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ABSTRACT

Nanocomposite transition metal carbide/amorphous carbon coatings (Me-C/a-

C) deposited by magnetron sputtering have excellent electrical contact proper-

ties. The contact resistance can be as low as that of noble metal coatings,

although it is known to vary by several orders of magnitude depending on the

deposition conditions. We have investigated a nanocrystalline niobium carbide/

amorphous carbon (NbCx/a-C:H) model system aiming to clarify factors

affecting the contact resistance for this group of contact materials. For the first

time, the surface chemistry is systematically studied, by angle-resolved X-ray

photoelectron spectroscopy, and in extension how it can explain the contact

resistance. The coatings presented a mean oxide thickness of about 1 nm, which

could be grown to 8 nm by annealing. Remarkably, the contact resistances

covered four orders of magnitude and were found to be exponentially depen-

dent on the mean oxide thickness. Moreover, there is an optimum in the amount

of a-C:H phase where the contact resistance drops very significantly and it is

thus important to not only consider the mean oxide thickness. To explain the

results, a model relying on surface chemistry and contact mechanics is pre-

sented. The lowest contact resistance of a nanocomposite matched that of a gold

coating at 1 N load (vs. gold), and such performance has previously not been

demonstrated for similar nanocomposite materials, highlighting their useful

properties for electrical contact applications.

Introduction

Nanocomposite transition metal carbide/amorphous

carbon coatings (Me-C/a-C) have properties that are

interesting for electrical contact applications, where

contact resistance, resistivity, tribological properties,

corrosion resistance, operating temperature, durabil-

ity, and cost are important parameters. As such, the

high cost of noble metal coatings drives research

toward cheaper alternatives. However, the precise
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requirements will depend upon the contact applica-

tion which can vary from very small-scale electronics

to large high-current switching contacts. Nanocom-

posite Me-C/a-C coatings may be an alternative

contact material in this range of applications. These

nanocomposites contain nanocrystalline carbide

grains embedded in an amorphous carbon matrix

and can readily be deposited by magnetron sputter-

ing on a wide range of substrates at fairly low tem-

peratures (\200 �C). Some reported examples are

binary systems such as Ti–C [1, 2], Cr–C [3], Nb–C

[4, 5], V–C [6], and Zr–C [6] as well as ternary Ti–Si–C

[7, 8].

Holm’s classical contact theory states that metallic-

like conductive a-spots are formed upon mating of

two contact members [9]. The current will be

restricted to flow in these a-spots according to the

resistivities of the members (constriction resistance)

and the contact area, which is much smaller than the

apparent contact area due to microtopography [10].

The mechanical contact area will then depend upon

the hardness of the softest material, assuming a

plastic deformation of the surfaces [11]. It is impor-

tant to stress that this assumption excludes effects of

contaminants [12]. For instance, the resistance of a

surface layer can completely overshadow the con-

striction resistance [9], especially at low and inter-

mediate loads where the contact resistance has been

described by electron tunneling and a transient

metallic contact, respectively [13]. In the latter stage,

the fracturing of oxides is expected at a critical con-

tact pressure with an abrupt decrease in contact

resistance.

In relation to the nanocomposite coatings, three

very important aspects can be identified. First, Timsit

[14] described that classical contact theory breaks

down when the a-spots shrink to some nanometers in

size, which may be equivalent to the present case of

nanocrystalline carbide grains, and hence, it is of

interest to apply contact theory to examine its perti-

nence. Second, the contact member will no longer

consist of just one material; a nanocomposite will

behave differently than a bulk metal. For example, a

nanocomposite can have high hardness, yet a com-

paratively low elastic modulus in relation to a metal

[15, 16]. In practice, the carbide nanocomposites are

much harder than, for example, Au (*5 to 40 GPa

depending on type and fabrication method, com-

pared to 1–2 GPa for Au [17]) and other metals

normally used in electrical contacts. However, the

presence of the carbon phase reduces the elastic

modulus and adds low friction properties to the

material, often improving the wear situation when

compared to metallic coatings [18]. Third, nanocom-

posites will have an overlayer of, for example, a thin

oxide, which can affect contact properties. Experi-

mentally, Lewin et al. noted that nanocomposite

coatings behaved differently than what could be

predicted by theory [1, 6]. In particular, the coatings

resulted in different contact resistances depending on

the amount of a-C phase, leading to the notion that an

optimum carbon matrix thickness, separating the

carbide grains, would lead to the lowest possible

contact resistance. It was hypothesized that the

nanocomposite films deformed more than pure car-

bide films and thereby caused more frequent pene-

tration of the surface oxide, effectively resulting in

more a-spots and a low contact resistance.

Several studies have stated that coating bulk

properties, e.g., the coating microstructure, hardness,

and resistivity, and the presence of surface oxides,

affect contact properties at different contact loads

[1–5, 7, 8]. Contact resistance has been measured at

loads from 1 N up to 1000 N [1–5, 7, 8], however

using different setups, and the influence from the

coating bulk properties and the surface oxides on the

contact properties are not easily decoupled. The

phrasing ‘‘coating bulk’’ refers to the part of the

coating that remains intact even after exposure to

atmosphere. It excludes the thin layer of passive film

formed after deposition. Notably, the surface chem-

istry of nanocomposites has never been systemati-

cally studied despite the known presence of oxides,

e.g., 35–40 Å oxide on Ti–Si–C [19]. Moreover, it is

not clear whether, and how, the presence of a-C

phase influences the passive film, which in turn can

affect the contact properties.

Consequently, factors influencing the contact

behavior of carbide-based nanocomposites are not

known. The aim of this study is to investigate in

detail the relationship between microstructure, sur-

face chemistry, and contact resistance of a model

nanocomposite system. Nb–C was chosen based on

encouraging results in previous studies [4, 5]. We

have deposited coatings with different phase com-

positions and characterized the surface chemistry

with X-ray photoelectron spectroscopy (XPS) to get a

better understanding of the contact properties.
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Experimental details

Niobium carbide/carbon nanocomposite coatings

with a thickness of 1 lm were deposited by high-rate

reactive unbalanced magnetron sputtering (In-

lineCoaterTM 500, Impact Coatings AB) from a Nb

target in Ar/C2H2 discharges. Metallic Nb coatings

were also deposited as reference material. The base

pressure was 1 9 10-4 Pa. The magnetron was

operated in constant current mode at 20 A

(*9 W cm-2). The deposition rate in reactive mode

was 3.7 nm s-1. Prior to each deposition, the target

was sputter-cleaned. Small flat pieces, with close to

mirror-like surface finish, of austenitic 316L stainless

steel, Ni-plated bronze, Si, and SiO2/Si were used as

substrates and were placed on a stainless steel mesh

situated 15 cm below the target. The Si and SiO2/Si

substrates were only used for SEM cross sections and

to measure sheet resistance, respectively. There was

no substrate heating other than the heat induced by

the coating process, with the exception of a few

substrates heated to 200 �C as specified below in

section ‘‘Surface characterization of coatings’’. All

substrates were etched for 10 s by argon plasma at

1.9 Pa using a pulsed (250 kHz) substrate bias

(650 V). A 20- to 30-nm-thick Nb adhesion layer was

deposited. The flow of acetylene was varied to obtain

different coating composition. Spectral plasma

intensity was monitored and suggested a stable pro-

cess. Process pressures were 1.7 Pa (metallic) and

2.0 Pa (reactive), respectively. Post-coating annealing

experiments in ambient atmosphere made use of a

thick hot plate to very rapidly heat the samples to

selected temperatures (up to 260 �C) and to steadily

keep them there for 15 min. A thermocouple was

used to verify sample temperature. Rapid cooling

was achieved by relocating the samples to a separate

aluminum block. The purpose of annealing was to

influence surface chemistry.

Cross-sectional micrographs were obtained from

fractured samples using a Zeiss Leo 1550 field emis-

sion scanning electron microscope (SEM). Coating

microstructure was studied by X-ray diffraction

(XRD) using a Philips X’pert diffractometer equipped

with Cu Ka radiation. Grazing incidence scans and h–
2h scans were performed. Estimated grain sizes were

obtained from the broadening of diffraction peaks by

applying the Scherrer approximation and the Wil-

liamson-Hall plot methodology [20]. The latter

accounts for inhomogeneous strain broadening by

acknowledging that size broadening and strain

broadening have different relationships to the

diffraction angle. Both methods require that instru-

mental broadening is known and it is obtained from

peaks of more crystalline material (i.e., not nano) in a

strain-free state. Composition and chemical bonding

were determined by X-ray photoelectron spec-

troscopy (XPS) using a Physical Electronics Quantum

2000 Scanning ESCA Microprobe with monochro-

matic Al Ka radiation. To calculate chemical com-

position, the instrument standard sensitivity factors

were used. The analysis spot size was 200 lm.

Spectra in the C1s, O1s, and Nb3d regions were

acquired at pass energies of 11.75, 29.35, or 58.70 eV

depending on desired resolution and intensity. The

higher pass energies were used to reduce analysis

time during time-consuming angular-resolved mea-

surements and sputter depth profiling. Sensitivity

factors were mathematically corrected for the differ-

ent pass energies according to instrument documen-

tation. Hydrogen incorporation was not determined

but may have existed as C–H bonds. Lorentzian-

Gaussian sum functions were used to fit intensity on

a Shirley background (software XPSPEAK v4.1). The

C1s region was fitted by peaks for C–Nb (282.7–

282.9 eV) and C–C (sp2 284.4 eV, sp3 285.3 eV) [3, 21]

bonds (always after sputter removal of adventitious

hydrocarbons). The O1s region was fitted by peaks

for O–Nb (530.2 eV), O–C (*531.7), and O=C

(*533.2 eV), where the two latter fits could be used

to verify the removal of adventitious hydrocarbons

[22, 23]. The Nb3d region was fitted by peaks for Nb–

Nb (202.6 ± 0.1 eV), Nb–O (� 207.4 eV), and Nb–C

(204.1 ± 0.1 eV) bonds, including their spin-orbit

splits (?2.72 eV, equal FWHM, area ratio 2:3) [24].

The Nb–Nb and Nb–C fits had highly asymmetric

modifiers for the shape and tail and will be further

discussed below as well as the possibility of addi-

tional chemical species. Angle-resolved XPS (ARXPS)

was performed at emission angles of 15�, 30�, 45�, and
60� relative to the surface. For ARXPS, the acceptance

angle was reduced to 4� (from the standard of 20�) to
improve angular resolution, and no sputter etching

was performed. Analysis times were proportionally

extended to compensate for the intensity decrease

with sine of the angle. The standard emission angle

was 45�. Electron attenuation lengths were calculated

as described elsewhere [25]. Depth profiling was

performed by Ar? sputter etching on an area of

1x1 mm2. The ion energy was 500 or 1000 eV

J Mater Sci (2017) 52:8231–8246 8233



depending on the intention of the analysis in ques-

tion. The measurement error of composition and

phase content by XPS is typically a few percentage.

Sheet resistance was measured using a four-point

tungsten carbide probe (Jandel Engineering) con-

nected to a multimeter (Agilent Technologies

34420A) and a parallel resistor model to evaluate

resistivity. The contact resistance was measured in a

setup suited for the investigation of materials for low

voltage and low contact force electronics, shown in

Fig. 1. A sample was mounted on a translational

stage controlled by a servo connected to stepper

motors (C-863 Mercury Servo Controller and

M-111.1DG stages, Physik Instrumente). The stage

was moved upwards to establish physical contact

with a counterpart, which consisted of a spring-loa-

ded cylindrical test probe with a hemispherical tip

(1.2 mm diameter) and gold plating. Contact load

was measured by a force gauge (±0.01 N, FG-5000A,

Lutron Electronics) and typically ranged from *0.1

to 1 N. Contact resistance was measured by a 4-wire

multimeter (Agilent Technologies 34401A) by apply-

ing a current of 1 mA and measuring the voltage

drop across the junction. Two leads were attached to

the (coated) substrate by crocodile clips, the lead

connected to the probe tip was soldered, and the final

lead was mechanically attached to the top of the

probe via a clamping frame and a tooth washer.

Internal resistance in the probe was constant and low.

Gold-coated reference samples were used to verify

that the probe was in good condition. The probe was

cleaned with isopropanol before each measurement.

Results and discussion

Microstructure and composition
of the coating bulk

Coatings with different atomic ratios of carbon to

niobium (C/Nb) were deposited by reactive mag-

netron sputtering with a range in C/Nb from 0 to 1.6.

Four cross-sectional micrographs are shown in Fig. 2.

They are examples to illustrate that the coatings were

of good quality, apparently free from pinholes and

particles. Their uniform appearance across the whole

thickness, nominally 1 lm, is typical of a stable de-

position process. The thin Nb adhesion layer of

20–30 nm is just barely visible in Fig. 2. A columnar

structure is observed at a low C/Nb ratio (\0.8), and

while it is more refined at higher ratios (1.0), the

Probe

Substrate

I

R

Spring

Force 
gauge

V

Figure 1 The setup to measure electrical contact resistance (R). It

is further described in experimental details.

Figure 2 Cross-sectional micrographs of Nb–C coatings of 1 lm
thickness deposited on Si substrates. There was a 20-nm-thick Nb

adhesion layer as well, but it is barely visible. Carbon/niobium

atomic ratios (C/Nb) represent the bulk composition obtained by

XPS after sputter etching.
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coatings finally appear rather featureless at the

highest ratios (1.6). This trend in columnar growth is

typical of transition metal carbides deposited by

sputtering at low temperature and low substrate bias.

It should be noted that the widths of the columns do

not represent grain size and are more of a morpho-

logical growth characteristic.

Grazing incidence (GI) X-ray diffractograms, cor-

responding to coatings with the four different C/Nb

ratios, are shown in Fig. 3. For the pure Nb metal (C/

Nb = 0), the observed Nb(110), Nb(200), and Nb(211)

peaks correspond to a fcc phase with lattice param-

eter of 3.292 Å, in good agreement with the bulk

value of 3.300 Å [26]. For the carbon-containing films,

the fcc NbC peaks were observed as well as austenitic

substrate peaks (c). Importantly, these peaks did not

overlap with the NbC peaks, with the exception of

the one corresponding to NbC(222), which was very

weak and not used for further analysis. The NbC

peaks were rather broad, indicating carbide grains

with nanocrystalline sizes, and the peak broadening

increased for higher C/Nb ratios, further indicating a

successive decrease in grain size (assuming negligible

internal stress). There were also slight shifts in the

peak positions, corresponding to lattice parameters of

4.488 Å, 4.477 Å, and 4.469 Å for the C/Nb ratios of

1.6, 1.0, and 0.8, respectively. In comparison, the bulk

NbC1.00 lattice parameter [27] of 4.474 Å is in the

middle of the obtained range, which is explained by

XPS analysis and will be discussed below.

The diffraction peaks in Fig. 3 could be modeled by

pseudo-Voigt functions, and because of differences in

line shapes, the broadening was defined as the inte-

gral breadth (i.e., fitted peak area/height) instead of

the (common) full width at half maximum. With

significant strain broadening accounted for (using

Williamson-Hall plots), the lower bound estimates

for the carbide grain sizes were 2 nm (C/Nb = 1.6),

4 nm (C/Nb = 1.0), and 12 nm (C/Nb = 0.8). This

decrease in grain size with increase in carbon content

is commonly observed for nanocrystalline carbide

coatings [28]. For the Nb coating, the estimated grain

size was 20 nm, as given by the Scherrer equation

due to few peaks and unreliable linear regression of

the Williamson-Hall plot.

The compositions of the coatings were obtained

from XPS Nb3d and C1s spectra, acquired after

sputter etching (500 eV Ar?) to remove all surface

oxides and adsorbed species. Figure 4a shows the

C1s spectra, where two peaks at 284.4 and 282.2 eV

can be identified. They are attributed to C–C in a

hydrogenated amorphous carbon phase (a-C:H) and

C–Nb in a carbide phase (NbCx), respectively

[4, 5, 29]. The relative amounts of the two phases can

then be calculated from the relative peak areas. Up to

47% of the intensity in C1s corresponded to C–C

Figure 3 X-ray diffractograms at grazing incidence (1�) for Nb–C
coatings (ICDD PDF card no. 38-1364) with different C/Nb ratios

deposited on austenitic (c) stainless steel substrates.
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Figure 4 a C1s XPS spectra for the NbCx/a-Cy:H coatings. The

peak areas of the C–C and C–Nb features (peak fits not shown)

relative to the total C1s intensity give the relative contents (%) of

a-C:H (i.e., the value y) phase and NbCx phase, respectively. The

value of x is obtained by dividing the total C–Nb content (at.%) by

the niobium content (at.%). b The lattice parameter of the fcc

NbCx/a-Cy:H coatings versus the value of x. Literature data for

bulk NbCx adapted from Storms and Krikorian [30].
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bonds (for the most carbon-rich coatings) and con-

versely the remaining intensity corresponded to C–

Nb bonds. These fractions were highly correlated

with the total C/Nb ratio in the coating, meaning that

more carbon in the coating leads to a higher fraction

of a-C:H. The oxygen content was 3–6 at.%.

By combining the XRD and XPS results, the coat-

ings can be described as nanocomposites with

nanocrystalline NbCx grains in an a-C:H matrix. The

value of x in NbCx was then obtained from the Nb

content and the fraction of carbidic carbon. For con-

venience, coatings may hereafter be referred to by the

designation NbCx/a-Cy:H, e.g., NbC0.8/a-C15:H

which means a coating with sub-stoichiometric fcc

NbC0.8 phase and that 15% of the carbon atoms were

located in the a-C:H phase. As shown in Fig. 4a, the

carbide composition in the three coatings was in the

range NbC0.7-0.9 and 11–44% of all carbon atoms were

present as a-C:H phase. Moreover, the variations in

lattice parameters could be explained. The lattice

parameters derived above have been plotted versus

the value of x in NbCx in Fig. 4b, in which the lattice

parameter appears proportional to value of x. Com-

pared to bulk values for NbCx (also included in

Fig. 4) [30], the lattices were concluded to have

expanded. This expansion can be explained by a

transfer of charge, from metal atoms residing on the

surface of the nanocrystalline carbide grains (\150 Å)

to carbon atoms in the carbon phase, which weakens

the metal-carbon bond and leads to a carbide lattice

expansion [31]. Note that the experimental shifts

observed in XRD (leading to the different lattice

parameters) can in principle also be caused by com-

pressive stress. However, such effects can be deemed

insignificant based on works by Lewin et al. [31],

showing that the expansion effect is real.

The mean thickness of the a-C(:H) matrix, essen-

tially separating the carbide grains, can be roughly

estimated by assuming a cube model and associated

equations [28, 32]. In this model, the carbide grains

are represented by equally sized cubes placed on a

three-dimensional grid with matrix phase filling the

space between the cubes. Numerical input parame-

ters were the grain sizes given by XRD, the phase

fractions of NbCx and a-C:H given by XPS, and the

densities for NbCx (7.4–7.6 g cm-3 [5]) and a-C:H

(1.6 g cm-3 [33]). The calculations resulted in an

estimated matrix thickness of 0.28, 0.23, and 0.21 nm

for the coatings with C/Nb ratios of 0.8, 1.0, and 1.6,

respectively. Note that in the previous study on Nb–

C nanocomposites [5], the matrix thickness was

determined to be in the range 0.20–0.41 nm for sim-

ilar C/Nb ratios, without any trend. Therefore, the

presently obtained thicknesses can be averaged into a

mean matrix thickness of 0.24 nm, representative of

all coatings. Note that the cube model does not

account for anisotropy, which is quite common in

thin-film deposition. For example, in the case of

columnar film growth, the a-C can preferentially

accumulate in the boundaries between the columns

rather than more evenly distribute around the car-

bide grains. Nonetheless, it is a relevant method and

the matrix thickness can be used to explain coating

properties, especially for different material systems

and when the differences in the matrix thicknesses

are larger.

Surface characterization of coatings

It was found that even very gentle sputter etching,

intended to remove adventitious carbon contamina-

tion, degraded the parts of the Nb3d XPS spectra.

Therefore, instead of sputter etching, angle-resolved

measurements (ARXPS) were carried out at different

acquisition angles. Note that the presence of a thin

adsorbed layer of hydrocarbons does not affect oxide

thickness calculations. The Nb3d peaks from as-de-

posited Nb and NbC0.8/a-C:H coatings are shown in
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Figure 5 Angle-resolved XPS Nb3d surface spectra for metallic

Nb and nanocomposite NbC0.8/a-C24:H coatings. Peak fits for Nb–

C and Nb–O bonds, as well as background, are shown under the

spectrum at the bottom. Intensity is normalized to Nb–O at

210.1 eV. Analysis at low angle was more surface sensitive.
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Fig. 5. In these spectra, a higher angle will map more

into the bulk, and as the angle decreases, the analysis

becomes more surface sensitive with an information

depth of 2.3 nm at 15� (k = 3 nm for Nb2O5, Ref.

[34]). As can be seen, the Nb3d peaks have a spin-

orbit split (3d5/2–3d3/2) separated by 2.72 eV. Con-

tributions from Nb–Nb bonds (202.2 eV), Nb–C

bonds (203.7 eV), and Nb–O bonds (202.9–207.55 eV,

where Nb can be in oxidation numbers I–V) and from

oxycarbide NbCxOy (204.4–205.8 eV), can be expected

based on the works of Grundner and Halbritter [34]

as well as Darlinski and Halbritter [35] who studied

corresponding bulk materials. In a separate commu-

nication, Halbritter and Darlinski [24] acknowledged

the issue with fitting multiple doublets in a narrow

energy range but concluded that all of the contribu-

tions were necessary to describe the chemistry in the

interface. However, they also stated that the per-

centage of the suboxides was very small and that

these bonds did not appear as separate peaks. Oxy-

carbide formation (i.e., carbide with oxygen in inter-

stitial sites) could not be resolved according to the

Nb3d XPS study [35]. Correspondingly, we were also

unable to experimentally resolve any peaks due to

suboxides or oxycarbide. Nevertheless, in attempts to

fit the spectra with additional peak shapes for those

chemical species, the areas of those peak fits were

simply correlated with the area of the Nb–C fit. To

establish a suitable general peak fit model, we

assumed that all coatings had some pentoxide Nb2O5

on top of the surface and the acquired spectra were

then energy calibrated relative to the 3d3/2 peak of

Nb2O5 defined at 210.1 eV (which was always

abundant and well resolved). Lorentzian-Gaussian

functions were used to represent Nb2O5 at 207.4 eV,

Nb–C at 204.2 eV, and Nb–Nb at 202.5 eV. The fits

were in good agreement with the cited studies

[34, 35] except for the present addition of a strong

asymmetric tail modifier for the conducting com-

pounds Nb–C and Nb–Nb. The reason for the mod-

ifier is to account for Nb3d asymmetry and limit the

number of model bands [36]. By using this fitting

strategy, there was no need for any additional peak

fits to account for the experimental data. No metallic

Nb–Nb was observed in the Nb3d spectra, neither

before nor after sputter etching, obtained from the

NbCx/a-Cy:H coatings.

In Fig. 5, all spectra have been intensity-normal-

ized relative to the Nb–O peak at 210.1 eV. As can be

seen, the relative intensities of the Nb–Nb and Nb–C

peaks are reduced with decreasing acquisition angle,

and this proves that the surface layers contain more

Nb2O5 close to the surface. In terms of bond fractions

at the most surface-sensitive angle (15�), the niobium

had about 95% Nb–O bonds, and the nanocomposites

had about 70%. At the most bulk-sensitive angle

(60�), the niobium had about 85% Nb–O, and the

nanocomposites had about 45%. These results

strongly indicate a thinner oxide layer for the

nanocomposite coatings compared to the Nb coating.

A simple strategy to evaluate the thickness of the

pentoxide from the intensity fractions was to assume

a perfectly flat and homogeneous oxide overlayer on

a substrate, where the oxide thickness is then given

by Eq. 1

dox ¼ kox sin h ln
Iox
Iu

þ 1

� �
ð1Þ

where dox is the thickness of the oxide, kox is the

attenuation length for electrons with a specific kinetic

energy (in this case corresponding to Nb3d electrons

ejected by Al Ka X-rays and traveling through Nb2O5

compound), h is the emission angle, Iox is the inten-

sity from the oxide, and Iu is the intensity from the

underlying layer (Nb or NbC) [37, 38]. Figure 6

shows calculated mean oxide thicknesses for differ-

ent coatings assuming an attenuation length of

3.0 nm. Values are about 1 and 4 nm for the

nanocomposites and the metal, respectively, and

these values are similar to those reported for bulk

compounds [24, 37]. However, the results have a

pronounced angular dependence which implies that

the analysis was affected by serration as a perfectly
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Figure 6 The mean oxide thickness, calculated from ARXPS data

using Eq. 1 for metallic Nb and nanocomposite NbCx/a-Cy:H

coatings. Angle dependency was due to serration. Analysis at low

angle was more surface sensitive.
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layered system would yield a constant thickness.

Essentially, this means that the oxide overlayer is not

perfectly flat. This type of serration was also observed

by Darlinski and Halbritter in their ARXPS studies of

Nb and NbC [35].

The ARXPS data were further analyzed to find out

whether the carbide and oxide phases had any kind

of depth-dependent stoichiometries. Regarding the

carbide, the total amount of C with C–Nb bond (at.%)

and the total amount of Nb with Nb–C bond (at.%),

calculated from the obtained C1s and Nb3d spectra,

were plotted against each other (not shown here). The

data formed a distinct straight line, and there were

consequently no signs of stoichiometric changes as a

function of depth. The slope of the line was 0.84,

which essentially is the average bulk composition of

the carbide phase in the three coatings and matched

the bulk analysis discussed above. Regarding the

oxide, an analogous plotting procedure used the total

amounts of O–Nb versus Nb–O (not shown here). In

this case, the data also formed a straight line and the

regression slope was 2.44, which corresponds to that

of Nb2O5.

To enforce greater differences in surface oxidation,

annealing experiments were carried out in ambient

atmosphere on a hot plate at temperatures from 80 to

260 �C for 15 min. Such conditions mainly targeted

the surface chemistry and should not have allowed

for any bulk recrystallization [39]. Figure 7 shows the

fractions of Nb–O bonds based on Nb3d spectra

(acquired without any sputter etching) as a function

of annealing temperature. The different series corre-

spond to the different coatings, and once again, the

difference between the metal and the nanocomposites

was very distinct. The series for the Nb coating shows

around 90% Nb–O at temperatures of 20–100 �C and

close to 100% at 180–260 �C. In contrast, the series for

the nanocomposite coatings form overlapping trends

and these show about 45% Nb–O up to temperatures

of 100 �C, about 60% at 180 �C, and finally about 95%

at 260 �C. The results suggest that the nanocompos-

ites have a much higher oxidation resistance than

metallic Nb and that the oxide layers on the

nanocomposites are only about 1 nm up to 180 �C. A

more significant oxidation starts at temperatures

above 180 �C. The oxide thickness at 260 �C was

estimated using the following approach: The Nb3d

spectra (without Ar-ion etching) showed no Nb–Nb

bonding states of annealed Nb coatings, which means

that the oxide was thicker than the information

depth. In contrast, a weak Nb–C contribution was

observed on the nanocomposite coatings suggesting

that the oxide in this case was thinner than the

information depth. The information depth could be

estimated to be 8.5 nm (Eq. (1) and 4k), assuming an

oxide with full coverage, an acquisition angle of 45�,
and an attenuation length (kox) of 3 nm. This means

that the oxide on the nanocomposite coatings after

15-min annealing at 260 �C is less than 8.5 nm. To

estimate the oxide thickness at the highest tempera-

ture on the Nb coating, an initial minor sputter etch

was carried out on this sample to remove approxi-

mately 1 nm of coating material (500 eV Ar?, 1 min),

and lastly sputter etching to a depth of approximately

20 nm (1 keV Ar?, 10 min). The sputter rate of Nb–O,

formed on the coatings, was determined by sputter

removal of the oxide with its thickness known (from

XPS analysis). The evolution of the oxygen to nio-

bium atomic ratios (O/Nb) for the Nb and NbC0.8/a-

C24:H coatings at 260 �C is shown in the inset in

Fig. 7. As can be seen, no indication of oxide is seen

on either of the two samples. Consequently, the oxide

thickness on the metallic Nb coating was estimated to

be in the range of 8.5–20 nm.

We further wanted to study the surface chemistry

of NbCx/a-Cy:H coatings deposited using conditions

which would mimic an industrial production sce-

nario, where samples ideally should be transferred

from the process chamber to atmosphere (i.e.,
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Figure 7 The fraction of Nb–O bonds in XPS Nb3d spectra

versus annealing temperature for metallic Nb and nanocomposite

NbCx/a-Cy:H coatings. The remaining fraction was Nb–C bonds

(&0–0.6) or Nb–Nb bonds (&0–0.1). Insets show O/Nb atomic

ratio after Ar? sputter etching for metallic Nb and nanocomposite

NbC0.8/a-C24:H, and it demonstrates that the oxide did not extend

deep into the samples even after annealing at 260 �C.
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ventilation) as quickly as possible to maximize

throughput. The hypothesis, as well as concern, is

that the surfaces of the coated components may then

oxidize in air due to high substrate temperature upon

ventilation (‘‘venting temperature’’). Additional

samples were deposited on Cu-Sn/Ni substrates at

200 �C, and these were then kept under vacuum

(base pressure 10-4 Pa) for shortened periods of time

of 10, 60, or 300 s to dissipate different amounts of

heat before exposure to atmosphere. All other con-

ditions were as before. The choice of 200 �C is a

tradeoff between a high substrate temperature, which

is typically beneficial for properties of sputtered

coatings, and to avoid adversely affecting the sub-

strate material, e.g., due to softening of the Cu-Sn. At

the time of ventilation, the measured surface tem-

peratures of the samples were 190–210 �C for the two

shortest times and 110 �C for the longest one (300 s).

The temperatures quickly decreased under ambient

conditions, which made the measurements somewhat

uncertain given that Stefan-Boltzmann heat irradia-

tion obeys a T4 relationship. Note also that tempera-

tures should be affected by thermal mass and

influenced by fixturing arrangements, meaning that

the cooling times are specific for this experiment.

The bulk composition of the samples was deter-

mined to be NbC1.0/a-C44:H using the same proce-

dure as before. Figure 8 shows a plot of Nb3d spectra

(Fig. 8a) and three 2D contour plots of the C1s region

(Fig. 8b–d). Figure 8a shows that there are three

Nb3d surface spectra for the three cooling times, and

it is easy to realize that the cooling time prior to air

exposure had direct consequences for the surface

chemistry by comparing the Nb–O intensities. Cor-

respondingly, the coating cooled for only 10 s

exhibited a thicker oxide, with only a small intensity

due to Nb–C bonding states in the Nb3d spectrum. In

contrast, the longest cooling time resulted in a limited

oxide growth of only 0.9 nm, i.e., similar to that in

Fig. 6. It can be concluded that the venting temper-

ature is an important and influential parameter for

the surface chemistry of carbide nanocomposites. An

analogous effect has also been demonstrated for TiN

[40]. Conversely, it may possible to reduce these

oxides by vacuum annealing, as has been done for

air-exposed Ni3C/a-C coatings [41]. The presence of

a-C phase may lower the reduction temperature of

the oxide for the Nb–C case, compared to the Nb

case, via carbothermal reduction. This remains to be

experimentally verified for these Nb–C coatings, but

is out of the scope of this report.

To further study the effect of surface oxidation,

depth profiles of the C1s spectra were acquired from

the three samples. The results are shown in Fig. 8b–d,

where the C1s intensity is represented by different

colors as a function of estimated depth assuming an

Ar?-etching rate of 1.3 nm min-1. The first spectra

were recordedat adepth of 0.7 nm to removeadsorbed

surface contaminations (e.g., H2O and hydrocarbons).

As can be seen, two features are present in the spectra:

The C–C peak at 284.4 eV and the C–Nb peak at

282.8 eV (cf. Fig. 4a). An interesting observation is that
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Figure 8 NbC1.0/a-C44:H samples were deposited by an identical

deposition process and then kept under vacuum for different

cooling times of 10, 60, or 300 s, before exposure to atmosphere.

a XPS Nb3d spectra for the different cooling times. No sputter

etching was used. b–d Contour plots of intensity from XPS C1s

spectra in different colors as a function of binding energy and

sputter depth for each cooling time in ascending order. Maps were

interpolated from spectra obtained at depths of 0.7, 1.3, 2.7, 5.3,

and 10.7 nm (500 eV Ar? etching). All hydrocarbon contamina-

tion was eliminated at 0.7 nm. Dotted lines at 282.8 and 284.4 eV

correspond to C–Nb and C–C bonds, respectively.
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the oxidized surface region also contains an enrich-

ment in C–C bonds originating from a-C. The most

oxidized sample in Fig. 8b has a C–C enrichment

extending more than 3 nm into the coating, while the

least oxidized sample in Fig. 8d has an enrichment

depth of only 1 nm. Note that these values are com-

parable to the oxide thickness. A similar trend was

observed for the samples annealed using controlled

conditions on the hot plate (discussed above), and the

C–C enrichment was especially pronounced after

annealing at 260 �C, which is related to the extent of

carbide oxidation (see Fig. 7) aswill be discussed now.

The formation of additional a-C in the oxidized region

can, in the present study, be explained by the following

reaction (disregarding vacancies in the NbCx):

2xNbCþ 5

2
xO2 ! xNb2O5 þ 2xC ð2Þ

Note that Shimada [42] observed evolution of CO2

gaswhen annealing bulkNbC between 390 and 610 �C.
Shi et al. [43] also observed CO2 when annealing

nanocrystalline NbC but only at temperatures above

350 �C.Sinceweobserveda carbonenrichment and that

the annealing temperatures were not higher than

260 �C, reaction (2) should be correct. Hence, it is clear

that oxidation of the nanocomposite coatings not only

leads to oxide formation, but must also lead to forma-

tion of free C (unless the oxidation is carried out at a

higher temperature). As will be discussed below, we

propose that this additional presence ofCwill influence

the surface properties of the coatings.

Coating properties

Electrical resistivity

The resistivity is often obtained by measuring the

sheet resistance and multiplying by coating

thickness. In this case, the reactively sputtered layer

was deposited on top of a metallic adhesion layer

with much lower resistivity. Their separate contri-

butions were resolved by a rudimentary parallel

resistor model given by Eq. 3,

q ¼ Rst ¼
ta þ tb

ta=qa þ tb=qb
ð3Þ

where q is resistivity, Rs is the measured sheet

resistance, t is thickness, and the two indexes a and

b denote the adhesion layer and the reactively

sputtered layer, respectively. Values for qb, hereafter
simply referred to as the resistivity, are summarized

in Table 1. The resistivity increased from 35 lX cm

for metallic Nb, up to about 500 and 1000 lX cm for

C/Nb ratios of 1.0 and 1.6, respectively. Literature

data for bulk Nb is 15 lX cm, while the resistivity

of bulk NbCx spans from 40 up to 155 lX cm with

higher values for a higher amount of carbon

vacancies [44]. Higher resistivities for the coatings is

expected and can principally be explained by scat-

tering effects due to the small grain size or by

electron tunneling through thin layers of a-C

[45–47]. The present values were also compared to

the previous NbCx/a-C(:H) coatings [4, 5]. While

there was very good agreement to the non-reac-

tively sputtered coatings, the reactively (:H) sput-

tered ones had much lower reported resistivities,

around 200–400 lX cm [5]. However, those values

may have been influenced by a thicker Nb adhesion

layer. To summarize, prior to the contact resistance

results, the coatings contained surface oxides as

well as amorphous carbon and exhibited a (pre-

sumably) high hardness and relatively high resis-

tivity. From a classical perspective, these conditions

would indicate a far from optimal situation for the

contact properties.

Table 1 Electrical contact

resistance R in mX at 1 N load

before and after 15-min

annealing in air

R in mX C/Nb = 0 C/Nb = 0.8 C/Nb = 1.0 C/Nb = 1.6

R, as dep. 2700 310 63 76

R, 100 �C 7400 910 73 300

R, 180 �C 13000 860 53 390

R, 260 �C 50000 39000 24000 33000

q (lX cm) 35 310 510 940

The precision in contact resistance was about 10% for most samples (up to 30% for the most oxidized

samples after annealing). Resistivity q (see Eq. 3; as-deposited) is also included. The precision in

resistivity measurements was 3%
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Electrical contact resistance

The contact resistance was obtained by vertically

moving a coated sample toward a spring-loaded

hemispherical (d = 1.2 mm) gold-coated probe,

establishing contact loads of *0 to 1 N, and then

measuring the voltage drop (c.f. Fig. 1). Results for

the set of annealed coatings are given in Table 1. As

can be seen, the samples annealed to 260 �C all

exhibited extremely high contact resistances. This can

be explained by the rather thick oxide film on these

samples as shown in Fig. 7. Furthermore, the metallic

Nb coating exhibited higher contact resistances than

any of the nanocomposite coatings. The lowest con-

tact resistance was observed for the NbC0.8/a-C24:H

coating (corresponding to C/Nb = 1.0 in Table 1)

followed by the NbC0.9/a-C44:H coating (C/Nb = 1.6

in Table 1). A minimum in contact resistance at about

24% a-C:H constitutes a trend that is in experimental

agreement with other studies on both nanocrystalline

[28] as well as amorphous [3] nanocomposites.

It is evident that the contact resistance is affected

by the oxide thickness. Figure 9 is a plot of the

contact resistance as a function of mean oxide

thickness for all samples in Table 1 as well as for the

NbC1.00/a-C44:H samples in Fig. 8. The results

strongly indicate that the contact resistance is expo-

nentially dependent on the oxide thickness, but with

an offset for each series of samples. It is interesting to

note that the NbC1.00/a-C44:H series (from the

experiments with different cooling times and venting

temperatures) exhibited a much lower contact resis-

tance compared to, for example, the NbC0.9/a-C44:H

series. This can be due to that is was deposited at

200 �C or due to an aging effect since the contact

resistance of the NbC1.00/a-C44:H series was mea-

sured only a few hours after deposition compared to

a few months for all other series. It is not unlikely

that the native passive films formed during sample

storage in air-tight plastic containers. However, the

passivation from the experimentally induced ele-

vated temperatures far outweighs that of a much

slower, but possible, aging process. A very impor-

tant result in Fig. 9 is that oxide thickness alone

cannot explain the contact resistance variations of

the samples. For example, a number of samples have

oxide thicknesses of about 1 nm, but these samples

exhibit contact resistance values ranging over two

orders of magnitude (10-2–100 X). Consequently,

some other factor must also play a crucial role in the

contact behavior and the attention will now be on

the a-C phase and contact mechanics.

Equation 4 is based on contact theory [9] and it is

an adapted version of the power law describing the

relationship between the contact resistance of a

junction and the contact load when a sample is mated

to an overlayer-free probe (gold). It states that

R ¼ cF�a ð4Þ

where R is the contact resistance, c is a constant that

accounts for material properties, F is the contact load,

and the exponent a should be equal to � for an

overlayer-free sample or equal to 1 in the presence of

an overlayer [9]. For the overlayer model, the con-

stant c is given by Eq. 5,

c ¼ qdH ð5Þ

where q is the overlayer resistivity, d is the overlayer

thickness, and H is the hardness of softest material

(gold) [9]. The reason for hardness being in Eq. 5 is

that conditions of plastic deformation between two

contact members are assumed, which leads to Eq. 6,

Ac ¼
F

H
ð6Þ

where Ac is the contact area. As the load increases,

the contact area should increase, and consequently,

the contact resistance should decrease. If the above

equations actually are relevant for a nanocomposite

gradient, overlayer can be debated, because the the-

ory assumes that the size of the a-spot is small (nor-

mally of micron or submicron size) compared to the

spread of a surrounding oxide [9]. Due to the small

grains in the nanocomposites, it is not certain that this
Figure 9 Contact resistance (log) at 1 N load versus mean oxide

thickness. Dashed lines are exponential regressions.
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concept can be applied, and furthermore, the resis-

tivity of the present overlayer should change as a

function of depth. However, under the assumption

that c is constant, the focus will be on the load-de-

pendency factor F-a.

Figure 10 shows plots of contact resistance as a

function of load for one Nb coating, the three

NbC1.00/a-C44:H coatings from the cooling experi-

ments (c.f. Fig. 8), and one Au reference coating. Each

curve has been fitted by a power law function

according to Eq. 4. The Au reference had a load

dependency of F-0.51, as well as a very good quality

fit, in good agreement with the overlayer-free system.

For the Nb coating, with a Nb2O5 surface layer, the

load dependency was F-1.08, which is in good agree-

ment with the overlayer model. For the nanocom-

posite coatings, the load dependencies were F-1.41,

F-1.39, and F-1.1, which overall are considered to

deviate from the ideal case of F-1. The fits are good

but not perfect and at around 0.4 N, the curves

transition from a steep decrease in resistance into a

region with a less steep decrease. The nanocomposite

with the thinnest oxide exhibited an exponent close to

-1 in agreement with a simple overlayer model, while

the other two samples with thicker oxides exhibited

exponents of about -1.4. The thicker oxides also

contained more free a-C formed during the oxidation

in accordance with Eq. (2) and as demonstrated in

Fig. 8. It is likely that the deviation from a F-1 load

dependence in Fig. 10 can indirectly be explained by

differences in the mechanical properties of the over-

layers, which result in differences in the conductive

contact area.

Based on the presented results, the schematic model

in Fig. 11 was devised. It illustrates a cross-sectional

view of an electrical contact junction for three different

coatings. In Fig. 11a, the coating has a coarse-grained

structure with none to a small amount of a-C(:H)

matrix. In Fig. 11b, the coating has medium-sized

nanocrystalline (10–100 nm) grains and a medium

amount of a-C(:H) matrix. In Fig. 11c, the coating has

very small nanocrystalline (\10 nm) grains and a high

amount of a-C(:H) matrix. These three cases roughly

correspond to the NbC0.7/a-C11:H, NbC0.8/a-C24:H,

and NbC0.9/a-C44:H coatings in this study, although

themodel should be considered general. The numbers

in Fig. 11, from 1 to 7, represent important areas in the

contacting process. In the first case (a), there is a

widespread oxide covering the junction, and in most

mechanical contact points there will be no break-

through of this oxide (1) and only minor breakthrough

(2) in a few areas. This gives rise to a high electrical

contact resistance, in correspondence with the contact

resistances observed for the NbC0.7/a-C11:H and Nb

coatings (c.f. Fig. 9; Table 1). Note also that the oxide

starts to nucleate at multiple sites and this effect gives

rise to a serrated oxide accompanied by the release of

carbon in nearby region (c.f. reaction 2 in ‘‘Surface

characterization of coatings’’ section). In the next case

(b), the grains aremuch smaller andmost importantly,

many of the ones near the surface are covered by the

a-C(:H) matrix. When the counterpart mates to the

coating the thin surface layer of carbon will give way

and hence a conductive junction is established (3).

Grains not covered by a-C matrix (4) are highly sus-

ceptible to oxidation, especially considering their

small size, and will present a thick oxide layer which

inhibits a conductive junction. Furthermore, the

release of highly resistive carbon (compared to the

resistivity of NbC) should also be the cause for the

unusual load dependencies (F-a) as discussed above

and observed in Fig. 10. In the last case (c), there is a

high content of a-Cmatrix phase, and in area (5), there

will be a conductive junction, just as in area (3), and

there will also be oxidation of grains exposed to air in

area (6), just as in area (4). However, these grains are

Figure 10 Contact resistance R (log) versus contact load F for

one Nb coating, three nanocomposite NbC1.0/a-C44:H coatings

from the cooling experiments (see Fig. 8), and one Au coating.

Dashed lines are power law regressions of type R ¼ cF�a where

aNb = 1.08, a10s = 1.41, a60s = 1.39, a300s = 1.11, and

aAu = 0.51.
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very small and have a higher surface/volume ratio,

suggesting that they get oxidized to a greater extent.

The combination of differences in amount of a-C

matrix phase and grain size explains the very similar

Nb–O bond fractions observed in Fig. 7 for the carbon-

containing samples. The model also explains how

there could be very significant intensity from Nb–C

bonds in the ARXPS data even at grazing angles (c.f.

Fig. 5), i.e., there must have been carbide phase very

close to the surface. Finally, in area (7) the a-C layer has

become too thick and the counterpart cannot establish

electrical contact to the carbide grain below. This effect

explains why the contact resistance is seen to increase

when the C/Nb ratio gets high (c.f. Table 1), and it

consequently explains the optimum in contact resis-

tance at 24% a-C as well. With regard to the mean

matrix thickness, as was calculated above, the sug-

gested model implies that the ratio of mean matrix

thickness to grain size is important for the contact

properties of nc-MeCx/a-C(:H). Based on the obtained

experimental data, a minimum in contact resistance

was observedwhen themeanmatrix thicknesswas 6%

of the grain size. It is suggested, from the optimization

point of view, that deposition conditions should be

tuned to give such a microstructure.

A final note is that Fig. 10 confirms that a NbCx/a-

C:H nanocomposite deposited under the right cir-

cumstances, i.e., that minimize the oxide layer, can

have similar contact resistance as Au coatings at a

contact load of 1 N in the present measurement

setup. This result demonstrates a significant promise

for using this material in low-load electrical contact

applications. Further studies are, however, required

to study the corrosion resistance in relevant tests, as

well as to study durability and aging.

Conclusions

Nanocrystalline niobium carbide/hydrogenated

amorphous carbon (NbCx/a-Cy:H) nanocomposite

coatings were deposited by high-rate reactive indus-

trial magnetron sputtering, and the coating

microstructure, surface chemistry, and electrical

contact resistance at low contact loads were studied.

The mean oxide thickness on the nanocomposites

was found to be 1 nm compared to 4 nm for metallic

Nb. Annealing experiments up to 260 �C in air

resulted in thicker oxides of up to 8 nm according to

XPS. Upon oxidation, the NbCx grains released C in

Figure 11 A schematic model illustrating the structure and

chemistry of three different coatings in an electrical contact

situation. The solid arrows show where current flows. a Represents

a coarse-grained coating with large grains and none to a small

amount of carbon matrix (a-C). b Represents a coating with

medium-sized grains and a medium amount of carbon matrix.

c Represents a coating with small grains and a high amount of

carbon matrix. Numbers 1–7 represent the following. (1) A

widespread oxide prevents conductive junctions. (2) A small

mechanical disruption of the oxide film occurs, allowing for some

current to flow. (3) The carbon matrix protects carbide grains from

oxidation. When the counterpart mates to the coating, the thin

surface layer of carbon gives way and a conductive junction is

established. (4) Carbide grains not covered by the carbon matrix

are easily oxidized. (5) See number 3. (6) See number 4, with the

addition the smaller grains will oxidize to relatively further extent.

(7) The carbon layer is too thick and prevents a conductive

junction.
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their vicinity, leading to a surface layer enriched in C

and Nb2O5 although the bulk chemistry below the

surface layer remained intact. The electrical contact

resistance was exponentially dependent on the mean

oxide thickness at a contact load of 1.0 N. However,

coatings with similar mean oxide thickness exhibited

two orders of magnitude difference in contact resis-

tance, suggesting that some other factor played an

important role. It was found that the a-C:H matrix

acted as an oxidation barrier on the surface, effec-

tively protecting the carbide grains from oxidation. In

an electrical contact configuration, a counterpart

penetrated this a-C:H layer and made electrical con-

tact to non-oxidized NbCx grains, which resulted in a

very low electrical contact resistance. Too much of

the a-C:H matrix made the insulating barrier too

thick and led to higher contact resistance. The best

sample with very little oxide had a contact resistance

that was comparable to Au at a load of 1 N. Further

studies are, however, required to evaluate corrosion

resistance as well as durability and aging to evaluate

this material for low-load electrical contact

applications.

Acknowledgements

We thank Dr. Pedro Berastegui at Uppsala University

for doing the X-ray diffraction measurements. The

Swedish Foundation for Strategic Research is

acknowledged for financial support through the

program ProViking, as well as through the Synergy

Grant FUNCASE, Functional Carbides and

Advanced Surface Engineering. VINN Excellence

Center in research and innovation on Functional

Nanoscale Materials (FunMat) by the Swedish

Governmental Agency for Innovation Systems is

acknowledged for financial support. The Swedish

Research Council (VR 2011-3492) is acknowledged for

financial support.

Compliance with ethical standards

Conflict of interest The authors declare that they

have no conflicts of interest.

Open Access This article is distributed under the

terms of the Creative Commons Attribution 4.0

International License (http://creativecommons.org/

licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium,

provided you give appropriate credit to the original

author(s) and the source, provide a link to the Crea-

tive Commons license, and indicate if changes were

made.

References

[1] Lewin E, Wilhelmsson O, Jansson U (2006) Nanocomposite

nc-TiC/a-C thin films for electrical contact applications.

J Appl Phys 100:54303. doi:10.1063/1.2336302
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