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Coatings consisting of Al, Sn and N have been deposited using co-sputtering from Al and Sn targets in a
reactive atmosphere containing N,. AIN was used as starting point, and the Sn content was gradually
increased through higher cathode power on the Sn target, resulting in coatings with Sn-contents be-
tween O and 24 at.%. The coatings were analysed using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM) and also characterised using UV—vis
spectroscopy and nanoindentation.

All coatings show a nitrogen content of about 50 at.% and are thus fully nitrided, which is confirmed by

ﬁ%ggﬁbosne bonding analysis with XPS. A combination of results from XRD and XPS leads to the conclusion that the
Coating coatings consist of a single phase solid solution based on wurzite (Al;_xSnx)Ny with x varying between
Sputtering 0 and 0.5, and y close to unity. The attained material is metastable with respect to decomposition into
Hardness AIN, Sn and N, as shown by sputter damages occurring during Ar" ion etching. The top surface and cross
Optical properties sections, as observed in SEM, were found to become smoother and the columnar structure less pro-
Al-Sn-N nounced, changing to grainy and finally glass like morphology, as the Sn content is increased.

The material is hard at room temperature, with nanoindentation values of 17—24 GPa. Coatings on
silica substrates are transparent and yellow to red-brown in colour. This is quantified as a shifting ab-
sorption edge, which moves from 211 to 510 nm, corresponding to an optical band gap of 5.9 and 2.4,
respectively, as the Sn-content is increased. The index of refraction varies between 2.0 and 2.6. The
deposited materials are thus hard, and have a tuneable absorption edge, which could be applicable in
optical applications as a multifunctional optical filter with scratch resistant properties.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A successful way of forming new and modified coating materials
is to add a third element to a binary hard coating material, and
thereby form a ternary material. What kind of microstructure
which is attained, is commonly a function of the concentration of
the third element: unless strong repulsive forces exist between the
third element and the binary material solid solutions are usually
formed at low concentrations. At higher concentrations, above the
limit of solid solution, thus provoking phase segregation, nano-
composites may form, while in some cases amorphous phases are
formed, usually at high concentrations under conditions of low
surface mobility. This kind of alloying has been extensively studied
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for TiN- and TiC based material by using most commonly Al, Si
[1—10], but also studies with Ge and Sn exist [11,12]. Less exten-
sively studied are ternary materials based on the optically trans-
parent compound AIN. Studies have e.g. been conducted adding B
for altering piezoelectrical properties tuning of band gap or for LED
devices [13—15], with a focus on optical and mechanical properties
the addition of Si or Ge [16—25] has also been investigated. The
addition of B, Si or Ge to AIN during thin film growth all lead to the
formation of a (metastable) solid solution phase at low alloying
concentrations; the formation of a secondary phase, and thus a
nanocomposite microstructure is found at higher alloying con-
centrations. Both these changes, compared to the binary AIN, will
lead to changes in the coating properties and performance, which
can be utilised for materials design.

The present study stands in line with previous studies on Al-A-
N material (A = Si or Ge) using unbalanced magnetron sputtering
[17,18,20—23,26], and has the aim to investigate the Al-Sn-N sys-
tem, with a focus on mechanical and optical properties. The pur-
pose of the present study is to expand the materials design
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concepts from the previously studied Al-A-N materials and eluci-
date the chemical and microstructural relations between these
ternary thin film materials. Previous studies [17,18,20—23,26] have
in general found the AI-A-N (A = Si or Ge) system to exhibit
similar structures and properties, with sputter deposited coatings
consisting of an AIN-based solid solution phase (Al;_xAx)Ny and at
higher concentrations of the third element A also a second,
amorphous, AN, phase thus forming nanocomposites. A transition
from a single phase regime to a bi-phased material, which was
interpreted as the solid solution limit of Si in AIN, was found to be
about 6 atomic percent (at.%), and for Ge about 12 at.% under fully
comparable conditions. The coatings were found to be hard in the
range of 16—30 GPa with a shallow maximum corresponding to a
microstructure where the A-saturated nanocrystalline Al-A-N
phase was separated by small amounts of AN, matrix. This is
consistent with a so-called nanocomposite hardening also
observed for systems such as nc-TiCx/a-C [27—29] and nc-TiN/
SisNg [3,30] although in less pronounced form. The coatings are
generally optically transparent at near infrared (NIR) and visual
(vis) wavelengths, with the Al-Si-N materials having an absorption
edge about 220—270 nm, corresponding to an optical band gaps
(Eps) of 5.6 to 4.6 eV. The Al-Ge-N coatings had a tuneable
absorption edge between 220 and 340 nm, corresponding to a
range of the optical band gap (Eo4) of 5.6 to 3.6 eV. Also the index
of refraction could be controlled in these materials, with a range
between 2.0 and 2.5, although not independently from the band
gap.

No ternary Al-Sn-N phase diagrams or phases are available in
the existing literature, neither is any work at all retrievable that is
dedicated to the ternary Al-Sn-N system. A look at the related phase
diagrams in literature [31—35] gives no other expected compound
phases than AIN. No phase diagram has been composed for the N-
Sn system, however a metastable tin nitride phases is reported in
literature, see below.

The two nitrides expected to be found in sputtered coatings in
the Al-Sn-N material are AIN and SnNx. Aluminium nitride (AIN) is a
covalently bonded nitride, which crystallizes in the hexagonal
wurtzite structure. AIN is a well-known wide band gap II-V
semiconductor with high thermal conductivity and good thermal
stability as well as chemical inertness and mechanical strength.
Pure AIN thin films have a hardness of about 20—22 GPa, a refrac-
tive index of 2.1-2.2, and a band gap of 5.9—6.0 eV and are thus
fully transparent in the NIR, visible, UV-A and UV-B spectral re-
gions. AIN sublimates at temperatures above 2200 °C, is inert to
strong acids and bases, but dissolves slowly in boiling water
[17,36—40]. Coatings of AIN can be produced by sputter deposition,
and there are extensive studies available on growth of different
orientations and microstructures [41—47].

Two Sn-N phases are reported in the literature, one hexagonal
[48] and one cubic [49]. However, a closer inspection of the
diffraction patterns reveals that the pattern assigned to the hex-
agonal phase also can be indexed by the cubic phase. It is note-
worthy that the works referring to the hexagonal structure pertain
to thin film materials, but the works referring to the cubic structure
mainly are on bulk materials. The cubic structure is a spinel
structure with Sn occupying both octahedral and tetrahedral metal
positions, giving the formula Sn3N4 [49]. This structure is iso-
structural with y-SisN4 and y-GesNy, and ab-initio materials sim-
ulations have shown this structure to be metastable with respect to
metallic Sn and Nj, although more stable than the «- or f-phases
(that exist for Si3N4 and Ge3zN4) [50]. There are a substantial number
of reports available on amorphous Sn-N, where the elemental
composition of the reported materials varies in a wide range. Ac-
cording to these previous findings, we will use the general notation
SnNy throughout this manuscript.

The above mentioned metastability is experimentally confirmed
by commonly observed damage upon sputter-etching of samples
before XPS (X-ray photo electron spectroscopy) or AES (Auger
electron spectroscopy) analysis [48,51—53], as well as by the fact
that it decomposes into the elements upon heating in inert atmo-
sphere (reported decomposition temperatures between 420 °C and
615 °C [54—57]), and may oxidize if left in the lab, which was
observed already in the earliest studies [58,59]. However, later
studies have also reported that y-Sn3N4 is stable in vacuum up to
300 °C [49].

This variation in reported material properties is quite typical for
the literature on SnNy, as it seems to be difficult to produce phase
pure and fully nitrided samples. Owing to its low stability there are
also problems in determining the stoichiometry of SnNy samples,
e.g. due to spontaneous oxidation, decomposition and sputter
damage when sputter-cleaned prior to XPS. Thus it is from litera-
ture difficult to ascertain the exact physical properties of SnNy.
Generally SnNy is reported to be a semiconductor with resistances
in the range of 2—150 mQcm [51-53,55,56,60], where dependence
on both composition and structure (amorphous or crystalline) have
been observed [51]. The band gap of SnNy is reported in the range of
1.5-49 eV, although most commonly below 2 eV
[50—-53,56,57,61,62]. For both these material constants measured
values can be heavily influenced by both metallic (due to low
nitiridation during synthesis) and oxide (due to the low stability
and subsequent oxidation in air) contributions to the sample,
which is probably the reason for the observed spread in values. The
colour of the material (as powder or as a coating on transparent
substrates) is reported to be between yellow, red and light brown
[50,51,53,55,63], which corresponds to the observed band gaps.
Connected to this is also the reported electrochromic behaviour of
tin nitride, which later was found to be an irreversible process
involving reduction of the tin nitride to tin and subsequent oxida-
tion to tin oxide, when polarity was reversed [57]. Also the reported
values for the index of refraction also vary drastically, between 1.5
and 3.3 [53,61]. Only one report exists on the mechanical properties
of tin nitride, where crystalline and amorphous coatings were
found to be harder than SiO; and SnO; [51].

Coatings of tin nitride have been deposited through various
forms of sputtering (diode or magnetron, using DC or RF dis-
charges) [48,51,52,56,57,59,62—65] and several forms of CVD
[53,55,61,66]. In general, both crystalline [48,51-53,56,57,66] and
amorphous [51,53,57,61—63,65] material can be attained, depend-
ing on deposition process and conditions.

Considering the coatings prepared in previous work on the Al-
Si-N and Al-Ge-N systems, their trends as well as the available
literature on SnNy, it was thus expected that co-sputtering of Al and
Sn in a reactive nitrogen atmosphere will give an AIN-based solid
solution phase at low Sn contents; and at higher Sn contents a
formation of a second Sn-based phase — probably an amorphous
SnNy. Due to the low thermodynamic stability there is a high
probability that the attained coatings will be N-deficient. It is also
expected that optical properties as absorption, band gap and
refractive index will be influenced, and probably different proper-
ties attained compared to both AIN and Al-Si/Ge-N materials.

2. Experimental details

Coatings were synthesised by reactive magnetron sputtering in
an AJA 1500C sputter system, described in detail elsewhere [17].
The base pressure during the present depositions was 1.010~8 mbar
or below. Sputter deposition was performed from 2” elemental
targets of Al and Sn, using a confocal sputter-up geometry with a
distance of 12 cm between targets and substrates. Depositions were
carried out at a constant pressure of 6.0 ubar with gas flows of 20
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sccm Ny gas, i.e. in a pure Ny atmosphere. Prior to the deposition the
substrate holder was typically heated to 200 °C by heating lamps on
the backside, and the temperature was maintained during the
entire process. During deposition the substrate holder was RF-
biased to —60 V. Additional experiments were also conducted at
slightly different conditions, employing either no bias (floating
potential), lower substrate temperatures (unheated), or running
the process in a mixed Na/Ar atmosphere with the mass flow ratio
1:2. The composition was varied by changing the power on the Sn
target (0—45 W), whilst applying a constant power to the Al target
(250 W). Deposition time was varied to attain coatings with a
thickness of about 1.5 um.

Depositions were carried out simultaneously on substrates of
Si(100), a-SiO, and compliant polyimide substrates (Kapton, a
temperature-resistant polymer, used for XRD (X-ray diffraction)
analysis, see below). Prior to introduction into vacuum, the sub-
strates were ultrasonically cleaned in acetone and ethanol, and
then dried in an inert gas flow. Just prior to deposition, in-situ
plasma cleaning was performed using an Ar plasma at a RF-bias
of —75 V. This plasma cleaning is expected to remove organic res-
idues, but not the native oxide on the Si substrate, nor does it
damage the Kapton substrates.

The crystalline phase content of the samples was evaluated with
XRD using two different diffractometers, both employing Cu Ko
radiation. Samples on SiO, were analysed using a Bruker D5000
diffractometer equipped with an Euler cradle and either Bragg-
Brentano optics for 6/20 scans, or parallel beam optics with an
acceptance angle of 0.40° for grazing incidence (GI) scans. Mea-
surements on coatings on the conforming polyimide substrate
were conducted using a PANalytical X'Pert Pro diffractometer
equipped with a Goebel mirror and a parallel plate collimator with
an acceptance angle of 0.27°.

XPS was performed using a Physical Electronics Quantum 2000
spectrometer, which employs monochromatic Al Ko radiation, a
45° photoelectron take-off angle, and has an optimal resolution of
0.50 eV. Bulk compositions were determined from XPS using
sputter depth profiles; sensitivity factors were derived from refer-
ence measurements of three samples using a combination of elastic
recoil detection analysis (ERDA) and Rutherford backscattering
(RBS). For the range 4—12 at.% Sn the differences in the composition
values determined by XPS, RBS and ERDA were below + 0.7 at.%,
indicating the robustness of the calibration. Chemical bonding in
the samples was determined using high resolution (compared to
the depth profiles) XPS scans after sputter etching to a depth of
approximately 30 nm, thus giving data from the bulk of the coating.
If not otherwise stated, low energy Ar" ions (200 eV) were used for
sputter etching in order to minimize sputter damage. Additional
experiments were performed using higher Art energies, and using
an in-situ transfer chamber (which eliminates the necessity of
sputter cleaning) to evaluate the extent of sputter damage. All XPS
characterization was carried out on coatings on Si substrates and
under constant neutralization using an electron flood gun and very
low energy Ar™" ions, as described by Larson et al. [67] lon beam
analysis (RBS [68] and ERDA [69]) to determine the sensitivity
factors for XPS was performed at the Laboratory for Ion Beam
Physics of ETH, Ziirich. RBS measurements were performed using a
2 MeV “He beam and a silicon surface barrier detector under 168°.
The collected RBS data were simulated using the RUMP software
[70]. For the ERDA analysis a 13 MeV %’ beam was used under an
18° incidence angle. The scattered recoils were identified by the
combination of a time-of-flight spectrometer and a gas ionization
chamber. The data was analysed by means of the DataFurnace code
[71].

The coating morphology was observed by scanning electron
microscopy (SEM) on fractured cross sections of coatings on Si

substrates. SEM was performed using a FEI NanoSEM 230, operated
at 15 kV in high-vacuum mode. Prior to the measurements samples
were coated with a thin carbon layer by evaporation to improve
conduction. No artefacts from the carbon coating could be observed
on the fractured (and smooth) substrate surfaces at the used
magnifications, thus ensuring that observed structures in the
coatings are features of the studied material.

Nanoindentation was performed to determine Hardness and
Young’s modulus. Measurements were performed on a Hysitron
Ubi using a Berkovich diamond tip. Indents were performed to a
maximum load of 3.5 mN, which yielded indentation depths of
75—87 nm (i.e. 4—8% of the coating thicknesses), thus minimizing
the influence of the substrate. At least 20 indents per sample were
performed, whereof at least 15 were used for data evaluation ac-
cording to the method of Oliver and Pharr [72] using software
supplied by the instrument manufacturer. Reference measure-
ments on fused silica, using the same parameters as for the coat-
ings, yielded a hardness of 9.1 + 0.1 GPa and Young’s modulus of
68.0 + 0.4 GPa, thus in reasonable agreement with literature. To
obtain a measure of macroscopic stresses on coatings deposited on
Si, profilometry was performed and the total residual stress
calculated using Stoney’s equation [73—75]. For the calculations the
literature values of the biaxial modulus for Si(100) were used.
Measurements were performed using a Tencor P10 needle profil-
ometer, with two approximately orthogonal 5 mm longs scans,
from which an average stress was calculated.

Optical measurements to determine the transmission, absorp-
tion coefficient and refractive index were performed using a Shi-
madzu UV-3600 UV—Vis—NIR spectrometer. Data were evaluated
using the envelope method, which allows the determination of the
aforementioned parameters from a single transmission spectrum
with interference fringes [76,77]. The presented values for optical
constants as function of wavelength have been attained through
interpolation between the values at the fringe positions. Electrical
resistivity was tested with a simple 4-point-probe set-up.

3. Results
3.1. Initial experiments and process selection

Hysteresis experiment, conducted with constant pumping
speed, target power and total gas flow, show distinct poisoning of
the Al target (slope change in current), but none for the Sn target.
No change in the slope of the total pressure curve was observed.
This indicates that no surface compound formed on the Sn target,
and thus that deposited material is expected to be N-deficient, even
if a pure N, atmosphere is used. Material attained using a pure Ny
atmosphere was although transparent and yellow to reddish brown
in transmission, depending on concentration, in contrast to coat-
ings deposited in mixed Ar/N, atmosphere which were opaque,
indicating presence of metallic Sn°.

Coatings deposited in a pure N, atmosphere were found to have
considerably larger oxygen content than those from mixed Ar/N;
atmosphere, which is correlated to a considerably more porous
microstructure, as observed in SEM (not shown). To counteract this,
an RF substrate bias of —60V was employed, which led to denser
coatings and less oxygen in coatings as measured in ex-situ XPS.
The dense coatings deposited using the —60V RF bias and pure N
atmosphere were less columnar than the incompletely nitrided
coatings deposited from N,/Ar gas mixtures prepared without bias.

It is also worth noting that the coating composition changed
markedly as the sputtering gas was changed: the Sn content was
found to be smaller for coatings deposited using only N, compared
to an Ar/N; mixture. This has most likely its explanation in the
lower mass of N* compared to Ar' giving les efficient sputtering of
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the heavier Sn atoms (compared to Al atoms).

Attempts to synthesise a SnNy reference sample were unsuc-
cessful. Coatings deposited using only Ny as sputtering gas and
—60V RF bias were opaque, and samples deposited without bias
(floating) are less opaque (difficult to determine due to different
thicknesses), but oxidised when stored in the lab before analysis
could be performed, probably due to an underdense
microstructure.

Thus, the main sample series studied in the present work were
deposited in a pure N, atmosphere and using an RF bias of —60 V.
No binary SnNy reference sample is included, and the binary AIN
reference was deposited with a floating bias, as it otherwise had too
large residual compressive stresses, leading to severe delamination.
As expected, the deposition rate was found to vary with Sn content,
with 33 A/min for the binary Al-N sample and 87 A/min for the
sample with highest Sn content. Samples included here had coating
thicknesses between 1.2 and 2.0 um.

3.2. Composition, phase identity and microstructure

3.2.1. X-ray photo electron spectroscopy

Coatings were deposited in several series with varying power to
the Sn target, and subsequently varying composition, see Fig. 1.
They have Sn contents between 0 and 24 at.%, and subsequently Al
contents between 43 and 26 at.%. The nitrogen content was roughly
constant, although slightly decreasing with Sn-content from 54 to
50 at.%. The accurate compositional determination is hampered by
the susceptibility of these coatings to sputter damages, especially at
elevated Sn contents. However, considering the used calibration
against RBS/ERDA measurements for samples with Sn-contents of
4—12 at.%, which gave a precision of +0.7 at.%, the errors are at most
a few at.%. The oxygen content is generally low, with all ternary
coatings showing oxygen contents below 0.8 at.%. The binary AIN
reference (which was deposited without substrate bias) had a
slightly higher oxygen content of 3 at.% (which is mirrored by a
slight decrease in nitrogen concentration), probably due to an
underdense structure, facilitating ex-situ oxidation (see e.g.
Pélisson-Schecker et al. [26]). The samples in Fig. 1 were deposited
in five series up to 10 months apart; the small spread of data points
illustrates that the experimental reproducibility with regards to
composition is high.

Bonding characterization was carried out by high resolution XPS
in the bulk of the coatings; the spectra are shown in Fig. 2 which
shows a total of 15 spectra for each region. As can be seen, all the
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Fig. 1. Composition of the sputtered Al-Sn—N coatings, as determined from XPS
sputter depth profiles. Lines are only intended as guides for the eye.

ternary samples (solid lines) exhibit almost identical spectra, thus
indicating identical chemical surrounding for respective elements,
irrespective of the Sn concentration. The only spectra that differ
slightly are those from the binary AIN reference (dashed line),
which (naturally) doesn’t have any Sn 3d peaks, and has a slightly
smaller line width for the N 1s peak (Fig. 2c) (full width at half
maximum, fwhm, of 1.34 eV compared to 1.60 eV in average). This
indicates that there are more than one (but mainly overlapping)
chemical environments for N in the ternary Al-Sn-N samples.

The Al 2p peak (Fig. 2a) has been used for charge referencing,
and its binding energy has been set to the literature value for AIN of
73.6 eV [78,79]. The usefulness of this simple approach is evident
by the good alignment of peaks observed in the other spectral re-
gions (Figs. 2b and c, respectively). The observed binding energy for
Sn 3ds); (486.22 + 0.07 eV) and N 1s (396.74 + 0.04 eV) are both
good matches to literature values of SnNy (Sn 3dsp at
486.0—486.8 eV, and N 1s at 396.3—397.3 eV) [51—-53,55,57,65] and
AIN (N1s at 396.5—397.0 eV) [78,79]. Also the observed binding
energy differences between the nitrogen and respective metal
peaks, A(Sn3ds, — NIs) = 8946 + 004 eV and
A(N1s — Al2p) = 323.14 + 0.04 eV, which are independent of charge
referencing and Ep-scale calibrations, are also in good agreement
with literature values (88.9—89.6 eV and 322.8—323.8 eV, respec-
tively) [51,52,55,65,66,79]. It can thus be concluded that both Al
and Sn atoms have a chemical surrounding matching the respective
nitride, i.e. both metals are bonded to nitrogen. The broadening of
the N 1s peak increases markedly (by a factor of 1.2) for the ternary
samples (solid lines) compared to the binary AIN sample (dashed
line), see Fig. 2c. In the case of a random substitution of Al with Sn
in the material, five different quasi-tetrahedral surroundings are
possible for N (NAl4_4Sny, with x is a discrete number between
0 and 4). Thus, several different chemical states can exist, and the
observed broadening for the ternary samples is consistent with a
solid solution nitride.

In the Sn 3d spectra (Fig. 2b) there is a small asymmetry of the
peaks towards lower binding energy, indicating the presence of a
small metallic (Sn-Sn) contribution. This is an artefact due to
sputter damage, and is more pronounced, if higher Ar' energies
(than the here used 200 eV) are used for sputter etching. Mea-
surements on pristine samples transferred from the deposition
chamber in-vacuo (thereby eliminating surface oxidation and need
for sputter-cleaning before analysis) confirm that undamaged
samples do not have this asymmetry. These measurements are not
shown in the present paper, but will be published in a separate
paper. Furthermore, these measurements show that valence band
region is heavily influenced by sputter-damage, also using such low
ion energies as 200 eV. For this reason the valence band region is
not shown for the present samples.

3.2.2. X-ray diffraction

X-ray diffraction data attained from samples on silica substrates
are shown in Fig. 3. The bottom diffractograms in both graphs show
the binary AIN reference sample. They agree very well with the
literature data (vertical markers at bottom of graphs) for hexagonal
wurzite AIN [80]. As the Sn content is increased (upward in Fig. 3)
three main observations can be made: Firstly, from both the grazing
incidence (GI) (a) and the symmetrical 6/26 (b) scans it is evident
that the peaks in the wurzite pattern are shifted to lower diffraction
angles, indicating larger lattice spacings. Secondly, there is a
distinct peak broadening, indicating smaller crystallites at higher
Sn concentrations. Thirdly, as evident from the 6/20 scans, there are
changes in preferred orientation. All of these observations are
discussed in detail below.

To eliminate any effect of coating stresses on the measurement
of lattice distances, coatings were also deposited on conforming
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polyimide substrates and analysed with XRD. The observed
diffraction patterns were (with exception of some minor substrate
contributions) practically identical to those present in Fig. 3. Only
small changes in peak positions were observed, due to the elimi-
nation of residual stresses. The relative expansion compared to
literature values of AIN [80] calculated from both 6/26 and GI scans
of these samples are presented as a function of Sn content is in
Fig. 4. As can be seen, the lattice expansion follows the same,
roughly linear, trend for all observed diffraction peaks, in both
measuring geometries. This indicates that the expansion is
isotropic, with regards to both crystal and spatial directions. This
also shows that the wurzite structure of the AIN phase is retained,
but linearly expanded up to about 7%, which must be considered
extreme. Such a lattice expansion is consistent with a solid solution
of Sn in the AIN-phase, i.e. (Al;_xSny)N with x in this case up to at
least 0.5.

As is evident from Fig. 3b there are changes in the preferred
orientation of the wurzite phase, as the Sn content increases. This

has been quantified by calculation of the Harris texture coefficient
[81], where a value above 1 indicates that an orientation is more
common than in a randomly oriented powder. The texture co-
efficients for three different diffraction peaks are shown as a
function of Sn content in Fig. 5. As can be seen from both the texture
coefficients and the diffractograms, the basal plane (002) texture
common for AIN is retained at very low Sn contents (up to 3 at.%),
and at high Sn contents (>14 at.%) a (110) texture is totally domi-
nating. The samples in-between have a (103)-texture, but also with
a clear polycrystalline contribution (all peaks visible in GI-scans).
From the intensity in the 0/260-diffractograms (and also the value
of the texture coefficient) it is although clear that this texture is not
as extreme as the others.

The grain size reduction, estimated from peak broadening (full
width at half maximum) and Scherrer’s equation [82] using k = 0.9
and the data from samples on silica substrates, is given in Fig. 6. As
can be seen, grain size is reduced as soon as the third element (i.e.
Sn) is introduced and all ternary samples exhibit similar grain sizes
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Fig. 4. Lattice expansion for the wurzite AIN-based phase, as observed in coatings
deposited on conforming polyimide substrates. Data from both GI- and /26 scans are
shown; data from 8 peaks from GI, and 6 peaks from 6/26.
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Fig. 5. Harris texture coefficient for the (002), (103) and (110) diffraction peaks,
calculated using the six peaks observed in 6/26 scans. Dashed lines indicate value for
random orientation (1) and maximum texture (6).

with a combined average and uncertainty of 6 + 1 nm. Generally
similar grain sizes are observed from GI- (solid circles) and 6/26
(open triangles) scans, thus indicating roughly isotropic grains. The
exception is the AIN reference and the most textured samples with
Sn contents of 16—20 at.%, which all exhibit slightly larger grain size
in the growth direction.

Additionally there are two observations that can be made
regarding the intensities in the diffractograms, which reflect the
increased amount of heavy Sn atoms. In the Gl-scans (Fig. 3a) it is
evident that the background below 26 = 25°, originating from the
amorphous silica substrate, diminishes as the Sn content increases
and with it the X-ray blocking power of the coating. Secondly, the
maximum intensity attained for the heavily textured samples are
very different for low and high Sn content, despite identical sample
sizes and comparable thicknesses, the high Sn content samples
exhibit much higher count rates (see Fig. 3b). This can be under-
stood since Sn has a higher atomic number and therefore scatters
X-rays much more efficiently than Al, and thus increases the dif-
fracted intensity.
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Fig. 6. Grain size (estimated through Scherrer’s equation) as a function of Sn content.
Data from both GI- (filled blue markers) and 6/26 (open red markers) scans on samples
deposited on silica. Values are averages from all observed diffraction peaks, and error
bars indicate confidence intervals of 95%. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

3.2.3. Electron microscopy

Scanning electron microscopy (SEM) images of representative
Al-Sn-N samples of different Sn contents are shown in Fig. 7. As
expected the binary AIN reference (far left) exhibits a clear
columnar structure, and as Sn content increases (to the right) the
columnar growth is disrupted and a more fine grained and finally
almost glass-like morphology is attained. Also the top surfaces of
the coatings follow the same trend.

3.3. Material properties

3.3.1. Mechanical properties

Hardness and Young’s modulus of the coatings were measured
by nanoindentation and are shown in Fig. 8. The coatings’ hardness
reaches values between 17 and 24 GPa, while the moduli lie be-
tween 161 and 212 GPa. In both cases a shallow maximum is
observed about 3 at.% Sn, followed by a slowly decreasing trend
towards higher Sn contents. The latter trend is interrupted by a
sharp dip at 4 at.% Sn. This coincides with the distinct change in
texture from (001) to (103) as observed by XRD, see Fig. 5.

Residual stresses in the coatings were analysed using the sub-
strate bending method and Stoney’s equation. All ternary coatings
(deposited with a —60V substrate bias) were found to have
compressive stresses between 1 and 2 GPa (aggregated average
1.5 + 0.2 GPa); the binary AIN coating (which was deposited using a
floating bias) had tensile stresses of about 500 MPa. Thus the
observed hardness is not significantly increased by residual
stresses.

3.3.2. Optical properties

Raw data from UV—vis—NIR transmission measurements are
shown in Fig. 9. There are no other features than the thickness
fringes and the absorption edge at lower wavelengths. It can clearly
be seen that the absorption edge of the ternary coatings are
significantly shifted to longer wavelengths, compared to the binary
AIN reference. Furthermore, there is a clear trend pushing the ab-
sorption edge towards longer wavelengths, as the Sn content in-
creases. This is quantified in the optical band gap Eg4 (i.e. the
wavelength where the absorbance, o, exceeds 10* cm™!), which is
shown in Fig. 10a. As can be seen, the optical band gap drops from
5.9 eV (corresponding to an edge position of 211 nm) to 2.4 eV
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Fig. 7. SEM images of fractured cross sections of coatings with varying Sn content. Images acquired with a 3° tilt, thus giving a limited view of the coating top-surface. Images have
been enhanced using brightness/contrast controls, as well as more advanced non-linear tools, but always on the entire image.
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Fig. 8. Data from nanoindentation, showing hardness (left abscissa, triangles) and
Young's modulus (right abscissa, circles) as a function of Sn content. Error bars show
90% confidence intervals. Lines are only intended as guides for the eye.

(corresponding to 512 nm), as the Sn content is increased from 0 to
24 at.%. This change in band gap is also accompanied by a change in
refractive index (at 633 nm), which increases from about 2.0 to 2.6,
see Fig. 10b. With the observed band gaps it is expected that the
material is electrically insulating, which was confirmed by 4-point-
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Fig. 9. UV—vis—NIR transmission spectra for binary and ternary coatings on fused

silica substrates. The grey curve is a spectrum of a blank substrate. Shown samples
have thicknesses between 1.2 and 1.8 um.

probe measurements, were no conductivity was observed, i.e. re-
sistivity is at least in the order of several tens of MQcm.

4. Discussion
4.1. Microstructure

In the deposited samples only one crystalline phase is observed,
a wurzite AlN-based phase. The presence of a secondary, amor-
phous, phase cannot be fully excluded without further analysis
using e.g. transmission electron microscopy (TEM) or atom probe
tomography (APT), which is beyond the scope of the present work.
However, there are several indications that no secondary phase is
formed. Firstly the continuously expanding lattice parameter,
shown in Fig. 4, indicates that Sn is incorporated into the AIN lat-
tice. If a secondary phase was formed, a break in the expansion is to
be expected, which has been observed in the cases of alloying AIN
with Si [17,18] and Ge [23]. Furthermore, in the case of Al-Ge-N [23]
abrupt changes in the optical properties were observed, which are
correlated to the formation of a secondary phase; here no such
breaks can be observed, thus corroborating the interpretation as
single phase samples. The observed texture change at ~13 at.% Sn
(see Fig. 5), which is coupled with an elongation of the grains (c.f.
crystallite sizes from GI- and 6/26 scans in Fig. 6) could be indicative
of a tissue phase formation. However, the lack of trend changes in
lattice expansion and optical properties makes this unlikely. As
stated above, further studies are needed to reach full clarity.

The formed phase is based on wurzite AIN, which is proven by
the diffraction pattern, although with varying lattice spacings. The
relative expansion follows the same linear trend for all peaks, both
in GI- and 0/26-measurements, clearly indicating that the expan-
sion is isotropic with respect to both crystal directions and to
substrate directions, which is consistent with an isotropic solid
solution phase. The solid solution is achieved by substitution on the
metal lattice and shown by the XPS results, where Sn-N co-
ordinations are observed as well as Al-N, as in binary AIN. Therefore
the formed solid solution phase can be described as Al;_xSnxNy
with Xmax<0.5. A comparison of the observed expansion (~7%) us-
ing a simple Vegard-like linear interpolation between the average
bond lengths of AI-N (1.90 A) and Sn-N (2.14 A) from the structures
reported in literature for wurtzite AIN [80] and y-Sn3Ny4 [49] il-
lustrates the single-phase solid solution nature of the investigated
coatings: the expected average bond length from those literature
data at x = 0.5 is 2.02 A, or an expansion of 6.3% compared to AIN
and thus quite similar to the linear trend reported in Fig. 4 with a
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Fig. 10. Optical data as a function of Sn content of the samples, calculated from
transmission spectra shown in Fig. 9 a) Optical band gap (Eo4) and absorption edge
position as defined by an absorbance of 10* cm~'. b) Index of refraction at 633 nm.
Solid (red) marker shows binary AIN coating, and open (blue) markers show ternary
samples. Lines are only intended as guides for the eye. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

value of about 7 at.% at x = 0.5, corresponding to a bond length of
2.03A.

Such as solid solution phase is expected to be metastable due to
the weak bonds between tin and nitrogen. The calculated enthalpy
of formation of y-Sn3Ny, the least unstable modification, amounts
to +1.56 eV/formula unit [50], which provides a measure for the
thermodynamic instability of Sn3Ng4. This is in line with the sputter
damages occurring upon bombardment with Ar" with energies
above 200 eV. This metastability will also limit the temperature
range, where the material could be used, and possibly also in which
environment the materials can be applied. Here the reported sta-
bility of y-Sn3zN4 (>300 °C) could be a rough guide for the order of
magnitude in question [49].

The sharp decrease in grain size observed upon alloying (Fig. 6)
is similar to, but more drastic than, observed in the Al-Ge-N case
[23]. A plausible explanation is that different sample bias values
were used for the binary and ternary samples: the AIN sample with
an average grain size of about 30 nm was deposited with a floating
bias, and the ternary samples with grain sizes around or below
10 nm were deposited with a —60 V RF bias. In materials with high
enthalpies of formation (AGg¢) such as transition metal nitrides (TiN,
CrN etc.), the used bias voltage of —60 V is too small to cause grain
size reduction due to bombardment (assuming ion acceleration in a
collision-less sheath). However, for materials with lower enthalpy
of formation a reduced sputter damage threshold is expected. This
is known for instance for sputter reduction of oxides, where the
materials with the lowest AGr show the highest propensity for

decomposition and sputter reduction.[83] Similarly, GaN shows
surface depletion of N upon exposure to plasma etching in Ar* [84].
These examples illustrate that oxides and nitrides of high atomic
number metals are prone to sputter damages and sputter reduc-
tion. Together with the thermodynamic instability of y-Sn3Nj it
seems evident that SnNy grown under a substrate bias of —60 V
develops N deficiency (observed by XPS) as well as sputter dam-
ages, leading to a reduced grain size. The distinct decrease in grain
size is not directly mirrored in the morphology as seen in the
fractured cross sections (Fig. 7), as the transition from a clearly
columnar to almost glassy morphology is more gradual.

4.2. Properties and possible applications

The hardness and Young's modulus of the prepared Al-Sn-N
coatings described here (17—24 GPa) compares well with that of Al-
Ge-N coatings deposited under comparable condition (18—24 GPa).
However, the trends with respect to alloying content (Sn or Ge,
respectively) are slightly different. For the Al-Ge-N coatings distinct
changes, connected to the formation of a secondary phase was
observed. As no such microstructural change occurs in the present
study, no such breaks are observed. Instead the observed trend can
be explained by considering three factors: solid solution hardening
(at low Sn content); softening due to increasing number of weak
Sn-N bonds (at high Sn content), and variations due to changes in
coating texture (dip at 4 at.% Sn), where the (001) texture with the
close-packing planes orthogonal to the indentation direction is
expected to give a hardening, since the dominating slip-systems in
waurtzite structures are in the (001) plane.

As in previous work with Al-Ge-N coatings [23], the absorption
edge (and thus the measured optical band gap, Eg4) shifts with
alloying content. In comparison to these results, the range available
through tuning is increased with absorption edges up to 510 nm
(gap down to 2.4 eV), compared to the ternary Al-Ge-N where a
max of 350 nm (minimum of 3.5 eV) was reported. In a similar
manner also the range of refractive index is expanded, with a
maximum of 2.6 (2.2 for the Al-Ge-N samples). These absorption
edges mean that the material can, if placed on a reflective substrate,
produce absorption based colours, and thus possibly also be used in
decorative coatings. The colour space available for such applica-
tions will depend on the band edge (i.e. on coating composition)
and thickness; and remains to be mapped out. If the material
indeed is single phase, the observed shift of the absorption edge
must have its origin in the materials electronic structure and a
corresponding change in the band gap edges. Whether this change
is caused by the alloying on the metal site, or the possible sub-
stoichiometry with respect to nitrogen, cannot be determined
from the present data. Theoretical materials simulations could here
be of great value, and will thus be prioritised future work.

5. Concluding remarks

The present study has presented the first study of ternary ma-
terials in the Al-Sn-N system. Samples have been synthesised in the
pseudo binary system AIN-SnN, with up to 24 at.% Sn. Only one
phase was observed, an AIN-based solid solution: (Al;_xSny)Ny.
Coatings appear to be single phase, with x varying between 0 and
0.5, and y close to unity. The attained material is metastable with
respect to decomposition into AIN, Sn and N3, as shown by sputter
damage during Art ion etching. However the material is hard at
room temperature, with nanoindentation values of 17—24 GPa, and
shows varying colour due to a shifting absorption edge which
moves from 211 to 510 nm, corresponding to an optical band gap of
5.9 and 2.4, respectively. Combined with previous studies of AIN-
based materials the present study expands the range of
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properties (mainly optical) which can be reached by controlled
alloying. Possible applications for these materials include optical
filters with a tuneable absorption edge, but also decorative coat-
ings, both with the added multifunctionality of also being a hard,
and thus presumably a scratch-resistant material. Before the
possible application of these materials the stability in different
environments must however be determined. Thus possible di-
rections for further studies include stability and application in-
vestigations; as well as comparative studies between different Al-
A-N systems (A = Si, Ge, Sn); but also a more detailed analysis of the
sputter damages for these materials and how to avoid them, as well
as ab-initio materials simulations in order to understand how
alloying effects the electronic structure of the material, and thereby
understand the observed changes in optical properties as a function
of alloying content.
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