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Abstract: PVD coatings have gained considerable attention as decorative coatings because they combine
decorative with protective properties. Within the frame of this work, a black PVD coating based
on chromium, carbon and oxygen was developed in a semi-industrial coating machine with four
magnetrons and continuous substrate rotation. Based on the optical properties of CrxCyOz, the optical
properties of the coating can be used in the design of the coating. EDX measurements point to an
average composition of Cr0.35O0.53C0.12 for coatings with the most interesting optical properties. XPS
measurements show that the chemical state of the constituting elements changes throughout the coating
thickness. CrxCyOz shows a strong columnar growth which may give origin to a rough surface structure.
This effect, depending on the coating thickness, allows the deposition of black coatings with a variation
of strong specular reflection (“piano black”) and diffuse reflection (“matt”) for a coating thickness
variation between 1 and 5 µm. The diffusive reflection increased from almost 2% to 6% for the thicker
samples whereby the specular reflection decreased from about 20% to almost 0 of the samples with a
thin coating and samples with a coating thickness close to 5 µm. Within the frame of this work, we also
determined the functional properties of adherence and surface energy, which show that the coating can
be used in demanding applications without an additional protective topcoat.

Keywords: black coating; PVD; optical properties; chromium carbon oxide

1. Introduction

In multiple applications a decorative and protective coating is used on metallic or
polymeric substrates. Ceramic coatings deposited by Physical Vapor Deposition (PVD)
may simultaneously be hard and therefore protective against abrasion, of good adherence
and of an attractive color. The most prominent examples may be gold-colored TiN and
ZrN coatings, which are used for jewelry, watches and bathroom appliances [1–4]. Similar
applications require decorative and protective black coatings. Other applications of black
coatings are pyroelectric conversion [5,6] and photothermal detectors [7–10]. Common to
these applications is the usage of batch coating systems to cover 3D surfaces. The coating
solutions in these circumstances are different from the coating of optical multilayered
coatings. In spectrally selective coatings, as used for solar thermal systems [11–13], the
coating systems consist, in these cases, of a multilayered coating, where each layer with very
well-defined optical properties is relatively thin with an optical thickness of one quarter or
a half wavelength of visible light. Furthermore, those coatings may be deposited in in-line
coating machines with very well-defined vacuum conditions.

Within the frame of this work, we pretend to develop a coating which can be deposited
in PVD batch coating machines, consisting of layers with various thicknesses and a small
variation in vacuum conditions without influencing the optical appearance.

The decorative appearance of a surface is influenced both by its capability to absorb
radiation and the surface roughness. Increasing the surface roughness will reduce the
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reflectance due to multiple reflections and absorption, but also increase the diffuse reflection
giving it a matt appearance. Typical solutions to achieve a black matt appearance, such as
black chromium [14], black nickel [15], black platinum [16] and black aluminum [17], are
mostly obtained with chemical methods and rely on the surface morphology of the coating
in combination with some absorption of the coating material itself.

To produce a so-called piano black appearance, the surface must be smooth and
optically absorbing. In optics, a black coating has a low reflectance R, which is uniform for
all wavelengths in the visible range. To guarantee a good coating adherence, a thin metallic
interlayer is usually applied prior to the deposition of the thick ceramic coating both on
metallic and polymeric substrates. From an optical point of view, this metallic interlayer
functions as a mirror. The optical properties of the decorative layer are the complex
refractive index ñc = nc + j kc, with a refractive index nc and an extinction coefficient kc.
In general, the nc should be as low as possible to reduce reflections and kc should have
an intermediate value (Equation (1)). If kc is <<0.1, the absorption is neglectable and
interference effects will dominate reflectivity R, giving origin to its colored appearance. For
a semi-infinite coating, kc > 1, kc will contribute significantly to the absolute value of the
complex refractive index and increase the reflectivity according to Equation (1) [18] under
normal incidence, with ña being the refractive index of the non-absorbing ambient.

R =

∣∣∣∣ñc − ña

ñc + ña

∣∣∣∣2 =
(nc − na)

2 + k2
c

(nc − na)
2 + k2

c
(1)

In the literature, numerous black PVD [19] coatings based on TixOyCz, [20,21], AlON [22],
DLC [23], Al2O3 (Ti) [24] and Cr2O3 (Cr) [25,26] are mentioned. Those coating solutions are
all based on semitransparent coating.

Within the frame of this work, we focus on the deposition and characterization of a
black coating-based on chromium, oxygen and carbon CrxCyOz. In a first step, the optical
parameters with the goal of lowering the reflectivity were optimized. We also describe
how the surface appearance changes from reflective black (piano black) to matt appearance
with an increase in coating thickness and coating roughness. In a second step, the physical
properties of the coating (adherence, surface energy and chemical resistance) are evaluated.

2. Experimental Conditions
2.1. Coating Deposition

The coatings were deposited in a 4 magnetron semi-industrial Physical Vapor Depo-
sition (PVD) chamber, Teers UDP 650, as described in [27] by unbalanced DC magnetron
sputtering. Substrates were attached to a rotating holder. The substrates consisted in
stainless steel 304 disks with a thickness of 2 mm, which were polished to a roughness of
ra < 10 nm. Together with the steel samples, Si-wafer samples were coated. The coated
wafer samples were used during compositional analysis to exclude the influence of the sub-
strate material. All substrates were ultrasonically cleaned in organic solution and ethanol
prior to be attached in the vacuum chamber, the chamber was pumped down to a base
pressure < 10−5 mbar and then the samples were plasma etched during 20 min. Afterwards
a 220 nm thick Cr layer was deposited and subsequently the CrxCyOz layer was deposited
employing a chromium and a carbon target and an Ar and oxygen gas flow, as quantified in
Table 1. During deposition, a pulsed bias at 250 kHz and an off-time of 1240 nanoseconds,
controlling negative bias voltage, was applied to the substrate holder. All samples, but
sample C-38 were exposed to the same bias. It should be mentioned that the deposition
parameters target and bias voltage and current and chamber pressure were continuously
controlled during the deposition period and no changes were observed.

The configuration as described above is used in numerous batch coaters used for
decorative coatings deposited by PVD methods. The advantage of the configuration is
the deposition of an almost homogenous mixture of different materials. The disadvantage
is, even in a single fold rotation, even more in two- or three-fold rotation as employed in
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larger machines, a variation of the coating deposition conditions. As indicated above, one
goal of the work is to develop a coating for which these small variations do not influence
the appearance of the coating.

Table 1. Coating deposition conditions.

Samples
Base

Pressure
[mbar]

Power Cr
[W]

Power C
[W]

Total
Pressure
[mbar]

Flow Ar
[sccm]

Flow O2
[sccm] Bias [A] Bias [V] Deposition

Time [min]

C-38 1.2 × 10−6 600 1000 1.0 × 10−3 21.2 8 0.51 −65 450

C-43 1.2 × 10−6 600 1000 1.0 × 10−3 21.2 8 0.53 −85 240

C-45 4.0 × 10−6 600 1000 1.0 × 10−3 21.2 8 0.55 −85 450

C-46 4.4 × 10−6 600 1000 1.0 × 10−3 21.2 8 0.54 −85 840

C-48 1.2 × 10−6 600 1000 1.0 × 10−3 21.2 8 0.54 −85 90

2.2. Coating Characterization

After deposition, the coatings were characterized by measuring the optical reflectance
in a Shimadzu spectrophotometer. Specular reflectance was measured in a double beam
configuration, comparing the samples reflectance with the reflectance of an Ag-mirror,
and diffuse reflectance was measured using an integrating sphere, which eliminates spec-
ular reflection by allowing specular reflected light leaving the sphere [28]. The surface
color was measured using a Minolta CM-2600d (Minolta Spain, Valencia, Spain) portable
spectrophotometer describing the color in L*, a*, b* color space [29]. Coating thickness
was measured by ball cratering and Scanning Electron Microscopy (SEM) and coating
composition by Energy Dispersive X-ray spectroscopy (EDX). To eliminate the influence
of the substrate, the EDX composition was measured for the coatings deposited simulta-
neously on stainless steel and silicon. This procedure allowed the researchers to discount
the influence of the substrate on the coating composition, always admitting a semi-infinite
medium. In addition, coating composition and chemical information of the elements close
to the surface were evaluated by X-ray Photoelectron Spectroscopy (XPS-ESCALAB 250Xi
(Thermo Fisher Scientific, Waltham, MA, USA)). Prior to each XPS analysis, the sample
surface was subjected to an Ar-etch, removing about 5 nm.

The scratch testing method was used to evaluate the adhesive behavior of the coatings.
Tests were carried out in the CSEM Revetest device. The diamond stylus, with a tip radius of
0.2 mm, was loaded against the coated substrate with a loading rate of 10 N/min [30]. The
coating roughness was quantified by Atomic Force Microscopy (AFM) [31]. The chemical
properties, like surface energy (based on the subsequent measurement of the dynamic
contact angle of water, glycerol and squalene drops on the sample surface measured with
OCA 20 instrument from Dataphysics (Dataphysics, Filderstadt, Germany) [32]), and the
chemical resistance by artificial soiling with fingerprints and ketchup and subsequent
cleaning in a standard dish washing program at 65 ◦C for 240 min.

2.3. Simulation of Optical Properties

If ña, ño and ñc are the complex refractive indices at wavelength λ of the ambient air,
opaque adhesion layer and semitransparent coating (of thickness d) the reflectivity Rsim
can be calculated using to Equation (2) [15], as follows:

Rsim(λ) =

(
e−j2πnc/2dλ (ño + ña)(ña − ñc) + (ño − ña)(ña + ñc)

e−j2πnc/2dλ (ño − ña)(ña − ñc) + (ño + ña)(ña + ñc)

)2

(2)

The complex refractive index of chromium (ño) is tabulated in the literature [33], the
thickness d was measured, as described above, by ball cratering and the parameters ñc = nc
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+ j kc were obtained by fitting the simulated value of Rsim to the experimentally determined
Rexp, as shown in for two samples C-43 and C-48, respectively. Finally, j is used to indicate the
imaginary part of the complex numbers. Equations (1) and (2) are valid for specular reflectance.

3. Results
3.1. Chemical Composition

The chemical composition of the coatings is listed in Table 2, and the EDX measure-
ments suggest a composition Cr0.35O0.53C0.12. The ratio between Cr and O is for all samples
close to the expected ratio for Cr2O3. Nevertheless, even for the 4.8 mm thick coating,
C-46, XRD experiments only reveal traces of crystalline Cr2O3; the coating is mostly X-ray
amorphous, as shown in Figure 1. The dots indicate the expected peak position of Cr2O3
(Escolaite) [34]. There might be some broad reflections from the (214) and (300) directions
at around 2Θ = 65◦ of Cr2O3.

Table 2. Experimental results for all samples (except coating on sample C-48, which was too thin
for EDX at a beam energy of 15 KeV) and scratch test measurements. There might be some small
influence of the metallic adhesion layer on the compositional analysis of sample C-43 applying the
semi-infinite ZAF model and scratch test measurements.

Sample
EDX Composition [at %] Thickness

[µm]

XPS Composition [at %] Critical Load
LC2 [N]

Surface Energy
σ [mN/m]Cr O C Cr O C

C-38 35.6 51.9 12.5 2.4 8 26.6

C-43 35.2 53.4 11.4 1.2 28.2 52.0 19.8 12 30.8

C-45 33.4 52.1 14.5 2.4 12 30.7

C-46 36.0 52.4 11.6 4.8 15.4 37.8 46.8 44 26.3

C-48 - - - 0.45 36.0 54.7 9.3 - 27.0
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Figure 1. XRD diffraction spectrum of sample C-46 in the Θ-2Θ configuration. For comparison, the
X-ray spectrum of the stainless-steel substrate (with background subtraction) and the expected peak
positions of Cr2O3 (Escolaite) are shown also.

XPS analysis was performed on the C-48, C-43 and C-46 samples and shows the
compositions are close to the sample surface. For the thin coating in samples C-48 and C-43,



Coatings 2023, 13, 1838 5 of 15

the composition is close to the composition measured by EDX. For the thicker coating, there
seems to be some carbon accumulation close to the surface and a higher oxygen/metal
ratio. The peak deconvolution in Figure 2 gives a closer insight into the binding status of
the main elements.
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and C-46 as determined by XPS. (b) Deconvoluted carbon peak for samples C-48, C-43 and C-46 as
determined by XPS.



Coatings 2023, 13, 1838 7 of 15

For the thin coating (C-48), the carbon connects mainly to the Cr-metal. With the
increasing coating thickness, the carbon is connected to other carbon atoms or to hydrogen
atoms. The oxygen binds preferentially to the metal atoms for the thin coatings. For thick
coatings, oxygen in the form of O-H increased.

3.2. Optical Properties

Visually, all samples have a black appearance ranging from piano black to matt
according to the coating thickness. Figure 3a shows the specular reflectance of all samples.
Samples 43 and 48, which are comparatively thin, show a dark reflective surface and the
reflectance spectrum suggests an interference pattern. The interference pattern allows a
simulation of the reflection curve according to Equation (2) using the thickness values
according to Table 2. The simulation was automated in the Excel application using the
optical properties of the metallic Cr- reflection layer and the coating thickness as fixed input
parameters and obtaining the nc(λ) and kc(λ) of the coating as output. Figure 3b shows the
values of nc(λ) and kc(λ) resulting from the simulation. For samples with thicker coatings,
the interference effects are attenuated by the absorption throughout the coating thickness,
by an increase in diffuse reflection and therefore a reduction in specular reflected light.
Samples C-38, C-45 and C-46 do not show the interference patterns.
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Samples C-38, C-45 and C-46 were prepared at similar experimental conditions as
samples C-48 and C-43, but with an increased deposition time and, therefore, an increased
coating thickness. When applying a higher coating thickness in Equation (2), the reflectivity
will approach the thickness independent reflectivity of Equation (1). Based on our values
of nc and kc, a total reflectivity of about 20% is expected.

Visual examination of the coatings reveals a tendency to become more matt. This can also
be verified experimentally by measuring the diffuse reflectance (Figure 4). With increasing
thickness, the diffuse reflectance increases. Nevertheless, it is interesting to note, that the total
reflectance (diffuse + specular) diminishes with the increasing coating thickness.
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The L*a*b* parameters give us comprehension of color by accounting for both the
reflectivity spectra of materials and the sensitivity of the human eye. In the present
work, the appearance of the Cr0.35O0.53C0.12 coatings was measured in CIELab 1976 color
space L*, a*, b*. All coatings, except the thinnest coating, C-46, present a L* value < 50,
describing the black appearance. A* and b* are close to zero, indicating that the human
eye will not detect color. The Minolta CM-2600d portable spectrophotometer measures
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simultaneously specular and diffuse reflection and therefore does not distinguish between
matt and specular reflective appearance in our analysis.

3.3. Microscopic Surface Analysis

The cross section of the coating (shown in Figure 5 for the C-43 deposited on a Si-wafer)
shows the lighter (heavier elements) adhesion coating with a thickness of about 220 nm,
and the thicker Cr0.35O0.53C0.12 coating (1200 nm). The Cr0.35O0.53C0.12 coating grows in
columns. The tips of the columns increase the surface roughness.
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Figure 5. Cross section of coating C-43, as deposited on a polished Si wafer.

The surface of the 1.2 µm thick coating is still rather smooth and the structure repro-
duces the substrate surface. For thicker coatings, the surface structure is dominated by the
growing columns (Figure 6).

The scatting of the incident light on the rough surface and within the semitransparent
columns not only increases the diffuse reflection (and reduce the specular reflection), but
also increases the light absorption within the coating due to the multiple reflections and
increased light path (Figure 7).

3.4. Mechanical Coating Properties

The coating adhesion was tested by scratch testing, as shown in Figure 8. The coating of
sample 46 failed at a critical load of LC2 = 44 N (Figure 8c) with lateral cracking and removal
of the coating from the substrate at the bottom of the scratch. A LC2 of 44 N is sufficient for
application for non-cutting tool applications. At lower loads, the coating failed occasionally
along the scratch length by small area coating delamination, as shown in Figure 8b, without
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any coating removal on the scratch bottom, but no clear LC1 value can be identified. Also
cracks propagating from the scratch into the coating cannot be identified for L < LC2.

Sample C-38 shows a very low coating adherence, indicating that the reduced bias
might not provide sufficient coating cracking resistance. But also, samples C-43 and C-45
show a reduced coating adherence compared to sample C-46. We associated this reduced
adherence to the lower coating thickness.
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thickness 1.2 µm. (b) Sample C-45 with thickness 2.4 µm. (c) Sample C-46 with thickness 4.8 µm.
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3.5. Surface Energy

The surface energy σ (Table 2) depends essentially on the composition and surface texture
of the coating but does not vary with does not vary with the film thickness. Absolute values
are similar to chromium and CrN coatings [35,36] and it is expected that the coating surface
reacts similarly to those coatings. Fingerprints can always be seen on a black shiny surface
but can easily be removed for all coatings. Soiling the coating with quite aggressive media
like ketchup requires a more sophisticated cleaning. Cleaning with a standard dishwashing
machine program at 65 ◦C restored the original surface appearance. L*a*b* parameters before
soiling (as listed in Table 2) and after the cleaning procedure were identical.

4. Discussion

The coating grew with a columnar structure. The columns consist of Cr and O with a
ratio close to the ratio in Cr2O3. Nevertheless, X-ray diffraction did not reveal a significant
percentage of crystalline Cr2O3. Eventually, the existing crystals are small, as indicated by
the broad X-ray peaks. The coatings’ growth is almost X-ray amorphous, as it is frequently
found in PVD coating at a low deposition temperature.

The XPS analysis of the samples shows an increasing contribution of OH binding with
increasing coating thickness. During the deposition, the impingement rate of H2O at a
base pressure of about 4 × 10−6 mbar is about 50 times lower than the impingement rate
of the oxygen introduced into the chamber. Two effects may contribute to the increasing
OH groups. Firstly, during coating deposition, the temperature of the substrate holder is
increasing, associated with an increase of water vapor outgassing, although this increase is
not enough to be noted by either the total pressure or in the changes in the target voltage
(controlled at constant power). Secondly, the surface roughness increased, and, therefore,
the surface area where the OH groups were found either bound to the surface or in the
form of entrapped water vapor. We tend to believe that these OH groups are attached to the
surface of the coating (especially in between the columns) and cannot easily be removed by
the surface bombardment prior to the XPS measurement.

Increasing coating thickness also reveals an increasing amount of C in the form of
C-C bounds. Although the sputtering conditions (pressure, target voltage and current) are
kept constant during the deposition, the coating composition changes. For lower coating
thicknesses, the carbon is integrated in the Cr2O3 in the form of metal carbides. For higher
thicknesses, the carbon tends to form C-C compounds. The substrate temperature cannot
be controlled in our experimental set-up and, of course, increases with coating time. The
optical properties, nc and kc, are very sensitive to changes in the coating composition and
coating structure. Analyzing the optical reflection reveals an average value for n and k
throughout the coating thickness. C-C bounds generally have a low absorption coefficient
for visible light. This is reflected by the extinction coefficient kc which decreases with
increasing coating thickness.

The surface texture of the coating changes with the coating thickness as shown in
Figure 6. The surface became much rougher, the surface roughness, as measured by AFM,
increased from about ra~2 to ra > 20 nm. Highly absorbing surfaces were generally achieved
by a combination of medium absorption (if the extinction coefficient is high as in metals
the reflection increase according to Equation (1)) with scattering effects within the coating
and due to the surface texture. Within the frame of this work, the surface texture is used to
define the optical appearance. All coatings show color coordinates a* and b* < 3 and L* < 50
and have therefor a black appearance. Nevertheless, with the increasing coating thickness,
L* tends to 30, or in absolute numbers, the specular reflection reduced to almost 0% and
the diffuse reflection to <6% (at a wavelength of 550 nm) for the 4.8 µm thick coating. The
variation of the surface structure with the thick coating allows the choice of the decorative
optical appearance. The Cr0.35O0.53C0.12 coatings with a thickness > 2.4 µm tended to have
a matt appearance, coatings with a thickness between 0.8 and 1.2 µm had a piano black
appearance. Thinner coatings had lower absorption and, together with optical interference
effects, are therefore slightly colored.
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Within the frame of this work, we intended to produce coatings having optical proper-
ties which would not vary with small thickness variations. In batch coaters with two- or
three-fold substrate rotation typical thickness variations are below 20%. When analyzing
the color L*,a*, b* of several samples in the same batch, but in different positions (and
consequently with small thickness variations) with a thickness superior 1 micron, the
difference of the color is not humanly perceptible. In numeric terms, we did not observe
color variations ∆C > 1.4 [37]. ∆C was calculated from Equation (3).

∆C =

√
∆L∗2 + ∆a∗2 + ∆b∗2 (3)

∆L*2, ∆a*2 and ∆b*2 are the square of the difference of the respective color coordinates
from two samples from the same batch, but with different coating thicknesses.

For most decorative applications, besides the optical properties, the mechanical and
chemical properties of the coating determine their applicability. Applying typical procedures
for the coatings by PVD processes like in situ plasma surface activation, followed by the
deposition of a metallic adhesion layer (pure Cr), a good coating adherence with a critical load
of LC2 = 44 N can be achieved on steel substrates. This coating adherence promises a long
coating lifetime, although it must be complemented by abrasion resistance measurements.

The Cr0.35O0.53C0.12 coating is chemically quite inert. The surface energy σ = 30 mN/m
is similar to Cr and CrN coatings [38]. Artificially applied stains can easily be removed by
wiping (fingerprints) or dish washing (ketchup) without changing the surface’s appear-
ance. All these findings allow the conclusion that the coating can be used in decorative
applications without additional protection with a good lifetime expectancy.

5. Conclusions

Cr0.35O0.53C0.12 coatings were deposited reactive magnetron sputtering. The coatings
showed a columnar structure and, with increasing thickness, the columns widen and
increase the optical significantly the surface roughness. Thin coatings are semitransparent
and the optical appearance is dominated by light interference effects. Coatings with a
thickness of >1 µm have a constant reflectivity within the visible spectrum and a piano
black appearance. With increasing thickness, the surface roughness effects dominate the
appearance of the coating, with a somewhat reduced total reflectance, appears matt. For
a thickness of about 5 µm, the specular reflectivity is almost neglectable (<1%) and the
diffuse reflectivity (ca. 6% at λ = 550 nm) dominates the matt appearance.

Cr0.35O0.53C0.12 coatings can be deposited in a batch coating system in which some
changes of the base pressure and coating thickness depending on the cleanliness and
geometry are to be expected.

In the literature [39–41], several black coatings based on the same optical principle
(thick, semi-transparent coatings, based on Al, Ti Cr in combination with O, N, C, with an
index of refraction nc < 3 and 0.1 < kc < 1 can be found, but the reported variation of the
surface roughness and there for the transition from piano-black to matt appearance seems
to be typical for Cr0.35O0.53C0.12.

The attractive properties of the Cr0.35O0.53C0.12 are the combination of a decorative black,
together with mechanical and chemical properties, which allow the application of the PVD
coating without protective top coating. For a job shop coater, the Cr0.35O0.53C0.12 can be scaled
from piano black appearance to matt appearance in robust process, where small variations of
the base pressure and small thickness variations, typical for two- and three-fold rotation, can
be accommodated and will not influence the perceptible color of the product.
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