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ABSTRACT

Amorphous carbon-based coatings deposited on copper substrates by magnetron sputtering at different tar-
get-to-substrate distances were investigated. Films deposited at short distances as 2cm presented the best results
in terms of morphology, density, and resistivity. Ultraviolet near-infrared range spectrometry measurements de-
termined total reflectance and ellipsometry, extinction coefficient, refraction index, and pseudo bandgap. Amor-
phous carbon films of 150 nm deposited at 2cm reduced the total reflectance by up to 60 * 5% in the near-in-
fra-red range when compared to pure copper films. The addition of Fe*boosts the absorption of the coating re-
ducing the total reflectance by up to 70 + 5% in near-infrared. (Fe*: deposited from stainless-steel target used in
direct-current magnetron sputtering). Also, it reduces the electrical resistivity by a factor of 100 compared to that
of pure amorphous carbon films. The reduction in total reflectance induced by the presence of the amorphous
carbon-based films on copper depends, as expected, on light penetration depth and the absorption coefficient.

1. Introduction

The know-how to reduce or eliminate reflection over a broadband
spectrum is of great importance for several applications. Examples in-
clude artificial blackbodies, photodetectors, stray light shields, infrared
imaging, stealth technology, and solar energy absorption [1,2]. In re-
cent years several promising approaches have emerged. Laser irradia-
tion has been used to darken metals as a strategy to drastically reduce
reflection [3-6]. Anti-reflective coatings on copper using an ultra-rapid
pulsed laser produces periodic microstructure arrays on the surface for
light trapping [2]. These processes dramatically reduced the specular
reflection by blackening the copper surface, resulting in reflectivity of
about 6% in the visible spectrum, comparing to almost 100% for pure
copper [2,7].

Despite the tremendous progress of anti-reflective coatings of
well-aligned one-dimensional nanostructures, such as carbon nanotubes,
or 2D velvet-like carbon [8], a much simpler solution using amorphous

carbon films (a-C) has also been shown to reduce reflection from the
near UV to IR broadband spectrum [9-11]. Such a solution has the ad-
vantage that it is straightforward to implement in industrial thin film
deposition [12-14].

The electrical and optical properties of a-C films are connected. The
study of Chhowalla et al. [15] showed that the optical and electrical
properties depend on the fraction of sp? carbon in the material. Indeed,
the conduction band joins the valence band locally due to the sp? or-
bitals - the so-called pseudo-band gap. The size of the pseudo-band gap
is indicative of the electrical properties of the amorphous C, depending
on the mixture sp?sp® in the films [9,15,16]. The optical properties of
the amorphous carbon (a-C) are directly related to n— n* and c— oc*
electronic transitions, which determine the characteristic colour of the
film, ranging from transparent if very few electronic transitions occur
in the material to dark where many electronic transitions are simulta-
neously possible in the film. Generally, high resistivity carbon materials
(sp® dominant) are more transparent than the conductive ones, such as
sputtered a-C (sp?> dominant) or graphite-like carbon [17,18].



Even though a-C films composed principally of sp2 states generally
exhibit lower resistivity, electrical conductivity may vary by up to 12
orders of magnitude depending on the ratio and distribution of the sp2
to sp3 bonds. Furthermore, the addition of metal into the amorphous
carbon matrix a-C:Me (0-100% at) enhances its conductivity [19,20]. A
metal atom, such as Fe, Ni, Cr can either bound to form a carbide or
it can disperse into the carbon matrix due to the relatively high mobil-
ity of the metallic adatoms [20,21]. In both cases, they create conduc-
tive paths, when the concentration of the metal is high enough to estab-
lish contact between the metallic particles, referred to as the percolation
threshold [21]. These metals are largely used to catalyse the sp? structure
of carbon leading, for instance to nanotubes or nanofibers [22]. Also,
the optical bandgap of amorphous metal-rich films decreases continu-
ously with increasing metal content with the precise evolution depend-
ing on the specific metal, resulting in better light absorption [20,23,24].
If the doping element is sufficiently energetic and mobile, it will find a
location that adds new energy states in the open gap (by filling dangling
bonds) reducing the resistivity of the film [25,26].

In the case of iron-doped amorphous carbon films (a-C:Fe) (2% at.),
the resistivity is one order of magnitude lower than that measured for
the same film of pure a-C [27]. Concerning the percolation threshold, it
was found for polymers doped with iron nanoparticles to be 12% at.
of Fe [28]. The choice of using Fe from a stainless-steel (SS) target,
noted Fe* hereafter, is motivated by its cost and the enhancement of
optical constants of the deposited carbon-based films. Craic et al. [29]
reported several improvements on a-C:H/stainless-steel/Cu multilayers,
the metal-rich component layer absorbs light and, the metal-free a-C:H
acts as a front surface anti-reflection layer [30].

Although carbon-based thin films have been extensively studied, the
use of these thin films as a strategy to dye or darken very reflective
surfaces, such as silver or copper, is still in its early stages. The objec-
tive of this work is to explore the optical and electrical properties of
thin a-C and a-C:Fe* films deposited by direct current magnetron sput-
tering (DCMS) onto Cu substrates. The advantage of the C/Cu layer
configuration is that interaction between these two elements only oc-
curs under very specific conditions of temperature and energy [31,32],
which opens up for new creative solutions in industrial applications.
In the present study, we investigated the film microstructure varying
the target-to-substrate distance (TSD); The capacity to absorb light in
the broadband ultra-violet-visible (UV-Vis) (400-1000 nm) spectrum as
a function of film microstructure and composition; Also, the electrical
resistivity of the deposited a-C and a-C:Fe* films.
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2. Materials and methods

The carbon thin films were grown onto a thin mirror-like copper
coating previously deposited onto Si (100) substrates of around 22.5
mm? to 62.5 mm? (resistivity pg; = 10-14 Q.cm) using DCMS. Before
film deposition, each Si substrate was ultrasonically cleaned in acetone
(30min) and isopropanol (30min) and then loaded into the grounded
deposition sample holder, playing the role of anode.

The copper films were deposited in a custom-built vacuum cham-
ber evacuated by a turbo-molecular pump to a base pressure below
3 x 10~*Pa. The deposition system was equipped with a copper target
(99.99% purity) 6 in. top-mounted water-cooled magnetron. A load-lock
chamber was employed for transferring the samples by using a mov-
able sample-holder facing the target. The target-to-substrate distance
was fixed at 13.5cm for all copper depositions. The copper films were
grown using Ar (99.997% purity) as working gas at a total pressure of
0.5Pa. The thickness of the films was on average 200 + 20nm. The DC
voltage applied to the magnetron was constant at 300 V. The resistivity
of the copper films was around 5 pQ.cm (Cu bulk 1.67 uQ.cm), which is
in agreement with a previous study [33].

In a second deposition step, carbon thin films were deposited onto
the copper films (Fig. 1a)), referred to as a-C/Cu. This step was car-
ried out in a smaller deposition system also evacuated by a turbo-mol-
ecular pump to a base pressure below 3 X 10~3Pa using as working
gas Ar (99.997% purity) at a total pressure of 0.75Pa. A carbon tar-
get (99.999% purity) 1 in. was clamped in a top-mounted water-cooled
magnetron, also operated in DC mode at fixed power for all car-
bon-based samples of this work 55 + 2W.

For a-C:Fe* films, we employed a mixed stainless-steel/carbon tar-
get. A stainless-steel ring, composition AISI 316 (1 in. diameter), was
positioned around the edge of the carbon target to produce a mixed
sputtering. The final film layer structure, referred to hereafter as
a-C:Fe*/Cu, is schematically represented in Fig. 1b). The notation Fe*
indicates that films may contain traces of Ni and Cr more than Fe due
to the AISI 316 composition. All films were deposited at room temper-
ature (i.e., no additional heating was provided to the substrate). The
thickness of the a-C films and a-C:Fe* was varied, although typically
maintained at about 150nm #+ 10nm. The deposition rates for each
target-to-substrate distance are summarized in Table 1. In both cases,
the deposition rate decreased significantly with increasing TSD (up to
94% and 95% for a-C and a-C:Fe* films, respectively) in the investi-
gated range. Furthermore, the deposition rates of both a-C and a-C:Fe*
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Fig. 1. Schematic representation of the thin film systems investigated in this work. a-b) Double coated samples for reflectance characterization a) The samples referred as a-C/Cu and b)
a-C:Fe*/Cu films were deposited onto Cu films previously deposited over Si substrates. c-d) A simpler set of carbon-based films were deposited onto Si substrates for microstructural and
electrical characterization, referred as c¢) a-C/Si and d) a-C:Fe*/Si. All films were grown by DCMS.



Table 1
Average deposition rates at different TSD for a-C and a-C:Fe* films grown using DCMS in
Ar at 0.75Pa and 55W average power.

Deposition rate [nm/min] Deposition rate [nm/min]

TSD [cm] a-C (carbon target) a-C:Fe* (mixed target)
2 14.0 25.0
3 8.5 12.7
3.1 4.7
10 0.8 1.2

decrease with 1/TSD?, as expected for an approximately conical emis-
sion of the material from the sputtering target. Note that the deposition
rate for a-C:Fe* films is higher (57% on average) compared to pure C
deposition, due to the higher deposition rate of iron* compared to car-
bon [34].

A simpler set (i.e., single layer) of carbon-based films was deposited
directly onto Si substrates for microstructural and electrical character-
ization shown in Fig. 1c-d). In this way, any possible interference of
copper could be avoided. All parameters described above for a-C and
a-C:Fe* deposition were maintained also for these depositions. These
latter systems are hereafter referred to as a-C/Si and a-C:Fe*/Si, re-
spectively. The a-C/Si and a-C:Fe*/Si films were characterized using
the following techniques: a Thermo Scientific Verios G4 HP scanning
electron microscopy (SEM) operating voltage:1kV and energy disper-
sive x-ray spectrometry (EDS) using a ZEISS Sigma HD EDS SAMx us-
ing 15kV. ImageJ software was used for surface analysis of SEM im-
ages. Raman spectroscopy using a Witech alpha300 R at 532nm wave-
length magnification 20 X resolution 4 cm™! 9mW, X-ray diffraction
(XRD) using a Bruker goniometer type D8 ADVANCE Plus, operating in
the Bragg-Brentano 6—260 geometry from 20° to 90°, at A= 0.15418 nm
wavelength. The resistivity was measured using the four-point probe
method with a Keithley precision current source and a Keithley nano-
voltmeter. Film composition and areal density were determined by
Rutherford backscattering spectrometry (RBS) using a 1.8 MeV “He™*
beam, and nuclear reaction analysis (NRA) using a 0.950 MeV deuteron
beam for C. Mass density was deduced from the areal density and the
physical thickness, determined by SEM analysis. Finally optical prop-
erties and the total reflection of a-C/Cu and a-C:Fe*/Cu samples (Fig.
la-b)) were measured using a PerkinElmer lambda35 UV-Vis spectrom-
eter from 400 to 1000 nm (bandwidth of 2nm) with an 8° sample holder
from the monochromatic light beam and a Horiba Jobin Yvon ellipsome-
ter model MM-16, range 430-850 nm for optical constant calculations (n
and k.) using Tauc-Lorentz dispersion model, fitting the acquisition data
on Integrated DeltaPsi2 spectroscopic ellipsometry software package.

Intensity(a.u.)

500 1000 1500 2000
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3. Results and discussions

In general, both films, a-C and a-C:Fe* present a very similar evo-
lution as a function of TSD when referred to as superficial morphology
and carbon hybridization. The morphology is discussed for both films
deposited at 10 cm from the target since there are some changes in the
cluster size as will be presented in the following sections. To avoid rep-
etition, for the other TSD, the smooth surface shown in this section for
a-C films is representative of both types films.

In contrast, other properties such as the density and resistivity of a-C
and a-C:Fe* films are different and compared.

3.1. Microstructure and composition

All the carbon films deposited in this work were analysed by XRD.
The resulting spectra (not presented) show no evidence of crystalline
structure. That is, all films are X-ray amorphous with no apparent grain
boundaries [25,35]. On the other hand, Raman spectroscopy presents
two dispersion bands: the D and G bands typical for sputtered amor-
phous carbon [25], shown in Fig. 2a-b). The G band indicates the vi-
brational mode of any sp? pair either in aliphatic chains or aromatic
rings, and the D band specifies only vibrational modes of sp? in aro-
matic rings (so-called ‘breathing modes’). The intensity ratio (I/I;) in-
dicates structural changes in the film, mainly in terms of the film's car-
bon bonding. The main variation is demonstrated by the arrows in Fig.
2a). Ip/1; gradually decreases as TSD increases from 2cm to 10cm, in-
dicating that the films deposited at 10cm have a slightly higher con-
tent of aliphatic bonds than the films deposited at 2 cm for both a-C and
a-C:Fe*. This can be associated with the lower deposition rate and a re-
duction of the energy of particles participating in the film growth when
TSD increases [36]. Comparing films, the main differences are G band
position at TSD= 2cm films shifts from 1547 cm ~! to 1566 cm ~! the
other TSD it sticks around 1547 cm ~! for both films. D band shifted
from 1355cm ~! to 1371 cm ! a-C to a-C:Fe* respectively [37].

Additionally, I)/1; is larger for a-C:Fe* (Fig. 2b)) than for a-C films.
According to Ferrari and Robertson [36] (Ip/1;) is directly proportional
to the square of the carbon cluster as in Eq. (1):

I
L=cL?
Ig @

where C is a constant dependant of the excitation energy used in the
Raman analysis and L, is the graphite cluster size (or in-plane corre-
lation length) [36,37]. The I,/I; ratio indicates an increase in the size
of sp?> domains in a-C films as TSD decreases. For a-C:Fe*, the G peak
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Fig. 2. Raman spectroscopy of 150 nm of a) a-C/Si and b) a-C:Fe*/Si as a function of TSD. I/]; indicates the intensity ration of band D and G.



shifts to higher wave numbers and a wider D peak is consistent with
the effect of iron catalysing sp? carbon sites [22], and the higher en-
ergy of impinging particles for the films deposited closer from the target
(smaller TSD) [37].

Topography SEM images of 150nm carbon thin films deposited on
silicon substrates (a-C/Si) at different TSD are presented in Fig. 3a-d).

Generally, the morphology is affected when decreasing TSD a-C films
present almost the same compact morphology, however, at TSD = 2cm,
multiple protruding round shapes can be noticed as shown in Fig. 3a).
At TSD = 3 and 5cm, a few of these features can still be noticed, but the
surface is generally smooth and continuous (Fig. 3b-c)). At TSD = 10cm
(Fig. 3d)), discernible regular grains are observed. ImageJ analysis gives
us an idea of the average size around of 17.5nm * 5nm. These granu-
lar structures are typically found in amorphous carbon films.

Previous studies have shown that Fe composite a-C films present
granular structures, varying according to the incorporated metal and its
quantity [14,20]. The perception of the grains as TSD increases. This
grainy surface, sometimes followed by voids between the grains was al-
ready observed by Geyer et al. [38] in thin amorphous films.

In Fig. 4 the film's areal density for the a-C/Si samples varies from
1.42 to 1.08 g/cm?, while for the a-C:Fe*/Si samples it varies from 2.2
to 2.8 g/cm? as TSD decreases. The lower density of the films in higher
TSD can be attributed to the low deposition energy of precursors, since
the substrate was at room temperature [14,25,35]. Indeed, at larger TSD
the sputtered species (C and Fe) are more effectively scattered when in-
teracting with the plasma gas (Ar) along their path from the target to the
substrate, leading to their thermalization. The mean free path (1) of the
sputtered species depends on the cross-section of elastic neutral-neutral
collisions (o) and the working gas density during deposition (n) [39]. It
can be estimated by the following expression:

1
n X o 2)

A=

The probability of having an elastic collision (P(z)) can thereby be
calculated for any TSD using Eq. (3) [40], where z denotes the TSD,

and X can be estimated using Eq. (3).

=z
P(z):l—e(/l) 3)

All the P(z) values are given in Table 2, calculated using a typical A
of the C deposition equipment of around 2.7 cm. For a TSD of 10 cm, it
is seen that almost all sputtered neutrals will undergo at least one colli-
sion with the Ar gas en route to the substrate. However, only about half
of the sputtered population will collide with the working gas if the sub-
strate is close to the target, TSD = 2cm (few eV) [41].

From Monte Carlo simulations of sputtered species in DCMS we
can get a better estimate of the expected particle velocities depend-
ing on TSD. For example, studies on Ti sputtering in Ar show that the
peak in the velocity distribution of sputtered Ti changes from about
2000-2600m/s at 1 cm to close to thermalized at 5cm (a few hundred
m/s) at a working gas pressure of 0.4Pa [41]. No significant velocity re-
duction is expected beyond that distance since the particles are already
essentially thermalized.

It is well-known that the energy of the film-forming flux is a key fac-
tor influencing the microstructure, and affecting adsorption and other
elementary processes during thin film growth [40,42,43]. At
TSD = 2cm, energetic particle bombardment increases the mobility of
the adatoms, resulting in a denser and more homogenous structure of the
coating [16]. On the other hand, at 10 cm the high P(2) results in ther-
malization and a reduced film density in Fig. 3d). It is also worth noting
that beyond TSD = 3 cm the density does not change significantly. It is
likely associated with the fact that the energy (velocity) of the arriving
sputtered species is not reduced much once the particles are closed to
being thermalized, which we estimate occurs around 5 cm, as previously
discussed. Let us notice, that the scattering on argon is not only slow-
ing down the sputtered species, but it also changes the flight direction
reducing the flux of precursors to the substrate, directly linked to the
deposition rate. The further the substrate from the target, the larger the
amount of sputtered species lost at the (lateral) walls.

NRA and RBS techniques measurements for carbon and iron quan-
tification respectively were carried out after previous EDS. Apart from
the Fe detected in the EDS analyses, only traces of Ni were found in the
films. The presence of Cr in trace amount cannot be ruled out. This can

Fig. 3. a-d) Topography SEM images of a-C/Si samples for different TSD.
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Table 2
Estimation of the probabilities for elastic collisions P(2) of sputtered particles for a mean
free path of 2.7 cm using 0.75Pa of Ar for the sputtered thin films.

TSD [cm] P(2) [%]
2 51
3 66
83
10 97

be attributed to the composition of the AISI 316 ring used during depo-
sition (see Section 2) and the sputtering yield of the material. The com-
position of the a-C:Fe*/Si films were around 50% at. mainly of Fe but
traces of Cr and Ni might be considered and 50% at. of carbon for all the
analysed samples, and this large compositional difference between the
a-C/Si and a-C:Fe*/Si films is also reflected in the film density given in
Fig. 4. The RBS spectra showed that the Fe* composition was practically
constant within the films [44], with just a small hint of about 10% Fe*
depletion in the outer few tens of nm. a-C:Fe*/Si and a-C/Si films pre-
sent a similar trend for density as a function of TSD. Film areal density
is greater for the smallest TSD, and hardly varying for TSD higher than
3cm, as previously discussed. Consequently, the insertion of 50% at. of
iron* is contributing substantially to this high-density value.
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3.2. Electrical properties

In the present study the a-C/Si films deposited at TSD = 2cm and
3cm have an average resistivity of 2.5 x 10° pQ cm, see Fig. 5a). This
value agrees rather well with sputtered films deposited under similar
conditions [45,46]. The resistivity increases dramatically for TSD > 3cm
reaching the limit of our instrument as indicated in Fig. 5a).

On the other hand, the resistivity of the a-C:Fe*/Si films is signifi-
cantly lower for all studied TSD. At TSD = 2cm, the resistivity of the
a-C:Fe*/Si sample is 1.3 X 10° uQ cm, i.e., a reduction by two orders
of magnitude compared to the corresponding value measured for a-C/Si
film. Thus, the addition of Fe* in the carbon matrix, with a bulk resis-
tivity of Pre = 10.1 pQ cm, clearly reduces the global resistivity of the
overall structure [27]. This can happen also due to the enhanced iron
particles diffusion in the film or due to threshold percolation as discussed
in the introduction, since no carbides were detected by XRD [47,48].
Solovyev et al. [37] reported very similar resistivities for 50% at Ni
amorphous carbon film using magnetron sputtering with negative pulse
substrate bias.

The film's resistivity increases sharply as the target-to-substrate dis-
tance increases from 2 to 10cm (Fig. 5a), logarithmic scale). A key fac-
tor for the observed resistivity trend as a function of TSD is the film
structural changes. Clusters’ size plays an important role in the electrical
properties of the film. Higher cluster size improves the electron trans-
port in the material and hence reduces the resistivity. The trend in re-
sistivity is thus expected since Raman spectroscopy I,,/I; implicates in
bigger cluster formation resulting in a smoother surface decreasing TSD.
Furthermore, the sample deposited at 2 cm is slightly denser/compacted
than the one deposited at 10 cm.

In addition, for a-C:Fe*/Si samples, Fig. 5b) shows the topography
of an a-C:Fe*/Si sample deposited at 10 cm, comparable to our previous
discussion concerning to the a-C/Si samples shown in Fig. 3. A granu-
lar surface is again observed and the width of these features is slightly
larger (40nm * 14nm) compared to the corresponding a-C thin film
(17.5nm * 5nm). Several studies have reported that metal doping gen-
erally results in a change in grain size [21,49,50], as well as film density
[51], where the latter depends on how the incorporated metal diffuses.

For completeness, the comparably low film resistivity observed for
the a-C:Fe*/Si samples can be further optimized by tailoring the film
thickness. Fig. 6 demonstrates the dependence of the electrical re-
sistivity at room temperature on a-C:Fe* film thickness deposited at
TSD = 2cm. Basically, the exponential decay of the resistivity, as the
film thickness increases. At around a film thickness of 100 nm the resis-
tivity approaches to 1280 nQ cm, some authors reported neighbouring

b)

Fig. 5. a) Resistivity measurements of a-C and a-C:Fe* thin films deposited on Si by DCMS at different target-to-substrate distances. Resistivity value for pyrolytic graphite (from [46] is
also displayed using logarithmic scale. The dashed lines are only to guide the eye. b) SEM micrograph of the film topography for an a-C:Fe sample deposited at 10 cm.
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values for amorphous graphite and others a-C:Me films [19,29,32,37].
The observed trends are in agreement with previously reported theories
and experiments concerning cluster size and nucleation related scaling
of the resistivity in thin films [52,53].

3.3. Optical properties

Let us now discuss the optical properties of the a-C and a-C:Fe*
films deposited onto Cu/Si substrates. Guided by the promising results
in terms of morphology, density and resistivity previously presented, we
here focus on samples deposited at TSD = 2. A first visual comparison
of the pure Cu/Si, a-C/Cu, and a-C:Fe*/Cu sample surfaces can be seen
in Fig. 7a-c) along with a schematic representation of the film stack (be-
low each picture). The addition of carbon-based thin films darkens the
colour of the entire surface, as expected. The visual aspect does not sig-
nificantly change between a-C/Cu and a-C:Fe*/Cu.

The total reflectance (TR) in the UV-Vis spectrum of double-coated
Si samples of 150nm a-C/Cu and 150nm a-C:Fe*/Cu films was mea-
sured. Two analyses were carried out in parallel: the first using a
UV-Vis spectrophotometer in the range of 400 to 1000 nm, and the sec-
ond using an optical ellipsometer in the range of 430nm to 850nm.
Here, results from the spectrophotometer are shown due to its wider
spectral range. All results were compared to the same pure Cu/Si refer-
ence film.

Fig. 8 summarizes the specular and diffusive reflection (TR) of
a-C:Fe*/Cu and a-C/Cu films. One can see that the overall behaviour in

a) Cu film

@ Copper @ Iron” @ Carbon

b) a-C:Fe*

reflectance is rather similar for both material systems in the entire
broadband spectrum. The Cu/Si reference film exhibits a total reflec-
tion of 55% in the blue-green range, from 400 to 550 nm, then it grad-
ually increases to almost 100% in the near-infrared spectrum (around
900nm). In contrast, the TR of the samples with a-C:Fe* thin films on
top of Cu has diminished by almost 70 = 5% between 400 and 800 nm.
Also, the a-C/Cu sample exhibits about 60 + 5% reduction TR com-
pared to the pure Cu sample at in the same wavelength. A small TR in-
crease of 10% is observed at higher wavelengths (> 800nm) for both
films. In general, similar values were found for both films deposited at
TSD = 3 cm (not shown).

The optical properties of the films are attributed to the carbon and
film composition [17,25]. The slight decrease in reflectance observed
and its lower resistivity confirms that a-C:Fe* is a better light absorber
due to the addition of iron*.

In addition, the total reflectance was measured for different film
thicknesses for a-C films deposited at TSD = 2cm. Fig. 9 shows the re-
flectance versus film thickness. Globally, the total reflectance of the a-C
films does not change much in the blue region (400-450nm) as a func-
tion of the thickness (38 = 5%). The most pronounced TR variation as
a function of the film thickness is found beyond 450 nm, in the visible
range. In this range a gradual decrease of TR with increasing thickness
is seen up to 150nm, for higher film thickness (> 200nm), TR is con-
stant (30 = 5%). Furthermore, at higher wavelengths, near IR around
930nm, TR is about 52% for a-C film up to 150 nm and about 37% for
thicker films (> 200 nm). The discussions on Fig. 9 continue in Section
3.3.1.

Further in the IR spectrum, around a wavelength of 1000 nm, TR de-
creases by ~ 50% for 100 nm a-C film. However, an increased film thick-
ness results in a marginal reduction of the reflectance. Clearly, beyond
a thickness of 100 nm, the improvement in the absorption of light is less
effective in the near-infrared spectral range.

3.3.1. Ellipsometry measurements

The extinction coefficient, k, and the refraction index, n, of the a-C
and a-C:Fe* films were calculated using Tauc-Lorentz dispersion law
[15,54,55]. a-C films do not present a clear bandgap but rather a pseudo
optical bandgap, where the state density is low but not zero, so a spe-
cific model is necessary. Tauc-Lorentz plots used for the calculations are
suitable for amorphous semiconductor films [56]. Ellipsometry data was
acquired for a-C and a-C:Fe* films deposited on Si at TSD = 2cm.

The values of n and k found for a-C thin films are in Fig. 10a).
They are characteristic of amorphous sputtered carbon [14,46,57]. Gen-
erally, a-C films exhibited k values below 1 [58], varying slightly with
wavelength indicating that the film is not completely opaque, with par-

c)a-C

@ silicon

Fig. 7. Top view of the macroscopic surface of double-coated samples. a) Pure Cu film, b) a-C:Fe*/Cu and c) a-C/Cu. The carbon-based film thickness was kept constant at 150 nm de-
posited at TSD = 2cm. A schematic representation of the sample cross-section to guide the reader is shown for each film.
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tial transparency as a function of wavelength. The limited reflection re-
duction as a function of a-C thin film thickness (Fig. 9) on a copper
substrate can thereby be explained by the partial transparency of the
film. However, comparing to hydrogenated amorphous carbon films or
films deposited by other methods (k < 0.01 at 600nm) [14]), sput-
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tered a-C films have one of the highest absorption coefficients of the
amorphous carbon film set [59]. For the a-C:Fe* samples, average k val-
ues are above 1.3 reaching a maximum at 1.55 at 850nm (Fig. 10b))
compared to 0.65 for the a-C sample (Fig. 10a)) in the same wavelength
range. It represents an increase of 57% for a-C:Fe*.

Arakawa et al. [11] calculated n and k for glassy carbon films evap-
orated by arc deposition using Kramers-Kroning analysis. Their results
correlate rather well with our results for a-C thin films. Additionally, in
Fig. 10 it is seen that n varies from 2 to 2.75 for a-C:Fe* and a-C. Con-
cerning iron, n and k for bulk or thin films are higher than for pure sput-
tered carbon [60,61], where n reaches values higher than 3 at 850 nm
[61]. This could explain the higher values of n and k for a-C:Fe* films
and the tendency observed in Fig. 10b) [61,62].

To clarify the influence of the chosen material systems on the to-
tal reflectance seen in Fig. 9, we will explore the absorption coefficient,
a, and the light penetration depth, D for both material systems investi-
gated. D is the depth that light can penetrate before being absorbed or
reflected [55]. Commonly « is estimated to evaluate the light absorption
in amorphous semiconductor materials, it is determined by the sum of
all electronic transitions [15].

Using Eq. (4), a of the material can be calculated [56]. The inverse
of « gives D, i.e., light penetrates more as a decreases. Both parameters
are presented in Fig. 11:

_dnk _ 1

i D @

The absorption coefficient decreases as a function of increasing
wavelength for both films, as displayed in Fig. 11a). Higher values are
observed for a-C:Fe* (up to 0.039 in the UV spectrum). For a-C films, «
decreases until 700 nm after which it stabilizes around 0.0097.

Concerning the light penetration depth, D, it is seen in Fig. 11b) that
the maximum value is approximately 44nm at 850nm for the a-C:Fe*
film, which is around 59% smaller compared to the a-C film (about
104nm). The minimum value found for a-C:Fe* is 25nm compared to
45nm for a-C films in the UV spectrum. In general, the penetration
depth was reduced by at least 40% for the a-C:Fe* film in the entire
analysed spectrum (400-850 nm). This great difference can be explained
by the differences in the pseudo-optical bandgap found. The addition of
iron* decreases the pseudo-optical bandgap by 57% compared to sam-
ples without iron*. The pseudo-band gap values are displayed in Fig.
11b) and fit reasonably well with values found in the literature [15,25].

Finally, let us relate the light penetration depth D to the observed
total reflectance of a-C versus film thickness seen in Fig. 9. In the short-
est wavelength measured, it was found that the light does not pene-
trate more than 45nm as shown in Fig. 11b). This agrees well with the

4.0 r x - T T 18
3.54 b) _— -1.6
3.0 // -1.4
" / e
1.0
c 204 -

EE— 0.8

1.5 *
na-C:Fe* 06
bt ——ka-CiFe*| fos4
0.54 0.2

; , y ; . 0.0
400 500 600 700 800 900
Wavelength (nm)

Fig. 10. Refractive index n (left y-axis) and extinction coefficient k (right y-axis) of a 150 nm: a) a-C/Si and b) a-C:Fe*/Si.
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Fig. 11. Estimation of the a) absorption coefficient a and b) penetration depth D of light for a-C and a-C:Fe* films deposited at TSD = 2cm for a film thickness of 150 nm.

observation that the reflectance does not change significantly in the
near UV region when the a-C film thickness is greater than the light
penetration depth. In the visible range (450-850nm), the light pene-
trates deeper, as a and D vary, which explains the higher reflectance de-
pendency on the film thickness in this range. From 700 to 850nm the
largest D-values are observed, which corroborates well with the largest
variation of total reflectance versus film thickness in Fig. 9. For thick-
nesses much larger than D, only negligible variations in the reflectance
are observed (around 4% in the visible spectrum between the 200 nm
and 400nm a-C films). This confirms the influence of D and « in the to-
tal reflectance of the film when deposited over reflective surfaces and
explains the variation in the reflectance observed in Fig. 9.

The function of reflectance at normal incidences will be used to clar-
ify the dependence of the reflectance and the parameter n and k shown
in Fig. 10a-b) [63]:

-1+
R=""2""
n+ 12+ (5)

Eq. (5) describes the reflectance at one interface for example air/C at
normal incidence. Applying this equation to the estimated a-C:Fe* con-
stants we obtain R = 30 = 5% (400-850nm). It corroborates with the
results of total reflectance in Fig. 8 for a-C:Fe* films over reflective sur-
faces taking into account the low probability for the light reaching the
innermost interface (a-C:Fe*/Si) [17,21].

For a-C films, R is around 25 + 10% in the same wavelength range.
Now k is smaller due to the higher film transparency resulting in a much
larger D. The innermost interfaces thus play an important role in the re-
flectance [55,63].

4. Conclusion

Amorphous carbon a-C and a-C:Fe* thin films grown by DCMS can
tune the light absorption when deposited on the copper films. a-C:Fe*
reduces the total reflectance by up to 70 = 10%. The incorporation of
about 50% at. iron* in the film composition also reduces the resistivity
by up to two orders of magnitude compared to a-C films deposited un-
der equivalent conditions. The microstructure of both material systems
is modified by varying the target-to-substrate distance, where denser
and smoother structures leading to lower film resistivity are obtained
close to the target. For a-C:Fe* the absorption coefficient increases if
compared to pure a-C films. Light penetration depth explains the to-
tal reflectance variation as a function of film thickness for the studied
films. These results show that a-C and a-C:Fe* films can be an alterna-
tive strategy for anti-reflective coatings on reflective surfaces, such as
copper or other reflective metals. Moreover, iron* addition to carbona-

ceous films shows the possibility of decreasing both resistivity and re-
flectance.
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