. Mor-
phological features and associated with them statis-
tical parameters (volume and spatial) define surface
profile of films topography and characterize their
quality. Micro- and nano-asperities evaluation is
important in heterostructures preparation. Topog-
raphy of the films also influences the surface of the
deposited thin contact layers.

Aluminum nitride is an A3Bs group wide band
gap (6.3 eV) semiconductor [1] with a wurtzite
crystal structure. Its experimental crystal lattice pa-
rameters are: a = 3.11 A, ¢ = 4.98 A, yielding a
relaxed c/a ratio of 1.6 [2]. There is a consider-
able ionic component in AIN bonding because of
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electronegativities (1.6 and 3.0) of Al and N atoms.
The atomic radii are 1.25 A for Al and 0.70 A
for N [3]. One aluminum atom is surrounded by
four nitrogen atoms, making up a distorted tetra-
hedron with three bonds and one bond in the di-
rection of the c-axis [4]. The electronegativities of
Al and N are very different: 1.6 and 3.0, respec-
tively, and so there is a significant ionic compo-
nent to the bonding in AIN. Other properties of
AIN are: direct band gap (6.2 eV), thermal conduc-
tivity (285 W-m~!.K™1), coefficient of thermal ex-
pansion (4 to 5 x 10-% K1), refractive index (1.8
to 2.2) and dielectric constant (8.5) [4].

Prominent features of aluminum nitride make
this material one of the most desirable in mod-
ern electronics. It is characterized by interesting
tribological [5] properties, high value of hardness
and high thermal conductivity, moderate piezoelec-
tricity, low dielectric and acoustic losses [6], high
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resistance to temperature and stability in corrosive
medium [7], good heat dissipation [8], high di-
electric constant, moderately high electromechan-
ical coupling coefficient [9], low coefficient of
thermal expansion [4], high elastic stiffness [2],
non-toxicity [10], electrical reliability [11], light
weight [12], high fusion temperature [13], high re-
fractive index, transparence in visible light [14].
All these characteristics in combination with large
optical band gap make AIN suitable for applica-
tions in high power and high frequency devices,
surface acoustic wave filters, insulating [7], pas-
sivating, cladding layers [15] and optical devices
(blue light emitting diodes, short wavelength lasers,
ultraviolet light detectors [16], compact disks, laser
diodes, phase shift lithography masks, AIN/GaN
multilayer devices [17], for growth of GaN layers
on Al,O3 and on 6H-SiC, which are also of in-
terest as perspective materials), electroluminescent
applications over a wide wavelength range [18],
acoustic-optic devices.

Oxidized AIN can substitute traditional passi-
vating films, such as silicon nitride and silicon
oxide, at p-type solar cells [13], selective detec-
tors [19], field emitters for flat panel displays, high-
speed transistors [20]. As noted Auger et al. [7], it
can be applied as an intermediate buffer layer for
optical and electronic devices and for further fabri-
cation of heterostructures.

AIN thin films can be applied for metal-
oxide-semiconductor field-effect transistor [21],
CMOS technologies, microelectromechnical and
microoptomechanical systems fabrication [22, 23],
electronic packaging, waveguides, sensors [24],
electro-acoustic applications (microactuators, fil-
ters, resonators, acoustic modulators, surface
acoustic wave devices) [6, 11, 25]. There are a lot
of methods for thin films fabrication, such as pulsed
laser deposition, reactive molecular beam epitaxy,
vacuum arc/cathodic arc deposition, DC/RF reac-
tive sputtering, ion beam sputtering, metal-organic
chemical vapor deposition etc. [26].

The way of AIN formation is determined
by subsequent applications. Magnetron sputter-
ing is one of physical thin film deposition tech-
niques and is characterized by low-temperature

deposition, ease of synthesis, low cost, non-
toxicity, good quality films with a fairly smooth
surface [4]. Magnetron sputtering is employed in
thin films production for different applications in
microelectronics, partially integrated circuits and
in optoelectronics. By changing of process param-
eters (bias-voltage, substrate temperature, gas mix-
ture, pressure, sputter current, applied voltage [27])
it is possible to control the film microstructure
and its mechanical, optical, and electrical proper-
ties [28]. This method allows processing the sub-
strate and film surfaces, such as etching, deposi-
tion, annealing, and ion implantation [29].

By magnetron sputtering it is possible to fabri-
cate hard, wear-resistant, low friction, corrosion re-
sistant, decorative coatings and coatings with spe-
cific optical, or electrical properties [30], thin film
sensors, photovoltaic thin films (solar cells), metal
cantilevers and interconnects [31]. The critical fac-
tor of piezoelectric AIN thin film is its crystal ori-
entation and morphology [4].

Low-cost AIN-on-silicon photonic circuits are
excellent substitutes for complementary metal-
oxide-semiconductor-compatible photonic circuits
for building new functional optomechanical de-
vices that are free from carrier effects [9].

The studies of AIN thin film could be divided
into the investigations which emphasize chemi-
cal and physical properties (mechanical, electrical,
magnetic) [6, 9, 17, 21, 22], analysis of the films
structure [4, 7, 12, 15, 16, 19, 23-25, 32] and com-
bined, showing the dependences of the properties
on the films morphology [2, 11, 13, 14, 26, 33—
35]. The structure of the thin films can utterly differ
from the structure of bulk material and have differ-
ent structural perfection.

The surface features, such as defect concentra-
tion, are very important in the case of thin films.
Some properties of thin films strongly depend on
the structure. The study was carried out on the ap-
plicability of statistical parameters for aluminum
nitride thin films characterization. This analysis
represents instructive information for thin films
manufacturing and processing.
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2. Materials and methods

2.1. Materials

The processes used for aluminum nitride for-
mation by magnetron sputtering include dry etch-
ing, ion implantation of the substrate and sputter-
ing of the target. We used magnetron sputtering
of aluminum target for thin films fabrication since
this method is compatible to semiconductor pro-
cesses. The foundation of this method is sputtering
of target material (high-purity aluminum) by ions
of working gas in plasma of glow discharge. Ar-
gon (Arp) was used for target sputtering. Plasma
occurs in vacuum after applying high voltage be-
tween cathode-target and anode and acts as a con-
ducting medium. The essential constituents of the
process are cathode, anode and magnetic system
for plasma confinement near the cathode surface.
High sputtering rate and accuracy of the composite
recurrence are the advantages of magnetron sput-
tering. The pressure in the working chamber was 3
to 7 x 1072 Pa, current density of discharge 5 to
7 x 10 A/m?. These parameters define the rate
of condensation which consequently influences the
structure of the films. The films can be obtained by
sputtering of polycrystalline aluminum nitride tar-
get, but it is possible to control thin films structure
by gas composition in the chamber. The nitrogen
gas was used for creation of work ambience and
to accomplish nitrogen incorporation in AIN fab-
rication. Magnetron sputtering device allows fabri-
cation of materials with good stoichiometry. This
method was described by Dallaeva et al. [36]. Alu-
minum nitride films were deposited on sapphire
substrates (Al,O3) at different substrate tempera-
tures. Monocrystalline sapphire is one of the hard-
est oxides, with high hardness at high temperatures,
good thermo-physical properties and it is optically
transparent in the visible light to near-infrared re-
gion [36].

The substrates were cleaned by dry etching in
order to remove the traces of polishing and then
the nitridization of near surface area was carried
out. This helped to create the buffer layer between
AlO3 and AIN. The substrate temperature has a
strong impact on the growth behavior [27] and

morphology of the films. The temperature of the
substrate is a very important parameter because its
changing causes a change in energetic barrier near
the substrate surface. In addition, it influences the
character of film growth: sizes of nucleolus and rate
of nucleation.

We obtained the films at three temperatures
(1000 K, 1300 K and 1500 K) of the substrate. The
film becomes smooth at low width and it consists
of large number of small nuclei. These islands are
three-dimensional (3-D) and they have noticeable
sizes in the normal direction to growth plane [37].

2.2. Methods

The films have been characterized by atomic
force microscopy (AFM) and scanning electron
microscopy (SEM) in order to describe the 3-D
growth character of thin films and to investigate
their surface morphology. 3-D surface roughness
of the epilayers was investigated by atomic force
microscope Ntegra Prima (NT-MDT, Russian Fed-
eration) in semi-contact mode.

Cantilevers, model NSGO1 DLC (AFM
“Golden” Silicon Probes) [38] with the follow-
ing nominal specifications: resonant frequency
150 kHz, force constant 5.1 N/m, length 125 pm,
width 30 um and thickness 2 um, were used.
The tip specifications were as follows: tetrahedral
shape, height 14 um, curvature radius 6 nm, and
cone angle at the apex 7° to 10° [38].

All measurements were performed in the same
room, at room temperature (298 + 1 K) and
(50 = 1 %) relative humidity. The measurements
were repeated four times for each sample on differ-
ent reference areas, to validate the reproducibility
of these features.

2.3. Surface characterization using quan-
titative parameters

The 3-D surface characteristics are highly com-
plex and their understanding plays a determi-
nant role in recognizing physico-chemical inter-
actions and interfacial properties at the nanome-
ter range, involved in manufacturing process [39—
41]. Surface texture is the repetitive or random de-
viation from the nominal surface that forms the
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3-D topography of the surface and includes:
roughness (nano-and microroughness); waviness
(macroroughness); lay and flaws [39].

The 3-D surface roughness of thin films can
be described using the classical descriptive ap-
proach [42—47]. Detailed surface characterization
of the thin films was obtained using six quantita-
tive parameters (height, functional, spatial, hybrid,
functional (volume) and feature parameters), ac-
cording to ISO 25178-2:2012 [48, 49].

2.4. Statistical analysis

Statistical analyses were performed using the
GraphPad InStat version 3.20 computer software
package (GraphPad, San Diego, CA, USA) [50].
The Kolmogorov-Smirnov test was used to as-
sess the normal distribution of quantitative vari-
ables. Comparisons among different areas within
the same sample were performed using indepen-
dent samples T-test. When statistical significance
was found, the difference between two groups was
further compared using the Mann-Whitney U test.
Differences with a P value of 0.05 or less were con-
sidered statistically significant.

3. Results

The representative two-dimensional (2-D) mi-
crotopographic images of AIN layers on the sap-
phire substrate obtained at 1000 K, 1300 K and
1500 K, for a scanning square area of 5 um X 5 pum,
are shown in Fig. 1.

As known, there are several possible structures
of AIN crystals: granular, worm-like, and a colum-
nar surface of grains [23]. In our case of cleaned
and nitridized sapphire substrate, the columnar
structure has been expected. It has been expected
that the grains are oriented along the growth direc-
tion [34].

The heterostucture of (0001)AIN /(0001)Al, O3
was studied by scanning electron microscopy
(SEM) with the SEM system (FEI Quanta 200).
This measurement showed the occurrence of AIN
film on the Al,O3 substrate. In the cross-sectional
image (Fig. 2) there are crystalline columnar grains
of AIN. Their tops are flat.
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Fig. 1. Representative 2-D microtopographic AFM
images of AIN epilayers on sapphire substrates
obtained at: a) 1000 K, b) 1300 K and ¢) 1500 K;
scanning square area of 5 um x 5 pum; vertical
range of the displayed data (nm) and the color
bars are shown on the right side of the AFM
images.
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Fig. 2. A SEM image of the AIN epilayer on the sap-
phire substrate in cross-section.

The graphical study of volume parameters (sur-
face): Vmp, Vvc, Vmc and Vvv based upon the Ab-
bott curve calculated on the surface associated with
Fig. 1, is shown in Fig. 3.

The curve of material share provides important
information about the condition of the surface in
terms of its operational suitability. It is known that
for the optimal functionality of the surface, it is re-
quired to be progressive or progressive-regressive.

The graphical study of Sk parameters associ-
ated with Fig. 1 is shown in Fig. 4.

The peak count histograms associated with
Fig. 1 are shown in Fig. 5.

Qualitative control of the image includes both
measuring of the surface features and its distribu-
tion along the surface. The data in Fig. 5 indicate
the uniform growth of surface feature sizes with the
increasing of substrate temperature.

Height-height correlation function provides
considerable information about topography condi-
tion (such as estimation of correlation areas, sizes
of grains and holes, and the character of their dis-
tribution). The height-height correlation functions
associated with Fig. 1 are shown in Fig. 6.

Lateral force mode of AFM provides edge-
precision scanning of the surface for feature em-
phasis. Fig. 7 allows visual estimation of the sur-
face appearance (small regular lines are the scan-
ning artefacts as no filter was applied in order to
observe the real objects shape).

A summary of the statistical parameters results
is presented in Table 1.

Vimp = 0.000544 mim2
Vve =0,00165 mim2

(@)

Vime =000122 miim2
Vv =0,000153 mim2

Vimp = 0.000286 milm2 Vime = 000333 miim2
Ve =0.00482 mifm2

(b)

Vinp=0.00016 miim2
Ve = 000414 mim2

©

Ve =0,00298 miim2
Vi =0.000271 miim2

Fig. 3. Face of AFM 3-D images (left side) and graph-
ical study of volume parameters: Vmp, Vvc,
Vmc and Vvv (right side) based upon the Ab-
bott curve calculated on the surface. Two bear-
ing ratio thresholds are defined (using the ver-
tical bars that are drawn with dotted lines). By
default, these thresholds are set at bearing ratios
of 10 % and 80 %. The first threshold, p1 (de-
fault: 10 %), is used to define the cut level cl
(and p2 defines c2, respectively). AIN epilayers
on sapphire substrates obtained at: (a) 1000 K,
(b) 1300 K and (c) 1500 K.

4. Discussion

Atomic force microscopy, scanning electron
microscopy and descriptive analysis have been em-
ployed to characterize the films morphology of alu-
minum nitride (AIN) epilayers prepared by mag-
netron sputtering on the sapphire substrates.

While the AFM measurements (Fig. 1) provide
a surface appearance and a foundation for further
mathematical processing, the SEM image (Fig. 2)
shows the inner structure corresponding to AIN
growth in cross-section.
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Table 1. Statistical parameters of AIN epilayers on the sapphire substrates obtained at: (a) 1000 K, (b) 1300 K and
(c) 1500 K, based on ISO 25178-2:2012.

Samples at 1000 K Samples at 1300 K Samples at 1500 K

Statistical parameters Symbol

Values f Values Values
Height Parameters
Root mean square height Sq [nm] 3.18 4.39 3.17
Skewness Ssk [-] 4.27 —0.089 0.254
Kurtosis Sku [-] 26.5 4.27 2.70
Maximum peak height Sp [nm] 28.2 19.1 9.87
Maximum pit height Sv [nm] 6.31 194 9.64
Maximum height Sz [nm] 34.5 384 19.5
Arithmetic mean height Sa [nm] 1.60 3.24 2.58
Functional Parameters
Areal material ratio Smr [%] 100 100 100
Inverse areal material ratio Smc [nm] 1.27 5.18 4.27
Extreme peak height Sxp [nm] 2.73 9.81 527
Spatial Parameters
Auto-correlation length Sal [um] 0.290 0.302 0.135
Texture-aspect ratio Str [—] 0.537 0.696 0.0545
Texture direction Std [°] 111° 0.356° 0.363°
Hybrid Parameters
Root mean square gradient Sdq [-] 0.0371 0.0818 0.0866
Developed interfacial area ratio Sdr [%] 0.0682 0.333 0.370
Functional Parameters (Volume)
Material volume Vm [um3/pum?] 0.000544 0.000286 0.00016
Void volume Vv [um3/pm?] 0.00181 0.00545 0.00441
Peak material volume Vmp [um3/pm?] 0.000544 0.000286 0.00016
Core material volume Vmc [um3/pm?] 0.00122 0.00333 0.00298
Core void volume Vve [um3/um?] 0.00165 0.00482 0.00414
Pit void volume Vvv [um3/pum?] 0.000153 0.000634 0.000271
Feature Parameters
Density of peaks Spd [1/um?] 0.805 6.44 4.92
Arithmetic mean peak curvature  Spc [1/pum] 2.98 6.96 5.58
Ten point height S10z [nm] 11.5 19.4 13.2
Five point peak height S5p [nm] 8.10 12.7 6.86
Five point pit height S5v [nm] 3.40 6.66 6.33
Mean dale area Sda [um?] 1.33 0.121 0.119
Mean hill area Sha [um?] 0.692 0.120 0.122
Mean dale volume Sdv [um3] 0.000317 0.000027 0.000027

Mean hill volume Shv [um?3] 0.000082 0.000033 0.000057
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Sk parameters, unfiltered.
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Fig. 4. Graphical study of Sk parameters for AIN epi-
layers on the sapphire substrates obtained at: (a)
1000 K, (b) 1300 K and (c) 1500 K.
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Fig. 5. The peak count histograms for AIN epilayers on
the sapphire substrates obtained at: (a) 1000 K,

(b) 1300 K and (c) 1500 K.
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Fig. 6. The height-height correlation functions for
AIN epilayers on the sapphire substrates ob-
tained at: (a) 1000 K, (correlation lengths: Lx
= 0.319 pm, Ly = 0.356 um); (b) 1300 K,
(correlation lengths: Lx = 0.317 um, Ly =
0.212 um); (c) 1500 K, (correlation lengths: Lx
=0.224 pum, Ly = 0.0815 um).

Different nano-asperities with a specific height
probability distribution and asperity curvature for
different asperity sizes are distributed over the
3-D surface of all the samples. The results show
that there is an interdependence between the tem-
perature of a substrate during deposition process
and film morphology. Also, there is a connection
between 3-D surface roughness parameters and the
film texture (Table 1) since the texture could be
considered as a measure of surface roughness [51].

The results shown in Fig. 3 and 4 include in-
formation about volume and Sk parameters. There
is a decrease of Vmp and consequently Spk val-
ues. It indicates the reduction of the sudden peaks,

(©)

Fig. 7. AFM lateral force mode images of AIN epilay-
ers on the sapphire substrates obtained at: (a)
1000 K, (b) 1300 K and (c) 1500 K.

and from physical point of view, it means the
homogenization of grain growth. Reduced peak
height to core ratio (Spk/Sk), according to the data
of Fig. 4, shows increasing of texture amplitude
symmetry.
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The peak count histograms (Fig. 5) show
alongside with decreasing of topography heights
(x-axis), the wider peaks distribution, which means
that the surface features become more comparable
(y-axis) in size at the highest substrate temperature.

The results show the decreasing of correlation
length, caused by reduction of characteristic dis-
tance, where the correlated bonds are lost between
the topography features (Fig. 6). For the higher
substrate temperature during the deposition pro-
cess, the film is represented by well textured areas.
The same results have been obtained by Guerrero
and Garcia [25] who obtained the AIN layers by
chemical vapor deposition and noted that the sur-
face morphology became smooth with increasing
of deposition temperature.

On the other hand, adhesion strength of par-
ticles and substrate depends on temperature. In-
creasing of temperature by heating the substrate in-
creases the interaction at the interface at the near-
surface area.

It can be noted a strong dependence between
the energetic parameters of the film growth (nucle-
ation) and the morphology of the prepared films.

The statistical parameters of 3-D surface rough-
ness analysis also show that the statistical descrip-
tion of the films is in agreement with the data ob-
tained by Dallaeva et al. [36].

5. Conclusions

The statistical parameters of 3-D surface rough-
ness have been used for the functional performance
prediction and quality control of aluminum nitride
(AIN) epilayers prepared by magnetron sputtering
on the sapphire substrates. These results are also
important for understanding the nanoscale phe-
nomena at the contact between rough surfaces,
such as the contact area, the interfacial separation,
and the adhesive and frictional properties.
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