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A B S T R A C T

Carbon vacuum arc was used to deposit 5–25 nm thick carbon coatings on single-walled

carbon nanotube (SWCNT) networks. The SWCNT bundles thus embedded in conformal

coatings maintained their optical transparency and electrical conductivity. Sheet resis-

tances of the networks were measured during the vacuum arc deposition, revealing initially

a 100-fold increase, followed by significant recovery after exposing the samples to an ambi-

ent atmosphere. Nanoindentation measurements revealed improved elasticity of the net-

work after applying the carbon coating. Pristine SWCNT networks were easily deformed

permanently, but a 20 nm carbon coating strengthened the nanostructure, resulting in a

fully elastic recovery from a 20 lN load applied with a Berkovich tip. In nano-wear tests

on selected areas, the coated SWCNT maintained its networking integrity after two passes

raster scan at loads up to 25 lN. On the other hand, the pristine networks were badly dam-

aged under a 10 lN scan load and completely displaced under 25 lN. Raman and electron

energy loss spectroscopies indicated the carbon coating on bundles to be mainly sp2

bonded. Finite element modeling suggests that the low content of sp3 bonds may be due

to heating by the intense ion flux during the plasma pulse.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes possess unique electrical and mechanical

properties, which make them potentially applicable as net-

works and thin films. Yet the functional thin films have very

modest mechanical strength when compared to hard nano-

structured thin films [1]. Specifically, single-walled carbon

nanotubes (SWCNT) and their networks can be used as tran-

sistors, optically transparent conductors for conventional and

flexible electronics, sensors, acoustical emitters, etc. by using

simple and straightforward synthesis and deposition ap-

proaches [2–7]. Optically transparent electrodes are one of

the most promising application areas and provide large com-

mercial and technological potential due to the abundance of
er Ltd. All rights reserved
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raw materials and the superior flexure resistance of SWCNT

networks compared to conventional transparent electrode

materials, such as ITO [8]. However, SWCNT networks can

be prone to mechanical damage from scratching and wear,

and therefore an improvement of their mechanical properties

would be beneficial for a variety of applications requiring ex-

posed SWCNT networks [9]. The reported yield strength of

SWCNT networks is some tens of MPa, [10] which is about

three orders of magnitude lower than that of hard nanostruc-

tured coatings [1]. Protective coatings of diamond-like carbon

have long been used to improve the wear resistance of bulk

materials [11]. This lead us to hypothesize that similar carbon

coatings could provide a way to covalently bond together

SWCNTs in networks to improve their mechanical perfor-
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mance, while preserving their native electrical conductivity

and optical transparency.

Coating of carbon nanostructures by using carbon ion or

plasma beams has rarely been discussed in the literature.

Hydrogen-containing diamond-like carbon (DLC) films have

been grown on top of dense aligned MWCNT forests and on

spin-coated CNT dispersions by plasma chemical vapor depo-

sition (PCVD) [12,13]. The mechanical strength and hydropho-

bic properties of the MWCNT forests were enhanced [13].

Schittenhelm and co-workers utilized a pulsed laser deposi-

tion (PLD) carbon coating process with ion energies of around

100 eV on SWCNT bundles, and were able to maintain metal-

lic conduction while increasing the scratch resistance of the

films [14]. However, none of the aforementioned papers pro-

vides detailed atomic scale characterization of the structure

of the carbon coating.

In this work, we describe the synthesis of a composite

nanomaterial composed of a non-hydrogenated PVD carbon

coating of a SWCNT network. The material is characterized

using transmission electron microscopy (TEM), scanning

electron microscopy (SEM), electron energy loss spectroscopy

(EELS) as well as Raman and optical absorption spectroscopy.

Additionally, the improvement of the mechanical properties

of the hybrid nanomaterial is evaluated by comparison to

pristine SWCNT network using a nanoindentation tech-

nique. We also report for the first time a physical vapor

deposition (PVD) carbon coating applied to freestanding

SWCNT networks, i.e. networks without a supporting sub-

strate. Carbon coatings are grown on the SWCNT networks

by applying a pulsed vacuum arc discharge deposition, with

the growth process monitored by in situ sheet resistance

measurements.
2. Experimental

SWCNTs were synthesized using a high temperature catalytic

aerosol CVD process, which is based on the thermal decom-

position of ferrocene, subsequent formation of iron nanopar-

ticles, and the catalytic decomposition of carbon monoxide

on the surface of iron nanoparticles leading to SWCNT forma-

tion [15]. Subsequently, the SWCNTs spontaneously bundle

and form aggregates from a few to tens of parallel SWCNTs

to minimize their surface free energy [16]. The formed

SWCNT bundles are on average 9 lm in length and about

12 nm in diameter, as determined by statistical analysis of

SEM and TEM images of the reaction products described else-

where [6]. SWCNTs are collected in the form of randomly ori-

ented networks at the outlet of the synthesis reactor using

nitrocellulose membrane filters (Millipore Ltd. HAWP,

0.45 lm pore size). By varying the deposition duration, the

amount of deposited SWCNT bundles and thus the thickness

of the samples can be varied from sub-monolayer SWCNT

bundle coverage to thick multilayered SWCNT networks up

to a few micrometers in thickness [6,7]. Samples were further

transferred onto substrates, or formed free-standing SWCNT

networks with a dry room temperature press transfer process,

described in detail elsewhere [6,7]. Thin sub-monolayer sam-

ples consisting of sparsely deposited SWCNT bundles were

deposited on TEM grids (Holey Carbon Film 400 Mesh CU, Agar
Scientific, UK) by placing the TEM grids on a nitrocellulose fil-

ter for a 15 s deposition.

The carbon coatings were deposited using a pulsed vac-

uum arc without energy filtering. A 2.6 mF capacitor bank

was charged to 200 V and the arc was triggered with ignition

electrodes. The maximum pulse current was 3 kA and the

pulse half width was about 150 ls. Each pulse was triggered

separately at 1 Hz frequency. The deposition rate during the

pulse was about 1.4 · 1015 ions/cm2, as measured from the

growth rate of a carbon layer on a flat silicon substrate. The

distance from the cathode was about 300 mm. The average

carbon ion energy has been measured to be 40–50 eV using

an electrostatic probe [17]. It may be assumed that all carbon

in the plasma is ionized [18].

For in situ electrical resistance characterization, a rectan-

gular SWCNT sample was prepared on a polymer surface

(PET, 125 lm thick, Sigma–Aldrich). Copper conductors were

attached to both ends of the sample area using commercially

available silver paint, and connected to an external multime-

ter (Fluke 88). In addition, the sample was measured after the

coating process to study the impact of ambient doping and

the subsequent recovery of sheet resistance. To extract elec-

trical characteristics of pristine and carbon coated SWCNT

samples on PET and Si substrates, a four point probe and a

digital multimeter were used for the sheet resistance mea-

surements (Jandel four-point probe, Jandel Engineering Ltd./

Agilent 34411, Agilent).

Structural characterization of the coating microstructure

was done using a field emission TEM with double-Cs aberra-

tion correctors (JEOL JEM-2200FS operated at 80 kV). Further-

more, Raman and optical absorption spectroscopies

characterized the electronic structure of the samples. TEM

grids with pristine or carbon-coated SWCNT bundles were

investigated with a Raman spectrometer (Wintech Alpha300).

Raman spectra were collected using a frequency-doubled

Nd:YAG green laser (k = 532.25 nm). For micro-Raman mea-

surements, an Olympus 100· air objective was used leading

to laser spot size of about 200 nm, while the sample was

maintained at room temperature. The location of SWNCT

bundles was determined by mapping the integrated intensity

of the nanotube/graphite-specific G band, from 1550 to

1620 cm�1, and by extracting the Raman signal from spatial

areas exhibiting a high SWCNT-related G band intensity.

Large area samples on Si/Si02 substrates used for nanoinden-

tation were characterized by stationary Raman measure-

ments. As the silicon substrate used for nanoindentation

doesn’t allow optical absorption spectroscopy in a transmis-

sion configuration, separate samples were fabricated on

transparent PET substrates for optical absorption spectros-

copy, which was performed using a dual beam spectropho-

tometer (Perkin–Elmers Model 950).

To study the mechanical behavior of the SWCNT structure,

a SWCNT bundle network, with thickness of about 200 nm, as

estimated based on optical absorption [7] in thickness was

transferred onto a silicon wafer. The SWCNT network with

a pristine sheet resistance of 100 X/sq. and an optical trans-

mittance of 50% (at 550 nm) was selected to provide similar

sheet resistance characteristics as typical commercially avail-

able ITO-on-polymer transparent conductors to test the via-

bility of the carbon coated SWCNTs as an alterative
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material. An approximately 20 nm thick carbon coating was

then applied on part of the network. Then, indentation was

carried out with a TriboIndenter� TI-900 (Hysitron, Inc.) nano-

mechanical testing system. A load-control mode was used in

the measurement in which arrays of indents with varying

maximum loads were performed on selected areas on both

the coated and uncoated SWCNT with the peak-load range

varied from 20 to 200 lN. The indenter was a Berkovich-type

with a nominal tip radius of 130 nm.

The nanowear experiments were designed to test the

mechanical response of the SWCNT bundles under contact

pressure. In the nanowear experiments, a Berkovich tip

scanned a selected area on the sample surface with a set of

speed of 2.4, 5 and 10 nm/s to scan an area of 2.4 · 2.4, 5 · 5

and 10 · 10 lm, respectively. The load for scan wear was con-

stant at 10 and 25 lN. A larger region containing the worn

area was then imaged with a load of 0.5 lN. Trial-scan before

the nanowear experiments had shown that on both of the

coated and uncoated sample the surface change was negligi-

ble under this small load. The worn surface on the coated and

non-coated network was examined by studing the scanning

probe microscopy SPM images in assistance with SEM obser-

vation. The amount of wear and material deformation/dis-

placement was estimated by comparing the 3D-

reconstructions of surface profiles before and after the nano-

wear experiments.

3. Results and discussion

In the PVD carbon coating 250 pulses were applied on the

exposed SWCNT bundle surfaces (equivalent to approxi-

mately 25 nm thick layer). SEM observation revealed that in

the uniform layer blanketing the network surface, the carbon

seemed selectively applied on the bundle threads, thickening

them and partially covering the holes of the network (Fig. 1).

The basic interconnected structure of the network was main-

tained despite the harsh coating process. Manually performed

light mechical scratching of the PVD-coated SWCNT network

revealed clear morphological difference between the coating

modified, crust-like, heavily interconnected top-layer and

the non-modified underlying SWCNT network (Fig. 1c). For-

mation of this heavily interconnected top layer can be ex-

plained by process in which the PVD coating deposits on

bundles near the surface and gradually reduces the empty

area between the bundles leading to a progressively more

localized deposition at the surface, while the lower SWCNT

layers are shadowed by the top layers and stay largely

unmodified by the coating. The surface-localized coating is

evident also when comparing the side-views of the ethanol

densified, non-coated network and it’s PVD-coated counter-

part in the Fig. 1d and e. The cross-sectional imaging was per-

formed by mechanically peeling small flakes of the networks

away from the substrate and by imaging these relatively well-

defined flakes at approximately perpendicular direction by

tilting the SEM sample stage.

Fig. 2 shows a photograph of the freestanding carbon-

coated SWCNT network with the same coating thickness on

a 200 nm thick SWCNT network, clearly demonstrating the

optical transparency of the hybrid material. The freestanding
SWCNT network was coated and analyzed without the etha-

nol densification, which leads to different bundle morphology

when compared to densified samples, which were discussed

previously and are later analyzed with nanoindentation and

nanoscratching measurements. As ethanol densification

changes the film morphology from a highly porous 3d-struc-

ture to a dense 2d-structure, the pristine films exhibit more

separated small diameter bundles both prior and after the

coating process, allowing statistical estimation of the bundle

diameter increase due to the PVD coating process. The diam-

eter increase of SWCNT bundles due to the coating process is

readily observed from the SEM images (Fig. 2b and c). The

average bundle diameter increases from (12 ± 6) to

(73 ± 14) nm during the coating process.

The structural modification of the bundle surfaces is ob-

servable by TEM imaging of the pristine and PVD-coated small

diameter SWCNT bundles with a thinner PVD coating of 50

pulses (about 5 nm), depicted in Fig. 3a and b, respectively.

The clean and well-defined tubular bundle surface of pristine

SWCNTs is transformed to wavy and defective structures sur-

rounding the bundles. In the inner part of the bundle,

SWCNTs are still observed, indicating that at least the inner-

most SWCNTs are preserved during the coating process.

Interestingly, the TEM images reveal that the carbon coating

has a partially crystalline structure, with a graphitic interlayer

separation. Smaller diameter bundles depicted in the figures

Fig. 3c and d suggest surface localized damage leading to

more severe deterioration in small diameter structures. Mass

addition due to the coating can be estimated based on the

bundle diameters and the SWCNT bundle and coating densi-

ties. Typical reported values are for SWCNT bundle density

1.3–1.4 g/cm3 and for carbon coatings 2.5–3.0 g/cm3. For typi-

cal TEM-imaged samples depicted in Fig. 3a and b, consisting

of SWCNT bundles (10 nm diameter, density 1.3 g/cm3) coated

with 50 plasma pulses (5 nm, density 2.5 g/cm3) this would

correspond mass increase of approximately 250%. The struc-

ture is drastically different from prior work with macroscopic

solid substrates with similar PVD process parameters, which

yielded mainly sp3-configured amorphous diamond-like car-

bon (DLC) coatings [17].

Typical sheet resistance characteristics for a thin SWCNT

sample during the carbon plasma coating is shown in Fig. 4.

The sample was measured in an ambient atmosphere prior

to placing it in the vacuum chamber. Desorption of ambient

adsorbents increases the sheet resistance of the sample dur-

ing vacuum exposure prior to the PVD coating process. The

sheet resistance increases by about one order of magnitude

during the first ten coating pulses. The increase of sheet resis-

tance can be partly attributed to further desorption of air spe-

cies like H2O and O2, as the sheet resistance largely recovers

when the sample is exposed to ambient conditions after the

coating process. A 5-fold increase of the sheet resistance per-

sists after half a year of storage in ambient conditions, indi-

cating coating-induced permanent defects or increased

bundle-to-bundle contact resistances. Sputtered carbon

atoms in intertube and interbundle contacts could cause in-

creased contact resistances. While the electrical performance

of this thin and highly transparent SWCNT film (90% at

550 nm) is degraded during the coating process, the compos-



Fig. 1 – SEM images of (a) an ethanol densified SWCNT network and (b) an ethanol densified, PVD-coated SWCNT hybrid

nanomaterial (c) a macroscopic scratch, which reveals a crust-like, highly interconnected, coating modified SWCNT network

near the top-surface of the sample, and underlying pristine SWCNT-network, (d) a cross sectional view of the PVD-coated

network (indicated by the red arrow) and (e) the non-coated densified SWCNT-network (indicated by green arrows), showing

the effects of carbon PVD coating to the morphology of the SWCNT network. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

Fig. 2 – (a) A freestanding PVD-coated SWCNT film with carbon coating extends over the circular opening in the PET substrate,

demonstrating the optical transparency of the formed hybrid nanomaterial. (b) The freestanding network was fabricated

without ethanol densification, leading to clearly separated bundles both prior and (c) after the coating process, thus allowing

statistical estimation of diameter increase of the bundles during the coating process.
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Fig. 3 – TEM images of (a) pristine SWCNTs and (b) the carbon-coated SWCNT hybrid nanomaterial after 50 PVD coating

pulses. Red lines in the images highlight the location and directions of SWCNT sidewalls in the bundles and the green arrows

highlight the location of deposited carbon coating. Figures (c) and (d) depict pristine and carbon coated surfaces of small

diameter bundles, respectively, The carbon coated bundle exhibit a less pronounced core–shell structure, which can be

explained by localized damage near the surface. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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ite structure still maintains significant electrical conductivity

after the plasma coating process.

Optical absorption spectroscopy suggests that the charac-

teristic absorption bands of semiconducting and metallic

nanotubes are maintained during the carbon plasma coating

process as shown in Fig. 5. The sample with a thin carbon

coating exhibits only a small absorption change at the low

wavelength p-plasmon peak of the spectrum, which is related

to the increased total carbon content of the sample, also ob-

servable in the absorption spectrum of only carbon coated

PET-substrate. The positions of the nanotube-specific transi-

tions are unaffected, indicating that the carbon nanotubes

survive the coating process. The optical absorbance at the

550 nm wavelength is 50% and 40% for the pristine and car-

bon coated SWCNT networks, respectively. In order to justify

the claim of the material as transparent and conductive, also
the electrical characteristics were measured. Sheet resis-

tances of 100 X/h and 220 X/h were observed for pristine

SWCNTs and carbon coated SWCNTs. The same effect was

also verified for samples on Si-substrates, which were later

used for mechanical testing. Therefore the hybrid material

consisting of a carbon coating on SWCNT network can be

claimed to be optically transparent and electrically

conductive.

A typical electron energy loss spectroscopy (EELS) spec-

trum, presented in Fig. 6, exhibits a slight increase in the

intensity of the energy step starting at 290 eV, indicating in-

creased sp3-bonding fraction [19]. An increase in the ratio of

the areas under the sp2-related peak around 285 eV and the

energy step between 290 and 305 eV is not as high as could

be expected for sp3-bonded carbon in DLC coatings deposited

on macroscopic surfaces such as Si (100) [19]. Rather, EELS



Fig. 4 – In-situ measurement of a thin, highly transparent SWCNT network sheet resistance during the PVD carbon coating

process. The increase of sheet resistance stabilized after 10 pulses and recovers significantly after the sample is exposed to

ambient conditions.

Fig. 5 – Optical absorption spectra of pristine (blue), carbon coating without SWCNTs (red) and carbon-coated (green) SWCNT

networks. Increasing absorbance around the p-plasmon peak indicates increased sp2 bonded carbon content after coating.

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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suggests that a significant fraction of the carbon atoms in the

coating are sp2-configured, which could indicate that the for-

mation of a carbon coating on a nanostructured surface

exhibits anomalous behavior. This can originate from a relax-

ation mechanism that leads the carbon bonds to reconfigure

to an energetically more stable sp2-hybridization. However,

a quantitative determination of sp2/sp3 ratio based on EELS-

spectra is challenging due to overlapping SWCNT and amor-

phous carbon signals. Raman spectra, which are depicted in

Fig. 7, further indicate that SWCNTs in small diameter bun-

dles do survive the coating process. The Raman signal of

the coated sample exhibits a slightly decreased G/D ratio,

indicating slightly increased disordered sp2-hybridized car-

bon content. Raman measurements on Si substrate verified

the results for samples that were used for the mechanical
testing and had both thicker SWCNT and carbon coating lay-

ers, providing similar results to micro-Raman characterized

samples on TEM-grids. The samples with only a carbon coat-

ing on Si substrate exhibits a broad, small intensity G-band

signal typical for DLC-coatings [19].

To assess the possibility of bond reconfigurations due to

heating of the SWCNT bundle, we used finite element model-

ing (COMSOL Multiphysics 4.2). In the model the fiber was

heated from one end while the other was at a heat sink. Dur-

ing the pulse, heat flux due to the ions is of the order of 1 MW/

m2. Assuming a SWCNT bundle 12 nm in diameter, and a dis-

tance of 9 lm with one end connected to a heat sink at 300 K,

the maximum temperature of the fiber was calculated. It may

be assumed that the heat conductivity of the SWCNT bundle

is significantly lower than the theoretical maximum of



Fig. 7 – Normalized Raman spectra of pristine (blue) and carbon-coated (green) SWCNT samples measured with the micro-

Raman set-up. The inset shows the Raman spectrum of the carbon coating on a Si substrate, exhibiting diamond-like carbon

characteristics around at 15501/cm. SWCNTand carbon-coated SWCNT samples exhibit similar characteristics both in micro-

and macro-Raman measurements. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

Fig. 6 – Electron energy loss spectra measured on pristine (blue) and carbon-coated (green) SWCNT bundles. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3500 W/mK [20]. However, even with a thermal conductivity

3 W/mK, a temperature rise of less than one degree occurs.

But if no contact to the heat sink is assumed, the maximum

temperature is over 1000 K. Given the porous structure of

the SWCNT networks and the poor intertube, interbundle

and bundle-to-substrate heat coupling, it is justified to expect

extremely high local temperatures during the coating cycles.

This could lead to the thermal relaxation of sp3 bonding to

energetically more favorable sp2 bonding. It is known that

the deposition temperature has a strong effect on the bonding

structure of carbon films. On a solid substrate, a carbon film

deposited at a substrate temperature below 400 �C has an

sp3 content of over 60%, while above 500 �C the coating is pre-

dominantly sp2-bonded [17]. A 20 nm carbon film deposited

with identical deposition parameters on Si (100) was con-

firmed to be ta-C, as expected, by obtaining an atomic density
of about 3.0 g/cm3 with X-ray reflectivity measurement

[19,21]. We thus suggest that the heat flow controlling the

temperature during the growth of the carbon film on the

SWCNT bundles has a key role in determining the bonding

structure of the coating.

It is known that mechanical loading can permanently de-

form SWCNT networks, which can be detrimental for the

mechanical durability of SWCNT network devices. Fig. 8 pre-

sents wear patterns of worn surfaces from the carbon coated

and non-coated networks. Three scans performed on three

concentric areas starting from a size of 15 · 15 lm then

10 · 10 lm and finally 5 · 5 lm with the corresponding scan

loads of 1, 10 and 25 lN, respectively. For the non-coated net-

work, the post-scan SPM image (Fig. 8a) does not reveal clear

frames from the scan wear, but rather a roughened surface.

However, the three scan frames are clearly visible from the



Fig. 8 – SPM and SEM images of worn (a) non-coated and (b) carbon coated SWCNT networks by scan-wear tests at different

loads (the small dark rectangle-shaped frames are caused by SEM-electron beam when focusing at higher magnifications).

The coated network is more resilient and wear resistant than the non-coated one.
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SEM image. It can be seen that even at a 1 lN force the tip left

permanent deformation on the network surface. As the load

increased to 10 lN, the network is completely smeared, and

then largely removed with the 25 lN load. The carbon coated

network, on the other hand, exhibited higher resilience as

only the 25 lN scan frame is clear while the 10 lN scan frame

is hardly seen and the 1 lN frame is invisible. Therefore, the

network maintained its integrity after multiple wear scans

(Fig. 8b). The dark rectangles shaped frames in Fig. 8b were

caused by the electron beam contamination during focusing

at higher magnifications. Here, it should be understood that

the SPM images generated from a blunt tip (>130 nm tip ra-

dius) will not be able to reveal the details of the network bun-

dles. Still, the SPM images demonstrate that the network

bundle became much smoother after the carbon coating

(comparing Fig. 8a to 8b).

To estimate the amount of wear loses or material deforma-

tion/displacement, a separate scan wear test was performed

and results are shown in Figs. 9 and 10. It is clear that the

topography of the non-coated surface has been transformed
totally (Fig. 9a and b) and the worn region is clear outlined

(Fig. 9c). For the carbon-coated sample the surface topography

still resembles the original one after the nanowear test

(Fig. 10a and b) with a faint frame indicating the worn region

(Fig. 10c). The estimated volume of the worn area is 3.4 lm3

for the non-coated and 1.4 lm3 for the carbon-coated sample.

The average depth of the worn region is about 120 nm for the

non-coated and 45 nm for the carbon-coated samples.

The typical load-displacement curves from nanoindenta-

tion measurement also demonstrate the resilient mechanical

behavior of the coated SWCNT network (Fig. 11). Here, the

peak load was so chosen that the corresponding indent depth

was less than the nominal network thickness so that the

mechanical response would reflect the network-only behav-

iors with minimal substrate effects. As can be seen, the

coated network not only demonstrates higher resistances to

indenter penetration but also larger elastic recovery. In

Fig. 11, the ratio of the recovered depth to the maximum

depth at the two corresponding peak-loads is calculated by

the equation: (hmax � hr)/hmax, where hmax is the correspond-



Fig. 9 – SPM images of the non-coated SWCNT network on silicon in the nanowear test: (a) Original surface topography at the

selected area of 5 lm2, (b) after nanowear under a 10 lN load, and (c) a larger area image highlighting the worn region. A line-

scan crossing the red line in image (c) shows the surface profile. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 10 – SPM images of the coated SWCNT network on silicon in the nanowear test: (a) Original surface topography at the

selected area of 5 lm2, (b) after nanowear under a 10 lN load, and (c) a larger area image highlighting the worn region. A line-

scan crossing the red line in image (c) shows the surface profile. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 11 – Loading/unloading curves of the carbon-coated

(red) and non-coated (blue) SWCNT networks on silicon. The

elastic recovery of indentation depth is calculated from

maximum penetration depth, hmax, and residual depth, hr.

The coated SWCNT networks not only demonstrate higher

resistance to the indenter penetration but also show larger

elastic recovery. (For interpretation of the references to color

in this figure legend, the reader is referred to the web

version of this article.)
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ing depth at maximum load, and hr is the residual depth ex-

tracted from fitting the unloading data to a power-law equa-

tion following the Oliver and Pharr’s method [22]. SPM

images (Fig. 12) of the indented sites also proves the more

elastic behavior of the coated network as the indentation left

no recognizable mark on the sample surface (comparing
Fig. 12 – SPM images before and after indentation on: (a) and (b

network. There are hardly any observable changes after the inde

indent marks are clearly visible on the non-coated network surf

load.
Fig. 12a and b with 12c and 12d). This is in agreement with

the SEM observation on the worn surface (Fig. 8) and suggests

that the carbon-coated network had a rubber-like behavior in

which the residual depths, hr, could recover completely with

time even at high peak-loads. The calculated ratio of depth

recovery (Fig. 12e) gets close to 1 as the peak-load drops to

20 lN.

All of the above analysis suggests that under the nanowear

conditions, the SWCNT bundles slid against each other with

little resistance. The average depth of the worn area is about

60% of the original network thickness, indicating a possible

higher adhesion of the SWCNT bundles to the substrate than

the cohesion of the bundles as a network. On the other hand,

the carbon coating not only reduced the amount of the defor-

mation but also imparted elasticity to the SWCNT bundles as

a whole. The results of the experiment indicate potentials of

applying carbon coating on SWCNT network in developing

conductive and transparent layers with enhanced resistance

to contact pressure.

Fig. 13 shows the load-displacement curves from indent-

ing the carbon coated and coating-free Si-surfaces for com-

parison. The different mechanical response of a 100 nm

carbon coating and the Si substrate is clear. Under a peak-

load of about 470 lN, the deformation in the carbon coating

almost recovered completely with much higher hardness

and elastic modulus values than that of the coating-free Si.

In summary, carbon coating significantly enhanced the

integrity of the SWCNT network structure. Therefore, by

applying carbon coatings on SWCNT networks, it is possible

to develop novel conductive and transparent thin films with

improved structural stability under contact pressure. Further

experimental work is required in order to fully demonstrate

the application potential of the hybrid nanomaterial.
) the coated SWCNT network, and (c) and (d) the non-coated

ntation on the surface of the coated networks. However, the 9

ace. (e) The ratio of indentation depth recovery at each peak-



Fig. 13 – Plots of load vs. displacement on a 100 nm thick

carbon coating on the Si wafer (red) and the coating-free

substrate (black). (For interpretation of the references to

color in this figure legend, the reader is referred to the web

version of this article.)
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4. Conclusions

To conclude, novel carbon-coated SWCNT network hybrid

nanostructures were synthesized with PVD and characterized

in detail for the first time with a multimodal approach includ-

ing high resolution TEM. The experimental evidence from

electron microscopy, optical spectroscopy and in situ electrical

conductivity measurements indicates that SWCNTs are pre-

served during the energetic PVD process despite the struc-

tural modification of the surface layers of the material

during the carbon coating process. The bonding configuration

of the carbon coating observable on small diameter SWCNT

bundles is drastically different than when the same coating

process parameters are applied on a macroscopic substrate

material, with dominantly graphitic instead of diamond-like

composition. Poor thermal coupling between the nanostruc-

tures and the macroscopic substrate may lead to significant

heating of the hybrid structure during the ion bombardment,

which can lead to a subsequent relaxation of the sp3 bonding

to energetically more favorable sp2 bonding. As exact deter-

mination bonding fractions is challenging due to partially

overlapping EELS signals and has to be further studied in fu-

ture experiments. However, the carbon coatings significantly

reduce the permanent deformation in the hybrid nanomateri-

al compared to pristine networks, indicating improved

mechanical properties i.e. improved elasticity of the material

and better nanowear resistance at the selected loads and fur-

ther experimental work is planned to expand the load range

of mechanical testing. Further PVD process optimization will

be carried out to reduce the ion flux and resulting heating,

which should help to increase the sp3-bonded carbon con-

tent. This may lead to an ultimate hybrid nanomaterial com-

bining the electrical conductivity of SWCNT networks to the

mechanical durability and insulating properties of DLC thin

films.
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