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Black aluminium thin films were prepared by direct current (DC) pulsed magnetron sputtering. The N,
concentration in the Ar—N, mixture that was used as the deposition atmosphere was varied from 0 to
10%, and its impact on the film growth and optical properties was studied. A strong change in the film
growth process was observed as a function of the N, concentration. At a specific N, concentration of
~6%, the Al film growth process favoured the formation of a moth-eye-like antireflective surface. This

surface morphology, which was similar to the structure of a cauliflower, is known to trap incident light,
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Accepted 4th May 2020 resulting in films with a very low reflectivity. iffuse reflectivity lower than 4% was reached in the
ultraviolet-visible-near infrared (UV-VIS-NIR) spectral range that corresponds to a value observed for an

DOI: 10.1039/d0ra00866d ultrahigh absorber. We found that for the preparation of black aluminium, the nitrogen content plays an

rsc.li/rsc-advances important role in film formation and the resulting film morphology.
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1. Introduction

Metals with highly porous structures usually possess reduced
reflectivity. These metals are often referred to as metal black or
black metals (BMs)." BM surface properties are rather specific
and result from the combined effects of nanostructural,
microstructural, and macrostructural features. BM coatings
were first fabricated by the evaporation of bismuth at elevated
pressures.” To date, BMs have found applications in electronic
devices for optical sensing and imaging, electrochemical
sensing and solar cells;*® countermeasures; camouflage;
engraving; and marking, for example.'*'* The utilization of BMs
in sensing benefits from the fact that the surface area of BMs is
much higher than the geometrical surface area, e.g., it is 60 m>
¢ ' and 30 m® g~ for black palladium and platinum, respec-
tively.® BMs (i.e., platinum and gold) have been used to fabricate
electrodes for electrochemical sensors.”®**

Recently, a black aluminium (B-Al) coating was utilized to
improve the energy conversion from a light source to an elec-
trical current with the pyroelectric effect.”® Gold is one of the
most common BMs, but it suffers from several unattractive
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properties, such as extremely low adhesion, low thermal
stability, and low wear resistance. On the other hand, B-Al
possesses several advantages, such as good wear resistance
and good adhesion. B-Al can maintain its optical properties
(e.g., a low reflection) at elevated temperatures exceeding
300 °C.*** Moreover, B-Al is very suitable for industrial utili-
zation due to its low cost.

Several techniques capable of preparing BMs have been re-
ported: (1) deposition by thermal evaporation (TE),>>'**° (2)
deposition by magnetron sputtering (MS),>*** (3) electrodepo-
sition,”®** (4) thin metal film deposition on dielectric substrates
with imprinted antireflective black silicon (BSi) moth-eye-like
nanostructures,®* and (5) laser surface modification.'®**>*?>*

Techniques (1) through (4) are suitable for the fabrication of
BM thin films on large-area substrates, while technique (5) can
only be used for the modification of either bulk materials or
thin film surfaces over limited areas. Technique (3) usually
leads to a less porous film than techniques (1) and (2)* and
requires highly toxic chemical precursors. Technique (4) is not
universal because it requires that the deposition occurs on
preprocessed silicon substrates. The surface of BMs prepared by
techniques (1)-(4) can be easily modified by a localized nano-
second laser treatment that produces a glossy metal surface*”**
and enables the additional tuning of its functional properties.
Technique (5) employs mostly femtosecond lasers and is time
consuming, which is its major drawback.

TE and MS allow efficient tuning of the nano-, micro- and
macrostructure via the variation of deposition conditions that
directly affect the growth process, i.e. the composition and pres-
sure of the working gas, temperature, and substrate orientation
and angle. B-Al films were obtained by TE in hydrogen,”*
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helium™ and clean air*® atmospheres at pressures of 133-266 Pa
(H, and He) and 0.13-1.33 Pa (air).

Despite these facts and the obvious potential of MS toward
BM preparation, it has been rarely reported. MS at oblique
angles with a rotating substrate was used for black gold film
fabrication.*"**

This paper reports on the preparation of B-Al film by direct
current (DC) pulsed MS at room temperature. The influence of
the nitrogen (N,) concentration in the argon-nitrogen mixture
used during the deposition process on its growth and properties
is discussed.

2. Experimental techniques
2.1 Film growth

The aluminium films were deposited by DC pulsed MS on glass
substrates that were fixed on an unheated substrate holder placed
at a distance of 100 mm from the target. The vacuum chamber was
pumped down to a base pressure of 2 x 10~ Pa. A round-shaped
magnetron aluminium target (Al purity of 99.99%) with a diameter
of 100 mm was used for sputtering. A DC power supply (Hiittinger
3000) combined with a pulse generator (MELEC) was operated at
a power (Pq) of 400 W, repetition frequency (f) of 10 kHz and duty
cycle of 0.5. The magnetron discharge was maintained in an Ar/N,
reactive atmosphere at a constant total pressure of 0.5 Pa that was
regulated using a throttle valve at the high-vacuum pump gate. The
Ar flow (Qa,) was fixed at 16 sccm, and the N, gas flow was varied
from 0 to 1.2 sccm, where its partial pressure was varied from 0 Pa
to 2 x 10”2 Pa, which corresponds to the N, percents varying from
0 to 11%. A series of samples were deposited that consisted of four
groups. Reflective aluminium films (N, = 0) were prepared and are
referred to as R-Al. Then, B-Al films with different nitrogen
percents from 2 to 4% were prepared and are referred to as B-Al
3%. The samples that have a nitrogen percent that ranges from
5 to 7% were prepared and are referred to as B-Al 6%. Those that
have a nitrogen percent that ranges from 9 to 11% are referred to
as B-Al 10%. The DC magnetron voltage varied from 283 V to 465 V
for the R-Al and B-Al samples, respectively. The average film
thickness was approximately 500 nm at a deposition rate of 80
nm min . The amount of the gas molecules (O, and N,) and
atoms (O and N) contained in the residual atmosphere of the
deposition chamber were studied by mass spectrometry at condi-
tions that are described in our previous work.>

2.2 Structural characterization

The crystallographic phases present in the samples were
determined by the powder X-ray diffraction (XRD) method in
the symmetrical Bragg-Brentano geometry on a D8 Discover
(Bruker AXS, Germany) using Cu Ka radiation and a divergent
beam. Quantitative Rietveld refinement was performed in
TOPAS V5 to determine the wt% of all the identified phases
following the published theory.***

2.3 Film surface pictures and chemical analysis

Atomic force microscopy (AFM) measurements were carried out
at room temperature on an ambient atomic force microscope
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(Bruker, Dimension Icon) in peak force tapping mode with
ScanAsyst air tips (Bruker; k = 0.4 N m™'; nominal tip radius of
2 nm) or classical tapping mode using Tap 150 Al-G tips
(BudgetSensors; k = 5 N m™'; nominal tip radius < 10 nm) for
samples with a high roughness. The measured topographies
had a resolution of 512 x 512 pixels.”> Scanning electron
microscopy (SEM) was conducted on a TESCAN FERA 3 GM
operated at 15 kV to study the morphology of the samples. The
scanning electron microscope was equipped with an EDAX
Octane 60 mm? energy dispersive spectroscopy (EDS) analyser
that operated at 5 kV and was used to determine the chemical
composition of the samples. The presented results are the
average of 4 measurements performed on each sample. Core
level X-ray photoelectron spectroscopy (XPS) was measured by
a NanoESCA photoemission electron microscope (Omicron)
using monochromatic Al Ko radiation.

2.4 Optical characterization

Diffuse reflectance measurements were performed using
a spectrophotometer (Specord 250, Analytik Jena) equipped
with an integrating sphere. As the reference sample, we used the
reflectance standard made of Spectralon (LabSphere).

3. Results and discussion

3.1 Film crystallization

The XRD #-20 scans over the 26 range from 30-90° from the R-Al
and B-Al layers are shown in Fig. 1(a), and the 26 range from
only 35-50° is presented in Fig. 1(b). In the case of the R-Al layer
(blue curve in Fig. 1), the observed peaks correspond to the
diffraction pattern of the Al structure, represented by the black
vertical lines in the figure, which is a member of the Fm3m
group and has a lattice parameter a (A) = 4.0490(7).** Poly-
crystalline films are observed with four peaks in the analysis
range at 26 = 38.47(2)°, 44.72(1)°, 65.09(7)° and 78.22(9)°, which
correspond to the (111), (200), (220) and (311) planes, respec-
tively, that are parallel to the substrate. An analysis of the peak
intensities reveals that the film also has a preferred (111)
orientation. This texture is observed for each crystallized film,
and the reason is discussed in part 3.4 of the manuscript.

The B-Al film deposited with a N, percent of 3% during the
sputtering step (green curve in Fig. 1) presents a change in the
shape of the peaks. Contrary to peaks from the R-Al film, two
peaks can be distinguished and are shown in Fig. 1(b). The first
peak (full vertical line) corresponds to the aluminum peak that
is observed in the R-Al film. The second peak (dashed vertical
line) also corresponds to an Al peak, but there is a difference in
the lattice parameter a (A) = 4.0759(6), which is expanded due
to the tensile stress in this second Al phase. Many papers report
a change in the intrinsic stress in polycrystalline metal films
due to the presence of impurities.>**” Cougnon and co-authors
reported a linear increase in the intrinsic tensile stress in Al, Cr
and Cu films as a function of the impurity/metal flux ratio
varying from 0.1 to 1 during the deposition step on a Si
substrate.’” This tensile stress disappears in the B-Al film
deposited with a high N, percent of 6%. Only peaks

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) XRD diffraction patterns from the R-Al and B-Al layers

deposited on glass substrates as a function of N, percent used during
the deposition step and (b) the XRD pattern in the 26 range from 35—
50°. The full lines present the Al peaks from a structure with in the
Fm3m space group with a lattice parameter a (A) = 4.0490(7). The
dashed lines are Al peaks from the stressed structure with a larger

lattice parameter of a (A) = 4.0759(6).

corresponding to an Al phase with no tensile strain are visible.
The difference between the R-Al film and the B-Al 6% film is that
the peak shapes are broader, indicating smaller grain sizes in
the B-Al 6% film than in the R-Al film and a stronger misori-
entation between grains with the same orientation. The B-Al
film deposited with a N, percent of 10% exhibits no crystal-
line structure according to our measurements. The only broad
peak observed between 26 = 35° and 20 = 37.5° corresponds to
the diffuse scattering of the short-range internal order of the
glass substrate.®®

3.2 Surface morphology and chemical analysis

The morphology of the R-Al and B-Al film surfaces is presented
in Fig. 2. A strong variation in the morphology is observed as
a function of the N, percent used during the deposition process.
The R-Al film presents a rough surface with a rms = 40.2 nm
and large crystals on the surface with an average size of 200 nm.
An increase in the N, percent to 3% modifies the film
morphology of the B-Al film and results in a decreased rough-
ness with an rms = 29.6 nm. The number of grains visible on
the film surface suggests that a low coalescence occurs among
them. Then, the B-Al film deposited with a N, percent of 6%

This journal is © The Royal Society of Chemistry 2020
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Fig.2 AFM and SEM images of the surface of the films as a function of
the N, percent from 0% to 10% during the deposition step. Optical
images of each sample are inserted in the SEM images.

shows a different morphology with a rough surface and a rms =
93.1 nm. The surface structure morphology of the B-Al film
deposited with a N, percent of 6% exhibits a cauliflower
nanostructure with spherical grains that are very similar to the
structure of the B-Al coating reported in our previous work." In
the case of the B-Al films deposited with a N, percent of 10%,
the film surface changes again in comparison to the previous
sample. A smooth surface with a rms = 0.8 nm is obtained from
the AFM image. No grains can be distinguished in the images,
which is typical for amorphous layers.

The elemental composition of the Al films estimated by the
EDS measurements is presented in Table 1. An average carbon
contamination of ~4% is observed on the film surfaces. We

Table 1 Compositions of the films obtained by EDS

Content (at%) Al film B-Al 3% film B-Al 6% film B-Al 10% film

Al 92.0 £2.5 79.0 2.5 69.0 £+ 2.0 58.0 £ 2.0
o 2.0+1.5 6.0=E2.0 13.0 = 2.0 1.5+ 1.0
N 1.5+ 1.0 8.0+£2.0 14.0 &= 2.0 38.0 £ 2.0
C 40+20 5.0%2.0 4.0 £ 2.0 2.5+ 1.5
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hypothesize that this contamination comes from reactions on
the film surface that is freshly exposed to air after the deposition
step.* This is supported by XPS depth profile analyses pre-
sented in the ESL.{

Then, an increase in the O and N concentrations is observed
from the Al film to the B-Al film deposited with a N, percent of
6%. This increase reflects the competition between the oxygen
and nitrogen reactions that occur during the deposition step.
The XPS spectrum of the B-Al film deposited with a N, percent
of 6% depicted in Fig. 3 reveals the presence of metallic
aluminium, AIN and Al,Oj3; thus, the XPS results revealed the
same content of nitrogen in the film as the EDX. The Al,0O;
Gibbs free energy of formation of —1582.2 k] mol ' is ~5.5
times faster than the AIN Gibbs free energy of formation of
—287 kJ mol~".** Moreover, the relatively high base pressure of 2
x 107° Pa increases the oxygen contamination risk in compar-
ison with a deposition chamber with a base pressure of 1 x 10*
Paor 1 x 10> Pa.*® Finally, for the B-Al film deposited with a N,
percent of 10%, the N, gas introduced in the chamber becomes
sufficiently high to statistically limit the oxygen reaction, and
the final N concentration measured in the film is the majority,
as reported in Table 1.

3.3 Diffuse reflectivity

A comparison of the diffuse reflectivity of the layers is presented
in Fig. 4. The R-Al film presents an average reflectance (R) of
77.5% for wavelengths ranging from 350 nm to 1100 nm. The
minimum R ~ 70.5% corresponds to the absorbance peak
observed at A ~ 828 nm.*** The absorption is related to the
interband transitions at the W point of the Brillouin zone in the
Al band structure. The reflectivity coming from the B-Al 3% film
is strongly decreased in comparison to the previous sample,
with a plateau at R ~ 12% from A ~ 350 nm to 400 nm. Then,
with increasing wavelength, the measured reflectivity increases
nearly linearly until R ~ 45% at 1100 nm. A similar trend was
reported for B-Al deposited by TE."* The optical property

Photoemission intensity (arb. u.)

Binding energy (eV)

Fig. 3 XPS spectrum of Al 2p core level of B-Al 6% film. The experi-
mental XPS data were fitted with a Shirley background and three
unresolved into Al 2p Voigt doublets. The first one is from metallic
aluminium, the second one is from AIN and the third one is from Al,Os.
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Fig. 4 Diffuse reflectivity from R-Aland B-Al films as a function of the
N, percent used during the deposition step.

variation is associated with a change in the growth, which leads
to a decrease in the surface roughness, as observed in the AFM
and SEM images, which is certainly induced by the duality
between both the Al phases measured by XRD and presented in
Fig. 1. The reflectivity measured from the B-Al 6% film displays
a very low reflectivity with an average R ~ 3.7% in the visible-
near infrared area. This result is comparable with the
measured reflectance varying from 10 to 3% obtained by a laser
surface texturing treatment or by reactive ion etching on metal
films.**?%445 A reflectance in the visible spectrum as low as 6%
was reported for Al films deposited on BSi substrates previously
structured by reactive ion etching.® The high absorbance of the
light was correlated to the columnar/cauliflower structure
observed in the B-Al films. The nanostructure revealed by the
AFM and SEM images presents patterns with dimensions
smaller than the wavelength of the light used during the diffuse
reflectivity measurements. The surface morphology traps the
light and decreases the reflectance by a gradual variation in the
refractive index from the air to Al, which is called the moth-eye
effect. These types of surfaces present moth-eye antireflection
surfaces.”**® The diffuse reflectivity measured for the B-Al film
deposited with 10% nitrogen increases in comparison to the
previous B-Al film deposited with 6% nitrogen. The reflectivity
varies from a R ~ 18% at 350 nm to R ~ 32% at A ~ 1100 nm.
This dependence corresponds to the growth change resulting in
the B-Al amorphous layer and the smooth surface on the B-Al
10% film.

3.4 Film growth

The presence of N, in the plasma during the deposition step
changes the growth of the Al film and modifies the optical
properties. Each film was deposited at room temperature, which
corresponds to a low deposition temperature in this situation,
and the nucleation rate on the substrate is important. The film
growth is described in Fig. 5 and divided into 3 steps. Fig. 5(a)
shows the growth of the Al film, Fig. 5(b) shows the growth of
the B-Al 3% film and Fig. 5(c) shows the growth of the B-Al
deposited with 6% nitrogen. The polycrystalline Al layer grows
according to the Volmer-Weber mechanism.*®*** The same

This journal is © The Royal Society of Chemistry 2020
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Fig.5 Schematics of film growth as a function of the N, percent used
in the deposition step: (a) the Al film growth representation, (b) B-Al 3%
film growth representation, and (c) B-Al 6% film growth representation.
Numbers on the right side of figures indicate the film growth step
detailed in the text (part 3.4) where (1) is the nucleation step, (2) is the
coalescence step, and (3) is the end of the film growth. The black
dashed lines show standard grain boundaries, the red dashed lines are
grain boundaries with a slight concentration of impurities, and the full
red lines are grain boundaries with a high concentration of impurities.

nucleation step occurs on the surface of the substrate, as shown
in Fig. 5, point (1).

In the Al film shown in Fig. 5(a), island growth is followed by
nuclei formation until grain coalescence occurs (point (2)). Due
to the low deposition energy, the coarsening among grains is
limited, and the mobility of the grain boundaries is slow.
Therefore, a growth competition occurs mainly between nuclei
with different structural orientations. A faster growth is
observed for nuclei with a crystal orientation that minimizes the
surface and interface energies between the crystal domain and

This journal is © The Royal Society of Chemistry 2020
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the substrate/air surfaces. In the case of aluminium and mate-
rials crystallizing in the face-centred cubic (fcc) structure, the
(111) preferred orientation is usually favoured during film
growth, which is in good agreement with the XRD patterns
shown in Fig. 1.*” At the end of the deposition step, the coa-
lescence is finished, and the mechanism of columnar grain
growth gives the characteristic shape as shown in Fig. 5(a)
(point (3)).

When a small percentage of N, gas is introduced into the
working atmosphere during the deposition step, a change is
observed in the growth of the B-Al 3% film, as presented in
Fig. 5(b). After the first nucleation step at point (1), the growth
competition between the nuclei with different structural
orientations remains active. During the coalescence at point (2),
as shown in Fig. 5(b), no coarsening processes occur among the
grains, contrary to the behaviour of the Al film (Fig. 5(a)), due to
impurities (oxygen and nitrogen) fixed in the grain boundaries.
The increasing number of grain boundaries limits grain growth
and grain size. Therefore, new nuclei tend to form on the grain
surface, as described in Fig. 5(b) and at point (2). Finally, the
nucleation and coalescence steps are reproduced infinitely until
the end of the deposition step (Fig. 5(b) point (3)).

The reduction in the grain size decreases the film roughness,
as measured by AFM in part 3.2, where a rms value of 40.2 nm
was obtained for the Al film and 29.3 nm for the B-Al 3% film.
This result is in good agreement with our previous work, where
a smoother surface was observed on Al films deposited with an
equivalent concentration of oxygen impurities that the global
concentration of impurities in the B-Al 3% film.***>°

An intrinsic tensile stress in a part of the B-Al 3% layer occurs
after film coalescence and is caused by the “zipping process”
during grain boundary formation.***” The boundaries with
a sufficiently high concentration of impurities to induce stress
are shown as red dashed lines in Fig. 5(b). This effect has been
studied and reported on several single elements, such as Al, Cu,
and Cr, where a tensile stress was measured by XRD.* In the
paper by F. G. Cougnon et al., two regimes were reported. The
first regime consists of a linear increase in the intrinsic stress as
a function of the concentration of impurities in the grain
boundaries. Then, in the second regime, when the concentra-
tion exceeds some value, the domain size is directly affected and
reduces as a function of the concentration. The B-Al 6%
nitrogen was deposited in this second regime.

Fig. 5(c) describes the growth model of the B-Al 6% layer.
After the nucleation step, the domain growth is quickly affected
by the elevated concentration of impurities, which induces
a strong pinning effect on the grain boundaries, as shown
Fig. 5(c) between points (1) and (2).** Therefore, adatom diffu-
sion is strongly reduced in the boundaries. Due to the quick
deposition rate (80 nm min~') and the very low adatom diffu-
sion energy on the surface of the B-Al 6% film surface, the atoms
tend to fix on the minimum surface energy. This occurs with
strong columnar growth after point (2), as presented in Fig. 5(c).
In this situation, the film coalescence is weak, and pores are
observed in the films. This phenomenon has been confirmed by
the analysis of equivalent B-Al films by positron annihilation
spectroscopy.® The positron analysis reported the presence of

RSC Adv, 2020, 10, 20765-20771 | 20769
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open volume defects in B-Al films and an increase in the mean
pore size from the bottom to the top of the film. Moreover, the
presence of nanometre-scale pores in the bulk part of the black
Al film was observed with a size varying from 4.4 A to 5.8 A. After
deposition, the resulting nano- and microstructure is similar to
the moth-eye antireflective structure (Fig. 5(c), point (3)), which
favours light trapping and absorbance in the bulk.

Finally, when the N, percentage becomes too high, as
observed in the B-Al 10% film, the deposited film is not crys-
tallized, as indicated by the XRD measurements shown in Fig. 1.
This is due to the competition between Al and AIN nuclei that
hinders the nucleation of grains on the substrate.

4. Conclusions

An easy way to deposit B-Al films was reported in this paper. The
effect of the introduction of N, in the Ar-N, gas mixture used
during the MS deposition step on the growth of Al films and on
their optical properties was studied. A variation in the N, from
0 to 10% was studied. A significant change in the Al film growth
was observed due to the presence of N, gas. The Al film
deposited at a N, concentration of 6% presented columnar
growth, which favoured the formation of a moth-eye antire-
flective surface. An ultrahigh absorbance in a large wavelength
range from 350 nm to 1100 nm was measured for the film
presenting the moth-eye surface. These properties can favour
applications in energy harvesting and sensors.
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