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Growth of fullerene-like carbon nitride thin solid films by reactive
magnetron sputtering; role of low-energy ion irradiation in determining
microstructure and mechanical properties

J. Neidhardt,a) Zs. Czigány,b) I. F. Brunell,c) and L. Hultman
Thin Film Division, Department of Physics, IFM, Linko¨ping University, S-58183 Linko¨ping, Sweden

~Received 16 September 2002; accepted 22 November 2002!

Fullerene-like~FL! carbon nitride~CNx! films were deposited on Si~100! substrates by dc reactive,
unbalanced, magnetron sputtering in a N2 /Ar mixture from a high-purity pyrolythic graphite
cathode in a dual-magnetron system with coupled magnetic fields. The N2 fraction in the discharge
gas~0%–100%! and substrate bias (225 V; 240 V) was varied, while the total pressure~0.4 Pa!
and substrate temperature (450 °C) was kept constant. The coupled configuration of the magnetrons
resulted in a reduced ion flux density, leading to a much lower average energy per incorporated
particle, due to a less focused plasma as compared to a single magnetron. This enabled the evolution
of a pronounced FL microstructure. The nitrogen concentration in the films saturated rapidly at
14–18 at. %, as determined by elastic recoil analysis, with a minor dependence on the discharge
conditions. No correlations were detected between the photoelectron N1s core level spectra and the
different microstructures, as observed by high-resolution electron microscopy. A variety of distinct
FL structures were obtained, ranging from structures with elongated and aligned nitrogen-containing
graphitic sheets to disordered structures, however, not exclusively linked to the total N concentration
in the films. The microstructure evolution has rather to be seen as in equilibrium between the two
competing processes of adsorption and desorption of nitrogen-containing species at the substrate.
This balance is shifted by the energy and number of arriving species as well as by the substrate
temperature. The most exceptional structure, for lower N2 fractions, consists of well-aligned,
multi-layered circular features~nano-onions! with an inner diameter of approximately 0.7 nm and
successive shells at a distance of;0.35 nm up to a diameter of 5 nm. It is shown that the intrinsic
stress formation is closely linked with the evolution and accommodation of the heavily bent
fullerene-like sheets. The FL CNx structures define the mechanical response of the films as revealed
by nano-indentation. The material is highly elastic and fracture tough, and has reasonable hardness
and elastic modulus values. On a nano-structured level, it is inferred the CNx stores deformation
energy elastically by compression of the interplanar lattice spacing and buckling of the sheets, while
crosslinks between sheets prevent gliding. Increasing the bias voltage from225 to 240 V
multiplies hardness and modulus values, while keeping their high ratio of up to 0.2, due to a higher
degree of cross-linking. ©2003 American Institute of Physics.@DOI: 10.1063/1.1538316#
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INTRODUCTION

Fullerene-like~FL! carbon nitride (CNx) denotes a range
of promising CNx compounds that exhibits outstanding pro
erties originating from a unique microstructure. The struct
consists of bent and intersecting nitrogen-containing g
phitic basal planes. The orientation, radius of curvature,
the degree of cross-linking between them determine
structure and the properties of the FL material. Such mate
deforms elastically over a wide range due
a bending and buckling of the atomic sheets and a l
of slip systems. The comparatively low elastic modu
(,130 GPa), together with a reasonable high hardness
sults in a fracture-tough material. These properties, co
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bined with the fairly low coefficient of friction, yield in an
interesting candidate for tribological coatings.1–3

The most well-developed FL microstructures in CNx

have been observed for magnetron sputtered films. On
the limiting factors, which suppresses this kind of structu
evolution in many other thin film deposition processes is,
our opinion, exposure to high-flux and high-energy ion bo
bardment. Such methods, for example, arc evaporation,
beam-assisted deposition, laser ablation, and to a certain
tent rf sputtering, usually employ an ion-to-neutral arriv
rate ratio in excess of 10. This high average energy per
corporated particle leads on the one hand to an elevated
parent nitrogen content, but on the other hand hinders
growth of any ordered structure. The resulting material
thus mostly amorphous. No convincing evidence is repor
in the literature for the synthesis of crystalline carbon nitri
by these methods. Growth of CNx films with some structural
order, however, is possible by laser ablation4 and reactive dc
magnetron sputtering5 due to a reduced energy level, b

e,
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2 © 2003 American Institute of Physics
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means of a reduced bias or increased target–substrate
tance.

During sputtering, only a low fraction of the flux is ion
ized, and the arriving particles are mainly neutrals, with th
mal energies.6 These ‘‘gentler’’ growth conditions might be
the requirement for the evolution of the so-called ‘‘fulleren
like’’ CN x structure. The key for understanding the structu
formation is nitrogen incorporation. It plays a major ro
during growth, since it gives upon incorporation the s
rounding carbon matrix a radical nature, which might p
vide for cross-linking at C sites.7–9 Another possibility for
cross-linking might be bond rotation around ansp2 C–C
bond, resulting in a three-dimensional structure. The pla
configuration of a carbonsp2 network is due to the fixed
bond angles by the overlap of thep-orbital perpendicular to
the s-bond. The incorporation of N, which brings an ext
electron and a higher electronegativity, might also cause
disruption of thep-electron cloud, giving rise to nonplana
C–C bonds. For the formation of FL structures, the subst
tion of N for C is also important, since it reduces the ene
barrier to form pentagons,5 thus inducing the curvature in
herent to the fullerenes.

Previous work has shown that the properties of FL Cx

films grown by dc unbalanced reactive magnetron sputte
can be varied over a wide range, spanning from under-de
soft, amorphous structures to hard, elastic, FL materials5,10

This is realized by tuning the growth conditions, such
substrate temperature, bias voltage, target power, total p
sure, and nitrogen partial pressure. All these conditions
fine the ion-to-neutral arrival rate ratio of carbon and nit
gen, and the ion and neutral particle energy distributi
Previous studies on single magnetron sputtered FL CNx films
employed an up to 20-times-higher ion bombardment~by
means of flux density! as compared to this study, while th
pressure, neutral flux, and ion energy was kept at a com
rable level.10 Here, the lower ion flux density gives rise to
reduced average energy per incorporated particle by low
ing the ion-to-neutral arrival rate ratio, while keeping the i
energy constant at approximately 25 eV. The influence o
slightly higher ion energy of approximately 40 eV on th
structure evolution and properties is also considered.

We report in this article on the formation and bondi
structure of FL structures in CNx and their impact upon the
mechanical properties of thin solid films. The growth of th
material is found to change significantly with an increase
the availability of nitrogen and the incident ion energy. F
films grown at a low ion energy~25 eV!, the radius of cur-
vature of basal planes is inversely proportional to N2 partial
pressure and varies from a multishell onion-like struct
~with approximately 0.35-nm radius for the smallest she!
to almost straight graphitic planes containing 17 at. % N
grown in a pure N2 discharge. The multishell FL structur
shows an increased hardness and elastic modulus, w
maintaining a relatively high hardness-to-modulus ra
which gives rise to remarkable elasticity and toughness
rise in ion energy by just 15 to 40 eV leads to a complet
different mechanical response. The films are still very elas
but exhibit an up-to-threefold increase in hardness
Downloaded 17 Mar 2003 to 148.6.104.15. Redistribution subject to AI
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modulus, while the long-range order in the multishell F
microstructure is decreased.

EXPERIMENTAL DETAILS

Experimental setup and film growth

FL CNx films were deposited by dual dc unbalanced
active magnetron sputtering in a UHV system with a ba
pressure of 131027 Pa. A 99.99% pure pyrolytic graphit
was sputtered from one single target~75-mm diameter! in a
mixed Ar/N2 discharge~99.9999% purity!. The plasma was
confined in front of the substrate by a coupled magnetic fi
generated from a second magnetron. Unbalanced magne
were employed with a magnetic flux from the outer poles
5.631024 Wb and the inner poles 3.831025 Wb. The bi-
ased substrate holder was rotated and resistively heated
the reverse side. It was mounted at the point of focus
between the two magnetrons at a distance of 120 mm
schematic diagram of the experimental apparatus is show
Fig. 1.

The total pressure was kept constant at 0.4 Pa, wh
was measured with a capacitance manometer, and the A2

ratio varied from 0 to 1. The substrates were held at 450
with a resistively heated graphite heater, which was c
brated with a k-type thermocouple at the substrate posit
The magnetrons were regulated at a constant discharge
rent of 400 mA, with a resulting voltage that varied from 52
V, in a pure Ar discharge, to 465 V in a N2 discharge.

The films were deposited at bias voltages of225 and
240 V for 3 h onto~100! Si wafers, ultrasonically cleaned i
acetone and isopropanol in sequence prior to deposit
These conditions resulted in a film thickness of appro
mately 400 nm. The samples for transmission electron
croscope~TEM! plan views were prepared by a 20 min dep
sition onto freshly cleaved NaCl wafers.

FIG. 1. Schematic of the sputtering system, showing the substrate pos
and indicating the coupled configuration of the two magnetrons. For
experiments, magnetron 1 was operated with a C target and magnetron
was idle. The scale at substrate position defines the location of the indivi
probes in Fig. 2.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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During deposition, the stress development was recor
by monitoring the curvature of 3 inch Si wafer with
k-SA MOS system~k-Space Associates!. A laser is split into
an array (434) of spots and reflected from the substrate in
a CCD detector. The spot spacing is recorded in two perp
dicular directions, and from this the radius of curvature
determined. The total stress in the film can be calcula
from Stoney’s equation for a known substrate thickness
biaxial modulus combined with a known film growth rat
This method is accurate assuming a film significantly thin
than the substrate, and that stresses in the film do not ex
the yield strength of the Si substrate ('7 GPa).11

Plasma characterization

The structure and properties of CNx is extremely sensi-
tive to parameters such as ion flux and ion energy.10 There-
fore, it is crucial to monitor the plasma parameters for
growth conditions in order to determine the energy and nu
ber of arriving ions. The saturation ion flux was measu
prior to deposition at2100 V by an array of flat plasma
probes with an area of 0.5 cm2 each. Seven probes wer
evenly distributed at the substrate position, forming a l
between the two targets in order to study the radial distri
tion of the ion flux. The self-floating potential was measur
on the center probe. The surrounding holder was kep
measuring potential in order to minimize edge effects.

A small tungsten wire probe~B 0.2 mm; length 5 mm!
was used to record theI –V curves at the substrate positio
The voltage was swept from2160 to120 V and the result-
ing probe current was measured. From these curves,
plasma potential was derived as the potential at the inflec
point in between the ion-dominated part and the electr
dominated part, given by

Vpl5d2V/dI250. ~1!

Assuming homogeneous plasma around the probe a
Maxwell–Boltzmann energy distribution of the electrons
the plasma, their temperature and density can be derive
knowing the area of the probe (Apr) by the following
equations:12

Te5
e

k

*Vf l

VplI (V)dV

I (Vpl)
, ~2!

ne5
I (Vpl)

Apr
A2pme

e2kTe
. ~3!

Film analysis

The substrates for thickness measurements were ma
with spots of a isopropanol/TiO2-powder mixture across th
diameter prior to deposition. After deposition, the TiO2 can
be easily wiped off, and the resulting step was measure
the center, and at 15 mm and 30 mm towards the perim
of the sample holder with a surface profilometer~DekTak
3030, Veeco Instruments! to determine the growth rate an
homogeneity across the holder. Each step was measured
times to minimize systematic errors.
Downloaded 17 Mar 2003 to 148.6.104.15. Redistribution subject to AI
d

n-
s
d
d

r
ed

e
-

d

e
-

d
at

he
n
-

a

by

ed

in
er

our

Elastic recoil detection analysis~ERDA! was used to
determine the areal density of elements present in the fil
The films were exposed to a 35 MeV Cl71 ion beam under
an incidence angle of 15°. The atomic number and energ
the forward sputtered particles were analyzed by an ion
tion chamber~in the case of H by a semiconductor detecto!
in order to determine the energy (E) and mass (Z) of each
forward sputtered particle. The areal densities of each
ment were calculated from integrating the resultingE–Z
chart. From the sum of the areal densities and the growth
follows the mass density of the films. The energy of t
particles scales with the escape depth from the analyzed
ume and, therefore, allows compositional depth profiles to
derived, since the relation of the different areal densities c
responds directly to the elemental composition.13

The chemical bonding structure in the near-surface
gion was analyzed with a VG Microlab 310F combined A
ger electron spectroscopy and x-ray photoelectron spec
copy ~XPS! system. After deposition, the samples we
analyzed by XPS using a non-monochromated MgKa

~1253.6 eV! x-ray source and a hemispherical electron e
ergy analyzer without any initial sputter cleaning. The ene
analyzer was set such that the Au (4f 7/2) was recorded with
a full width at half maximum~FWHM! of '0.9 eV. For
comparison to ERDA, the composition of the films was e
timated by the peak area ratios of the C1s and N1s core
level spectra.

A Digital Instruments Nanoscope IIIa atomic force m
croscope~AFM! in tapping mode was used in order to dete
mine the surface roughness parameters of the films.
RMS value was determined from a 131 mm2 area scanned
at a resolution of 5123512 pixels.

To evaluate the mechanical response of the films, na
indentation experiments were carried out using a Trib
scope®~Hysitron Inc.! connected to the AFM. The combi
nation of the two systems gives the unique possibility to s
the surface, before and after the indent is made, in orde
image the surface topography. This allows a check for
stacles on the surface, before indentation and imaging of
residual indent, to evaluate pile-up effects on the edges
sinking of the surrounding area. The Hysitron transducer
a force resolution of 0.2mN and a displacement resolution o
0.5 nm, which creates indentation curves on the nanom
scale. The system was equipped for most experiments w
cube corner diamond tip~three-sided pyramid with 90° tota
included tip angle,E51141 GPa, n50.07). This tip is
sharper than a Berkovich (142.3° total included tip ang!,
which leads to a higher stress concentration under the
denter, so that the elastic–plastic transition occurs at lo
loads and the resulting stress strain field is more elongate
the film. Hence, the film properties dominate the load d
placement curves at higher loads as compared to Berko
indents.14,15

A lack of plastic deformation makes the indentatio
hardness and modulus analysis after Oliver and Pharr ra
dubious, since this theory was developed for plastically
forming materials like metals.16 In order to induce more plas
tic deformation during indentation, even for extremely sh
low indents, the stress concentration under the indenter m
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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be increased. This can be done by changing the geom
from a conventional three-sided Berkovich-shaped diam
indenter with a tip angle of 142.3° to a pointier tip, like
cube corner with an tip angle of 90°. Another effect th
increases the stress concentration for a cube corner ind
is the typically lower value of the tip radius in comparison
a Berkovich indenter. The tip radii for both types of indente
were estimated by purely elastic indents in amorphous S2

with a given reduced modulus of 69.9 GPa. The indents w
modeled as a Hertzian contact between a flat surface a
perfectly stiff, round indenter.17 This is a legitimate assump
tion given the large difference between the elastic modul
diamond and amorphous SiO2 . It has to be kept in mind tha
the tip of an indenter is not spherical, but is rather a kind
truncated cone, and the radii derived from the Hertzian c
tact can be used as guidelines. The radius of the effective
roundness was 80 nm for the cube corner and 130 nm for
Berkovich diamond used in this study. Elastic–plastic ind
tations were made in amorphous SiO2 as well in order to take
the real shape of the cube corner diamond tip into accoun
form of an tip-area-function as suggested by Oliver a
Pharr.16 The tip area function, representing the depth-a
relation, was derived from these indents at a contact de
range from 5 to 380 nm. The thermal drift was record
before each indent at a constant load of 2mN and taken into
account.

A series of indents ranging from 125mN up to 7.5 mN
were made in each film. A power law was fitted from 40%
to 95% of the unloading part to get the compound stiffn
from a straight line fitted to the upper part. From the stiffne
the indentation hardness and reduced Young’s modulus o
film–substrate system were calculated using the method
scribed by Oliver and Pharr.16 The resulting values, repre
senting the transition from substrate-dominated to fil
influenced response, were fitted with a function suggested
Korunski et al.18 giving the uninfluenced hardness an
modulus values of the film.

The microstructure of the films was characterized
high-resolution~HRTEM! using a Philips CM 20 UT trans
mission electron microscope operated at 200 kV with a po
resolution of 0.19 nm. Plan-view samples were prepared
depositing approximately 50-nm-thick films onto fresh
cleaved NaCl wafers. After deposition, the films were imm
diately floated off in deionized water, rinsed in three stag
and collected onto Cu microscopy grids for examinatio
This method offers a large electron transparent area su
for investigation. TEM cross sections were prepared by lo
angle and low-energy ion-beam milling to limit the thickne
of the amorphized surface layer.19

RESULTS

Plasma characterization

The energy and radial distribution of species incident
the substrate is defined by the confinement of the pla
generated during the magnetron discharge and the ap
external bias voltage. Generally, the plasma produced by
unsaturated magnetic field lines of a single unbalanced m
netron is fairly focused at the plane of the substrate and
Downloaded 17 Mar 2003 to 148.6.104.15. Redistribution subject to AI
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forms a plume.10 In order to decrease the ion current at t
center of the substrate holder and to homogenize the pla
across the diameter of the substrate, the plasma was tra
in a mirror magnetic field generated by a second magne
~Fig. 1!. The magnetic field lines of the two magnetrons we
connected due to the coupling of the adjacent magn
poles. Therefore, the electrons are gyrating along the fi
lines, and due to the quasineutrality of plasma, the ions
low so that the plasma forms an arch in between the
targets.

The ion flux, as an indicator for the plasma density, w
measured across the substrate holder for two different se
magnets and compared to the distribution from a single
get, as shown in Fig. 2. It can be seen that the plasma,
scribed by the saturation ion flux, for a single magnetron
very much focused at the center of the holder. The la
gradient towards the edges of the holder makes it difficul
state precise values for the crucial ion bombardment at
tain substrate positions. One advantage of a two-magne
configuration in a coupled mode is the homogenization of
plasma across the holder. Thus, precise plasma propertie
be assigned to a significantly larger area. Combined wit
homogeneous neutral flux, represented by the relative th
ness in Fig. 2, this makes for comparable growth conditio
across the diameter. On the other hand, the trapping of
plasma in the coupled magnetic field leads to a decreased
current. This was compensated for by a different set of m
nets with a higher magnetic flux as shown in Fig. 2, whe
magnet set ‘‘A’’ comprises the weaker magnets. The mag
set ‘‘B,’’ giving a higher flux, was then used for the film
depositions.

The properties of the plasma, such as ion and elec
temperature, and plasma density and composition, are
fined by the discharge conditions, which include geome
discharge current, gas pressure and composition, sputt
material, and magnetic field and electric field characterist
The gas composition was varied in this study, and its eff
on the plasma properties is shown in Table I. The elect
temperature was estimated to be approximately 0.5 eV in
pendent of the gas composition. This low value, even fo

FIG. 2. Saturation ion flux measured by flat plasma probes as a functio
the position on the sample holder for different magnet configurations; wi
single target or coupled fields and a magnet set A and B~magnetic flux
density is larger for set B!. The relative thickness distribution is also show
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded 17 M
TABLE I. Variation of the discharge voltage, floating potential, plasma potential, electron density, and s
tion ion flux as a function of the gas composition during magnetron sputtering from a C target in a Ar/N2
discharge (I discharge5400 mA; ptotal50.4 Pa).

N2 fraction Udischarge~V! Vfloating ~V! Vplasma~V! ne (109 cm23) Jion (mA cm22)

1 465 27.8 0.6 4.5 150
0.66 487 27.7 140
0.5 504 0.9 5.0
0.33 508 28.9 150

0 525 28.0 1.7 5.6 160
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sputtering plasma, combined with a self-floating potentia
around28 V can be attributed to the fact that the substr
was situated on the edge of the arch-shaped plasma.
also affects the entireI –V curve. The nonhomogeneou
plasma density normal to the substrate leads to an over
mation of the current saturation regions, since a hig
negative/positive potential attracts ions/electrons over la
distances compared to the currents around the plasma p
tial. It can, however, be concluded that the plasma poten
is approximately 1 V, representing an electron temperatur
0.5 eV and a corresponding electron density of appro
mately 53109 cm23. No significant variations in the plasm
dependent on changes in the gas composition were obse
The plasma trapped in the coupled field of the two mag
trons results in a saturation ion flux of approximate
150mA cm22.

The discharge was maintained by a constant curren
400 mA, and the resulting voltage needed to sustain
given current is shown in Table I. Its magnitude is defined
the primary electron yield of particles in the gas phase
the secondary electron yield of the target material, and th
fore it represents the change in gas and target chemistry
a variation in N2 fraction.
ar 2003 to 148.6.104.15. Redistribution subject to AI
f
e
his

ti-
r

er
en-
al
of
i-

ed.
-

of
e
y
d
e-
ith

Growth

The growth rate varied between 0.035 and 0.0
63% nm s21 for the given deposition conditions, with onl
a weak dependence on the N2 fraction, as shown in Table II
This table also gives the incorporation rate, representing
number of particles incorporated per square meter per
ond, which was calculated from the areal densities as m
sured by ERDA and the deposition time. The highest val
are observed for higher N2 fractions, and there is a distinc
decrease with a reduction of the N2 fraction in the discharge
gas, with a minimum for films grown in a pure Ar discharg
This dependence is less pronounced for the films grown w
240 V bias. For a comparison between the number of p
ticles incorporated and the number of ions impinging at
growing surface, the ion arrival rate is also shown in Table
It is derived from the saturation ion flux~Table I!, assuming
that only single charged ions bombard the growth surfac

Composition

Figure 3 shows the effect of the N2 fraction in the dis-
charge gas and the applied bias voltage on the N conce
tion in the film. The N concentration is already 13 at. % fo
robe.

TABLE II. Film density, growth rate, incorporation rate, and ion arrival rate, depending on the N2 fraction and
bias voltage. The ion arrival rate was derived from the ion saturation flux measured by a flat plasma p

Bias N2 fraction
Density

(g cm23)
Growth rate

(10210 m s21)
Incorporation rate
(1014 s21 cm22)

Ion arrival rate
(1014 s21 cm22)

225 V 1a 2.8 0.49 6.7 9.5
0.92a 2.4 0.52 6.1
0.84a 2.4 0.45 5.3
0.67 2.3 0.42 4.8 8.6
0.58 2.4 0.44 5.2
0.5 2.4 0.39 4.5
0.42 2.4 0.37 4.4
0.33 2.3 0.37 4.1 9.4
0.16 2.4 0.36 4.1
0.08 2.1 0.37 3.8

0 0.6 1.6 3.4 10.0

240 V 1 2.3 0.4 4.5 9.5
0.66 2.4 0.41 4.8 8.6
0.5 2.1 0.44 4.4
0.33 2.1 0.44 4.5 9.4

0 0.4 1.92 3.5 10.0

aHydrogen contamination.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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N2 fraction of just 0.08~the lowest one used! and 225 V
bias. For higher N2 fractions, there is only a slight increase
N content in the film, and it saturates at 16–17 at. % fo
bias of 225 V and a N2 fraction of greater than 0.5. I
240 V bias is applied during deposition, the N content in t
films is stable at approximately 18 at. %, and no noticea
dependence on the N2 fraction is observed. The total impu
rity level in the N containing films regarding the oxygen a
hydrogen uptake, due to the dissociation of water in the
sidual gas, is negligible, being below the detection limit
0.1 at. % for O and 0.5 at. % for H. This low impurity level
a direct effect of the low base pressure of,131027 Pa in
the system prior to deposition. However, three of the nit
gen containing films show a significantly higher H and
uptake, as indicated in Fig. 3, which might be due to hyd
carbon contamination of the new pyrolytic graphite targ
after target change.

The results of the XPS compositional analysis, compa
to those determined by ERDA, are plotted in Fig. 4. In co
parison, XPS overestimates the N concentration for hig
N2 fractions by as much as 30%, while underestimating it
approximately 20% for films grown at lower N2 fractions.

FIG. 3. Film density and N concentration, as determined by ERDA, ve
N2 fraction in the discharge gas and for different substrate bias value
225 V and240 V. Three of the films grown at the highest N2 fraction and
225 V bias showed an elevated impurity level, as indicated.

FIG. 4. Ratio of N concentrations determined by the peak area ratio in
and area density in ERDA plotted for the two sample series.
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This huge difference is attributed to surface effects, since
depth of information for XPS is just a few atomic layer
One way to explain this situation is the adsorption of atm
spheric gases, such as N2, O2 , or H2O. These gases ca
react with the CNx surface, especially near N sites, and the
fore can increase the XPS N1s peak area by adding, fo
example, N–O bonding-type contributions. The reactivity
the CNx surface layers depends on their structure. A stand
graphitic basal plane in a turbostratic structure is more re
tive at the edge sites as compared to the surface sites
more three-dimensional FL structure with closed she
Hence, the N1s peak pattern is more or less influenced, lea
ing to a variation in the apparent composition determined
XPS. ERDA, on the other hand, determines the bulk com
sition by the areal densities of the components.

Chemical bonding structure

No major chemical shift or changes were observed
the XPS C1s peak within the resolution limits of the system
A slight unsymmetrical broadening, however, could be
solved. Figure 5 shows the XPS N1s core level spectra for
CNx films grown at a range of N2 fractions and substrate bia
values of~a! 225 V and~b! 240 V, respectively. The spec
tra were normalized to the same maximum intensity an
Shirley-type background was subtracted. Up to four spec
contributions can be resolved by fitting a Gaussian l
shape.20 Only two give a significant contribution at bindin
energies of approximately 400.7 eV~P1! and 398.3 eV~P2!.
No change in peak position is observed for most of
peaks. Only P2 for the sample series grown at225 V bias

s
of

S

FIG. 5. XPS N1s core-level spectra for CNx films grown at a range of N2
fractions and substrate bias values~a.! 225 V and~b.! 240 V, respectively.
The apparent merging of P2 towards P1, in the spectra taken at225 V and
a N2 fraction of 1, is caused by an additional peak due to contaminatio
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



N

sf
rg

t

-
n
rg
i

de

y
li
n
ra
on
n
y

as

h

en
em
to
o

ss
e
on
in

a
or
d-
si
s

s
th

y.
a

om

r

s,
in

a
a
h

re

ion

nes
.
lms
the

ith
es,

ds a
s.

nes

r-

ery
8.
d,

,’’
nd
r
ed,
s
ack
es,

ng
ro-
just
lm

ions
hape

3008 J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Neidhardt et al.
shows a shift from about 398.6 eV for the film grown at a2
fraction of 1, down to 398.1 eV for the film grown at a N2

fraction of 0.08. This shift can be caused by a charge tran
with respect to the atomic nucleii and/or a different cha
compensation response of the surrounding material after
photoelectron was removed.

The two distinctive XPS N1s peaks suggest that nitro
gen is bonded in at least two different chemical enviro
ments. The assignment of these two contributions dive
somewhat in the literature; for a review see Ref. 21. It
fairly well established that P1 can be assigned to N bon
substitutionally for C in a graphitic sheet.20,22 The origin of
P2, however, is still under discussion. There are a variet
different assignments and calculations to be found in the
erature. Most recent studies reinforce the idea that P2 ca
connected to N bonded in a pyridine-like manner into a g
phitic network and/or N triple bonded to just one carb
atom, especially since there is no evidence for larger qua
ties of sp3 hybridized carbon by, for example, x-ra
absorption/emission spectroscopy.23 Another common inter-
pretation, also quite often found in the literature, is the
signment to N bonded in a partiallysp3 hybridized C
matrix.20,22,24,25

The FWHM of approximately 2 eV for each peak, whic
is higher than the resolution of the system (,1 eV), suggest
that the peak pattern carries information of an inher
broadening mechanism, caused by a scattering of one ch
cal state over a range of about 1 eV. This can be unders
by differences in the charge distributions for one type
chemical bonds due to long-range interactions,26,27 such as
the curvature of the graphitic sheets or edge effects.

It is postulated that the variety of curvatures and cro
linkage observed in FL CNx leads to an anisotropy in charg
distribution due to the accumulation of the N lone-pairs
the side of positive curvature. In turn, this affects the bind
energy for the N1s electrons involved and is detected as
peak broadening. Also, the location of the N emitting a c
electron, within a CNx sheet, is important for the peak broa
ening. The lost charge can only be compensated from in
the same graphitic sheet, due to a much lower in-plane re
tivity. If the N atom is situated closer to edges, this proces
hampered, leading to a small positive effective charge on
nuclei that therefore increases the binding energy slightl

The peak area ratio is plotted in Fig. 6. A clear trend c
be resolved with an increasing peak area ratio of P2 c
pared to P1 as a function of N2 in the discharge. At the
higher ion energy~40 eV!, the peak ratio is slightly highe
for films grown at the same N2 fraction.

Microstructure

The films grown at225 V have RMS roughness value
as measured by AFM, ranging from 0.8 to 4.9 nm depend
on the N2 fraction ~see Table III!. The240 V sample series
is somewhat smoother, with rms roughness values of
proximately 0.2 nm. Not surprisingly, the films grown in
pure Ar discharge have about an order of magnitude hig
RMS values, corresponding to their under-dense structu
Downloaded 17 Mar 2003 to 148.6.104.15. Redistribution subject to AI
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Figure 7 shows representative plan-view transmiss
electron micrographs of the as-deposited films. The FL CNx ,
consisting of bent and intersecting graphitic basal pla
with an interplanar lattice spacing of;0.35 nm, is apparent
The main difference between the microstructures of the fi
is the degree of curvature, extent, and alignment of
sheets. The films grown at a lower N2 fraction at both bias
voltages exhibit the most pronounced FL structure, w
small radii of curvature and frequent intersecting of plan
much like in a fingerprint. For an increase in N2 fraction, the
structure changes, in case of a lower bias voltage towar
more graphitic structure, with straight, well-aligned plane
For a 15-eV-higher ion energy, the extension of the pla
and their alignment decreases with an increase in N2 frac-
tion; for a pure N2 discharge the structure is almost amo
phous. Plan views of the films grown without N2 reveal a
completely amorphous structure~not shown!.

The most outstanding structures were observed for v
low N2 fractions and a low bias voltage, as shown in Fig.
At these growth conditions, the FL sheets form well-aligne
multilayered spherical features, so called ‘‘nano-onions3

with an inner-shell diameter of approximately 0.7 nm a
successive shells at a distance of;0.35 nm up to a diamete
of 5 nm. The entire film consists of these nanometer-siz
multi-walled CNx half-dome-like shells. The micrograph wa
taken at a tear edge of a floated-off film, and shows a cr
propagating along the outer shells of the individual featur
indicating their substantial internal cohesive strength.

Cross-sectional micrographs were made by ion milli
to clarify that the structures seen in the plan-view mic
graphs are representative of the bulk of the films and not
a nucleation effect. Figure 9 is a typical example from a fi

FIG. 6. XPS peak ratio for the sample series made at225 V and240 V
substrate bias, derived from the area ratio of the two major contribut
~P1/P2! of the XPS N1 core level spectra, as fitted by a Gaussian peak s
combined with a linear background.

TABLE III. Rms surface roughness, determined from an AFM 131 mm2

surface scan in noncontact mode, depending on N2 fraction and bias voltage.

N2 fraction 0 0.3 0.5 0.6 1

Rms 225 V bias 51.4 0.8 1.5 4.6 4.9
nm 240 V bias 16.2 0.2 0.2 0.2 0.4
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 7. HRTEM plan-view micrographs of CNx films of floated-off specimens from sample series deposited at N2 fractions of 0.16, 0.5, and 1, and225 and
240-V biasas, respectively.
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grown at a N2 fraction of 0.16 and225 V bias, revealing a
homogenous microstructure throughout the 400-nm fi
thickness (;150-nm shown!. One can conclude that th
plan-view micrographs shown in Fig. 7 are representative
the entire respective films.

FIG. 8. HRTEM plan-view micrograph, taken at the fracture~tear! edge of
a floated-off film, grown at a N2 fraction of 0.1 and225-V bias. The
thickness requirement for imaging single features is met along the edge
single nano-onions can be resolved, consisting of 7–10 concentric h
spherical shells at a;0.35-nm lattice spacing.
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Mechanical properties

Dense CNx material is known to be very elastic, whic
causes some difficulty for the indentation analysis of th
films, as discussed in the experimental section and in R
28. The films examined by nano-indentation were grown t
thickness of approximately 400 nm.

Figure 10 shows load displacement curves for a fi
grown at a N2 fraction of 1 and at225 V bias for the Berk-
ovich and cube corner indenters at a variety of loads. T
cube corner indents are characterized by a much larger
placement at the same loads and a higher fraction of pla
work of indentation, represented by the area enclosed
tween the loading and unloading part of the curve. At loa
up to 10 mN, the response is clearly influenced by the s
strate. It also has to be noted that a stick-slip effect occurs
the cube corner indenter at larger displacements, as see
the approximately 500 nm deep indent, due to friction b
tween the indenter and the displaced material. Another ef
of a cube corner at higher loads is that cracking in the film
substrate can occur for less resilient materials. However,
advantage of cube corner geometry lays in low-load and lo
displacement indents as needed for thin film testing. Wher
the displacement and therefore the load have to be decre
in order to minimize the substrate influence. At lower loa

nd
i-
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FIG. 9. HRTEM cross-sectional micrograph of a film grown at225 V and
a N2 fraction of 0.1 prepared by ion-beam milling, showing the homogen
of the film structure throughout the volume.
Downloaded 17 Mar 2003 to 148.6.104.15. Redistribution subject to AI
(,1 mN), the indents made with a cube corner indenter s
show a significant plastic work of indentation, while th
Berkovich indents are purely elastic, which allows Oliv
and Pharr analysis only in the former case.

Figure 11 shows the load–displacement curves obtai
with a cube corner indenter from a CNx film (N2 fraction
0.16, bias225 V), and some crystalline and amorphous r
erence materials. The indents in CNx exhibit a large displace-
ment of 75 nm, even deeper than for amorphous SiO2 but,
remarkably, with a next-to-total elastic response. In fact, Cx

behaves extremely elastically compared to sapphire, si
and silicon, with a remarkable elastic recovery from d
placements as large as 100 nm. To achieve total elasticity
for example, sapphire, the load has to be reduced to 100mN,
giving only 5-nm displacement.

Indentation in CNx to such depths without yielding sug
gests that the massive elastic deformation has to be acc

y

FIG. 10. Nano-indentation load–displacement curves for indents made
Berkovich or cube corner diamond indenters at loads of 1, 5, and 10 mN
a film grown225 V bias and a N2 fraction of 1.

FIG. 11. Nano-indentation load–displacement curves with cube corner
mond indenter in a 400 nm thick CNx film ( 225 V bias, N2 fraction51) on
a Si substrate compared to bulk materials of Al2O3 ~0001!, Si ~001!, and
amorphous SiO2 at loads of 500 and 100mN ~inset!, respectively.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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modated in a comparatively large stress field under the
denter. For thin films, this stressed volume readily exte
into the substrate and therefore the load–displacem
curves, even at very low loads, will show a combin
substrate–film response.29 Very shallow, below 20 nm, in-
dents would be required to make the substrate influence
ligible. Besides the difficulties in analyzing these fully elas
intents with conventional methods, the surface roughness
peak-to-valley values of the same order of magnitude~Table
III !, which results in a large scatter in the load–displacem
curves, depending on the position of the indent with resp
to surface features.

In order overcome the problems in evaluation of the
dentation response and to obtain the film only hardne
modulus values, the model suggested by Korunskyet al.18

was employed:

HC5HS1
HF2HS

11kb2 , ~4!

with k a constant, composite hardness (Hc), substrate hard-

FIG. 12. ~a! Comparison of nano-indentation load–displacement curve
two CNx films grown at225 V, and N2 fractions of 0.16 and 0.66, don
with a cube corner diamond indenter for a range of loads.~b! Reduced
modulus values of the film–substrate composite plotted over the norma
indentation depth for a range of loads. The data are fitted with a func
suggested by Korunskyet al.,18 to derive the film-only values.
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ness (Hs), and film hardness (H f). b is the indentation
depth,~d! normalized to the film thickness (t):

b5
d

t
. ~5!

This model is based on the total work of indentation f
a given sized indent done by the indenter on the film and
substrate. This means that the energy is dissipated in
deforming volumes of substrate and film. The ratio betwe
those two volumes represents the transition from a film-
substrate-dominated response. Other parameters, suc
possible delamination at the interface and cracking in
film, are described by the fitting constantk.

For the evaluation of the film-only reduced modulus, t
same equation with moduli instead of hardness was use
series of indents for loads ranging from 7.5 mN down to 1
mN were made on each film, resulting in ab value from'1
down to '0.05, depending on the indentation response
the particular film. Figure 12 shows an example of such
series of indents~a! combined with the resulting modulu
and the corresponding fit~b! for two films grown at225 V
bias and N2 fractions of 0.16 and 0.66. The correlation coe
ficient of the fit in both cases was.0.99. Forb@1, the
modulus value represents the substrate-only response
was fitted to 154 GPa, which is in good agreement with

f

ed
n,

FIG. 13. Film-only hardness~a! and modulus~b! values, depending on the
N2 fraction and substrate bias, of the225/240 V sample series as derive
by the method shown in Fig. 12~b!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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modulus of silicon. The film-only elastic moduli were es
mated to be 74 GPa and 37 GPa, respectively, forb50. As
one can see in Fig. 12, indents with a displacement eve
shallow as 5% of the film thickness are still influenced by
substrate, especially for the ‘‘softer’’ films.

The same procedure was repeated for a variety of fi
grown at different N2 fractions, at bias voltages of225 V
and 240 V, in order to calculate the reduced modulus a
hardness: Fig. 13 summarizes the results. The films grow
225 V bias have a reduced modulus around 40 GPa, ex
that the film grown at a N2 fraction of 0.16 exhibits a modu
lus of up to 75 GPa. Surprisingly, a 15 V change in bias
240 V causes a dramatic increase in the modulus value
up to 125 GPa. The films grown at225 V have hardness
values around 7.5 GPa, and only the film grown at the low
N2 partial pressure increases to 10.5 GPa. The film-o
hardness values for the sample series deposited at240 V
bias exhibits a steady increase from 14 up to 18 GPa wi
decreasing N2 fraction in the discharge gas.

The hardness over modulus ratios (H/E) for the pre-
sented films range from 0.14 up to almost 0.2, compare
values of approximately 0.07 for Si~110! and 0.072 for
Al2O3 ~0001!. The H/E ratio is used to describe the defo
mation mechanism of the material, that is, if it is more like
to deform plastically~plastic flow, cracking! or elastically
(H/E.0.1), for example, in a tribological asperity contac1

It has to be noted that the films, especially the softer Cx

films, exhibit a tendency to creep under load, which is m
pronounced for the higher stresses induced by a cube co
indenter. This creep effect can be seen for the cube co
indents in Fig. 10, where at a 10-s hold section at the m
mum load, the displacement increases with time. This ef
was less pronounced at lower loads, and the indents for
hardness and modulus calculation were made without a
segment to reduce the influence of the creep.

It has been shown that for certain deposition conditio
CNx can develop high levels of intrinsic stress.30–35,37For the
parameters used during this study, a maximum compres
stress of22.8 GPa was observed at a N2 fraction of 0.16,

FIG. 14. Compressive intrinsic stress for the sample series deposite
225 V bias as a function of N2 fraction in the discharge. One film grown a
240 V substrate bias is shown for comparison.
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and it stays fairly constant at this high level up to a N2

fraction of 0.5 ~Fig. 14!. For N2 fractions above 0.5, the
compressive stress drops suddenly to approxima
2500 MPa. For the C films grown in an Ar discharge,
intrinsic stress is observed, which is not surprising for t
under-dense and voided structure. An increase in bias
240 V at a N2 fraction of 0.5 leads to a slightly higher valu
of intrinsic stress.

DISCUSSION

Effects of a coupled field on the plasma

The trapping of the plasma from a single target in
mirror magnetic field of a second target leads to more
mogenous growth conditions across the sample holder
can be seen in Fig. 2. More importantly, this also results i
reduced ion flux density of 150mA/cm2 ~Table I! as com-
pared to a single magnetron, while the neutral flux is kep
the same level. A decreased ion-to-neutral arrival rate r
leads to a lower average energy per incoming particle. T
resulting lower energetic growth conditions enable the e
lution of the sensitive FL microstructure. For compariso
the ion flux of approximately 150mA cm22 is roughly one
order of magnitude lower than in previous studies.10 Through
variation of the N2 fraction in the Ar/N2 discharge, a wide
range of different FL structures can be fabricated with a la
variation in curvature, extent, and alignment of fullerene-li
CNx sheets.

A drawback of the fairly weak plasma in the vicinity o
the substrate is the low self-floating potential. This results
a small voltage drop across the sheath, giving a very low
energy of approximately 8 eV. An external bias voltage th
needs to be applied, in order to increase the voltage d
across the sheath and therefore to raise the energy o
bombarding ions to enable desired ion–surface interactio
in this case to either 25 or 40 eV.

Effects of the reduced ion flux on nitrogen
incorporation

As stated in previous studies5,20,38 the availability of ni-
trogen is essential for the formation of dense, solid, and t
tured CNx films. Films grown without nitrogen under th
stated growth conditions are completely amorphous
voided, leading to under-dense, porous material.

The ion energies of 25 or 40 eV are comparable to
energies used in Ref. 10. Thus, the observed changes in
films can be attributed to a decreased flux only. The to
level of N incorporation, ranging from 13 up to 18 at. %
depends on the partial pressure and ion energy. Despite
much lower ion flux, the N incorporation is, interestingl
comparable to the previously studied films grown by react
sputtering with a single magnetron.10 This points to a com-
plex film growth process as discussed below.

It is well established that the N incorporation is limite
by a temperature-enhanced desorption process of volatile
species from the growing surface.39–43 In the present study
the N concentration remained at the same level even fo
one-order-of-magnitude different ion flux density as co
pared to Ref. 10. This leads to the conclusion that the t

at
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ion flux density can have only a minor effect on the chemi
desorption process. The likely explanation is that only a c
tain amount of nitrogen can actually be incorporated int
certain CNx structure, and any additional N incorporation h
to take place at interstitial positions, which is not possible
low energies. Hence, the structure evolution and there
the amount of incorporated nitrogen is predominantly con
gent upon the composition of the neutral flux. The grow
temperature, and to a smaller extent the ion energy, also
a selective influence by providing desorption energy
volatile CN species and by enhancing surface diffusion.

Effects of N 2 partial pressure and ion energy on the
film

For low-energy~25 eV! ion bombardment and a low N2
partial pressure~which means reduced availability o
N-containing species!, the CNx film consists of extensively
bent and frequently intersecting planes. With a bulk N co
centration of approximately 13 at. %, under these conditio
the arriving species nucleate to form features with a spher
curvature with a diameter of 0.7 nm, which are subseque
overgrown by another CNx sheet, adding a concentric, hem
spheric, dome-shaped shell around the first one at a dist
of ;0.35 nm. This process continues up to a diameter
approximately 5 nm, which results in 7–10 shells. The str
ture might be compared to a chopped onion, here referre
as a ‘‘nano-onion.’’

Fine-probe electron energy-loss spectra measurem
revealed the highest nitrogen concentration in the cente
the nano-onions.8 This reinforces the notion that the incorp
ration of nitrogen induces curvature:~1! the p-orbital lone-
pair from asp2 hybridized N makes for a nonplanar coord
nation of the three bonds;~2! nitrogen incorporation favors
the formation of pentagons instead of hexagons, thus ind
ing curvature into a atomic sheet of carbon;5 ~3! N might also
promote the adjacent C atom in a ring structure to cha
into a nonplanarsp3 hybridization state.9 Hence, the maxi-
mum feature size would be limited by the possibility to i
corporate N at the growth surface under a constant sup
since fewer and fewer curved shells have to be formed
enclose the existing structure with an increasing radius. F
limited nucleation rate, assisted by the substrate tempera
and ion bombardment, a competition between incorpora
and desorption determines a steady-state growth of ev
sized nano-onions~see Fig. 8!.

These multiwalled hemispheres having a diameter o
nm constitute a solid material with a strong cohesion in
tween the single features. This is reflected in a hardnes
approximately 11 GPa and a modulus of 76 GPa. The p
ferred fracture path is along the outer shells of the na
onions, as seen at the tear edge in Fig. 8. Thus, the cohe
inside the nano-onions must be even stronger. The freque
intersecting and cross-linked FL planes apparently have
ability to compress their graphitic interplanar lattice spac
by buckling during load, while slip is hindered due to cros
linkage and geometrical interlocking. This relates to the f
that most of the deformation is stored elastically and rec
ers after unload.
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A further increase in N2 partial pressure leads to
slightly increased nitrogen concentration in the film. Cor
spondingly the microstructure changes into a more p
nounced graphite-like appearance, with large, meander
and well-aligned sheets. The measured interplanar lat
spacing of approximately 0.35 nm between the sheets
plies that the assembly has only weak interplanar van
Waals bonds, which limits its mechanical response as pro
by nano-indentation. These films exhibit a much lower ha
ness and modulus, while retaining their extreme elastic
and high H/E ratio. This might again be explained by
compression of the;0.35-nm in-plane lattice spacing ove
large areas during loading of the material. Naturally, the v
der Waals potential is much weaker and therefore the sh
are densified easily, leading to large displacements and a
modulus of approximately 40 GPa. On the other hand,
compression of the sheets is reversible, since most of
energy is stored elastically in the form of deflected atom
bonds rotated over a cone of constant angle or with sligh
deflected bond-angles, enabling a high elastic recovery a
unloading. This model is supported by the distribution
cross-linking sites, such that a slip of the graphitic segme
is hindered.

For a slight increase in ion energy of 15 eV to appro
mately 40 eV, the microstructure changes independently
the nitrogen concentration in the film, which is saturated
around 18 at. % for the N2 partial pressures used, limited b
the chemical desorption process. This series of samples
hibits a pronounced FL growth at low N2 partial pressures
An increase in N2 partial pressure suppresses the growth
FL sheets until the material grown in a pure N2 discharge
develops an apparently amorphous structure. This results
dramatically increased hardness and modulus to typical
ues of 14–18 GPa and 100–120 GPa, respectively~see Fig.
13!.

In summary, it can be said that the structure and prop
ties change dramatically with the N2 partial pressure even
though the nitrogen content in the film does not vary sign
cantly. Interestingly, the incorporation rate, representing
number of atoms incorporated per m2/s, increases with the
availability of N2 , as seen in Table II. This is the opposi
effect, as expected for a nitrogen-enhanced chemical des
tion process only. We speculate that there is an increased
from the target at higher N2 partial pressures, which offset
the material loss by chemical desorption.44 The effect is less
distinctive in the case of a higher bias voltage. This can
explained by a higher nitrogen-stimulated chemical deso
tion rate at a higher bombarding energy.

It is shown in Table II that the number of incorporate
particles is comparable to, and even less than, the numb
ions bombarding the growing surface, indicating the imp
tance and extent of the material removal by the chem
desorption process. Keeping in mind that the flux for a sp
tering discharge consists predominantly of neutrals, onl
very limited fraction of the total flux is actually incorporate
It can also be useful to consider the film structures grown
those representing a dynamic equilibrium between the c
peting processes of deposition fluxes of given species
film surface etching rates, both determined by the N2 frac-
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion, growth temperature, and bias voltage. The feature
the prevailing structures in the CNx compounds need not t
be linked to the N concentration in the film. This can
illustrated by a comparison of the two sample series. T
films grown at a higher bias voltage have a lower incorpo
tion rate, but slightly higher nitrogen content. This can
explained by a different etching/desorption rate at the high
energy regime.45 It might be more favorable, under thes
conditions, to remove volatile particles with a higher C co
tent from the surface, giving more reactive sites for nitrog
or preformed nitrogen-containing species to bond to. T
resulting structure in that case is characterized by a redu
long-range order of the fullerene-like sheets, leading to
amorphous appearance. The reduced extent of these
sheets gives rise to a higher degree of cross-linkage along
edges, which results in the astonishingly fracture-tough co
pounds.

Intrinsic stress formation in fullerene-like CN x

The homogeneity of the film growth across the 75-m
sample holder made it possible to derive the intrinsic str
in situ, by monitoring the curvature of a Si wafer. The com
pressive stress reaches peak values of up to22.7 GPa for
films grown at a low N2 fraction. These are surprisingly hig
values, since neither the energy nor the number of ion
large enough to explain the stress formation by conventio
models for intrinsic stress generation. The formation of
trinsic stresses in CNx cannot be related to conventional m
mentum transfer and collision cascade models, since the
energies involved are too low for, for example, atom
peening.34 The presented results indicate that the high lev
of stress are closely linked with the formation of the F
structure, and the stress scales with the degree of curva
of the graphitic planes. This curvature has to be accom
dated in an already existing structure in which the graph
sheets are restricted in lateral motion, which leads to
formation of high levels of compressive stress.35 This notion
is reinforced by the fact that the stress level does not exc
2500 MPa for films consisting of less bent planes, in t
case of pure N2 and 25 eV energy. The stress state is still
compression, which is not surprising, since a certain amo
of curvature has to be accommodated.

CONCLUSIONS

The reduction of the ion flux in the vicinity of the sub
strate by a magnetic field from a second magnetron ena
the formation of a more pronounced fullerene-like micr
structure in CNx films as compared to previous techniqu
employing reactive magnetron sputtering or pulsed la
deposition. This covers a broad range of different radii
curvature and regimes of sheet alignment and extension.
microstructure of FL CNx is found to be extremely sensitiv
to the deposition conditions. It is shown that the resulting
structures have, in turn, characteristic mechanical proper
An increase in curvature of the FL lattice planes leads t
reduced long-range order. Therefore, the planes are more
quently intersecting and/or cross-linking, giving the structu
more strength, as seen for films grown at 40-eV ion ene
Downloaded 17 Mar 2003 to 148.6.104.15. Redistribution subject to AI
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and lower N2 fractions with elastic moduli of approximatel
120 GPa. If the structure is instead composed of exten
well-aligned planes, the modulus is reduced by up to a fac
of 3, due to a less restricted compression of the interpla
lattice spacing and a lack of cross-linkage. This makes fo
low elastic modulus and large maximum displacements.

FL CNx materials are best described by a high hardne
to-modulus ratio (H/E) of up to 0.2, which explains the
extreme elasticity of this material even for a fairly low in
trinsic hardness of the samples produced. In the absenc
plastic deformation the contact stresses are dissipated
larger volumes. Therefore, it follows that FL CNx can be
perceived as a ‘‘super-hard rubber,’’1 rather than a conven
tional hard material.

The synthesis of FL CNx is a rather complex process, i
which the microstructure cannot be exclusively linked to t
N content in the film alone. One also has to pay close att
tion to the number and kinds of species arriving/desorb
from the substrate, in addition to the substrate tempera
and energy of the ionized species. The corresponding e
librium defines the resulting structure.
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