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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
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Fullerene-like(FL) carbon nitride(CN,) films were deposited on $100) substrates by dc reactive,
unbalanced, magnetron sputtering in a/Nr mixture from a high-purity pyrolythic graphite
cathode in a dual-magnetron system with coupled magnetic fields. Tfradlion in the discharge
gas(0%-100% and substrate bias{25 V; —40 V) was varied, while the total pressuf@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 photoelectredyié 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 lowsrfidctions, consists of well-aligned,
multi-layered circular feature@ano-onionswith an inner diameter of approximately 0.7 nm and
successive shells at a distance~00.35 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 GMtructures 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 thestOMes 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 ff@tnto —40V
multiplies hardness and modulus values, while keeping their high ratio of up to 0.2, due to a higher
degree of cross-linking. €003 American Institute of Physic§DOI: 10.1063/1.153831]6

INTRODUCTION bined with the fairly low coefficient of friction, yield in an
_ N interesting candidate for tribological coatings.
Fullerene-like(FL) carbon nitride (Cly) denotes a range The most well-developed FL microstructures in CN

of promising CN, compounds that exhibits outstanding prop- have been observed for magnetron sputtered films. One of
erties originating from a unique microstructure. The structurehe limiting factors, which suppresses this kind of structure
consists of bent and intersecting nitrogen-containing graeyolution in many other thin film deposition processes is, in
phitic basal planes. The orientation, radius of curvature, an@yr opinion, exposure to high-flux and high-energy ion bom-
the degree of cross-linking between them determine th@ardment. Such methods, for example, arc evaporation, ion-
structure and the properties of the FL material. Such materigdeam-assisted deposition, laser ablation, and to a certain ex-
deforms elastically over a wide range due 1Otent rf sputtering, usually employ an ion-to-neutral arrival

a bending and buckling of the atomic sheets and a lackate ratio in excess of 10. This high average energy per in-
of slip systems. The comparatively low elastic modulusgorporated particle leads on the one hand to an elevated ap-
(<130 GPa), together with a reasonable high hardness, reyarent nitrogen content, but on the other hand hinders the
sults in a fracture-tough material. These properties, COMgrowth of any ordered structure. The resulting material is
thus mostly amorphous. No convincing evidence is reported
dElectronic mail: jorne@ifm.liu.se in the literature for the synthesis of crystalline carbon nitride
b’él(s)o \évith:geslzaeadrch Ints|t_i|tu1t§2fgr Lechnical Physics and Materials Scienceby these methods. Growth of GNiims with some structural
c)P-reéen(ixaddyresus:algggartment ;)f é?]?e?r:?léal Engineering, Carnegie Melloﬂrderi however, is possible by laser ablaﬁa"d reactive dc
University, Pittsburgh, PA 15210. magnetron sputterifigdue to a reduced energy level, by
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means of a reduced bias or increased target—substrate dis- -30 (mm) 30
tance. —
During sputtering, only a low fraction of the flux is ion- Heater

ized, and the arriving particles are mainly neutrals, with ther-

Substrate & 75mm

.....

mal energie§. These “gentler” growth conditions might be
the requirement for the evolution of the so-called “fullerene-
like” CN structure. The key for understanding the structure
formation is nitrogen incorporation. It plays a major role
during growth, since it gives upon incorporation the sur-
rounding carbon matrix a radical nature, which might pro- \
vide for cross-linking at C site%° Another possibility for
cross-linking might be bond rotation around ap? C—-C
bond, resulting in a three-dimensional structure. The planar
configuration of a carbosp? network is due to the fixed
bond angles by the overlap of theorbital perpendicular to
the o-bond. The incorporation of N, which brings an extra Magnetron 2 Magnetron 1
electron and a higher electronegativity, might also cause the
disruption of thesm-electron ClOUd, g|V|ng rise to nonp|anar FIG. .1. .Schematic of the sputter_ing system, showing the substrate position
C~C bonds. For the formation of FL structures, the subsituZ1, 4€2ina e coupled confureon of he o magnetions Por e
tion of N for C is also important, since it reduces the energyas idle. The scale at substrate position defines the location of the individual
barrier to form pentagortsthus inducing the curvature in- probes in Fig. 2.
herent to the fullerenes.
Previous work has shown that the properties of FL,CN
films grown by dc unbalanced reactive magnetron sputteringnodulus, while the long-range order in the multishell FL
can be varied over a wide range, spanning from under-densmicrostructure is decreased.
soft, amorphous structures to hard, elastic, FL matetidls.
This is realized by tuning the growth conditions, such as
substrate temperature, bias voltage, target power, total preEXPERIMENTAL DETAILS
sure, and nitrogen partial pressure. All these conditions desxperimental setup and film growth

fine the ion-to-neutral arrival rate ratio of carbon and nitro- FL CN. il q ited by dual d bal q
gen, and the ion and neutral particle energy distribution. x fiims were deposited by dual dc unbalanced re-

Previous studies on single magnetron sputtered FL f@is active magfni[rloon_ 73 r;utte:ng;g '89?/ UHV systelmt_ with ahl_)tase
employed an up to 20-times-higher ion bombardmeayt pressure o a =970 pUre pyrolytic graphite

. . . was sputtered from one single targ@b-mm diameterin a
means of flux densifyas compared to this study, while the mixed Ar/N, discharge(99.9999% purity. The plasma was
pressure, neutral flux, and ion energy was kept at a compa-_ .. . o

10 . o . confined in front of the substrate by a coupled magnetic field
rable level.” Here, the lower ion flux density gives rise to a

: ) enerated from a second magnetron. Unbalanced magnetrons
reduced average energy per incorporated particle by lowe vere employed with a magnetic flux from the outer poles of
ing the ion-to-neutral arrival rate ratio, while keeping the ion5 6x 104 Wb and the inner poles 3810 % Wb. The bi-

energy constant at approximately 25 eV. The influence of a5 gpstrate holder was rotated and resistively heated from
slightly higher ion energy of approximately 40 eV on the o reyerse side. It was mounted at the point of focus in
structure evolution and properties is also considered. between the two magnetrons at a distance of 120 mm. A
We report in this article on the formation and bonding gchematic diagram of the experimental apparatus is shown in
structure of FL structures in CNand their impact upon the Fig. 1.
mechanical properties of thin solid films. The growth of this ~ Tne total pressure was kept constant at 0.4 Pa, which
material is found to change significantly with an increase inyas measured with a capacitance manometer, and the, Ar/N
the availability of nitrogen and the incident ion energy. Foryatio varied from 0 to 1. The substrates were held at 450 °C
films grown at a low ion energy25 eV), the radius of cur-  wjth a resistively heated graphite heater, which was cali-
vature of basal planes is inversely proportional topdrtial  prated with a k-type thermocouple at the substrate position.
pressure and varies from a multishell onion-like structureThe magnetrons were regulated at a constant discharge cur-
(with approximately 0.35-nm radius for the smallest shells rent of 400 mA, with a resulting voltage that varied from 525
to almost straight graphitic planes containing 17 at. % N as/, in a pure Ar discharge, to 465 V in a,Nlischarge.
grown in a pure N discharge. The multishell FL structure The films were deposited at bias voltages-025 and
shows an increased hardness and elastic modulus, while40 V for 3 h onto(100) Si wafers, ultrasonically cleaned in
maintaining a relatively high hardness-to-modulus ratio,acetone and isopropanol in sequence prior to deposition.
which gives rise to remarkable elasticity and toughness. Athese conditions resulted in a film thickness of approxi-
rise in ion energy by just 15 to 40 eV leads to a completelymately 400 nm. The samples for transmission electron mi-
different mechanical response. The films are still very elasticcroscopg TEM) plan views were prepared by a 20 min depo-
but exhibit an up-to-threefold increase in hardness andition onto freshly cleaved NaCl wafers.

...............
......
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During deposition, the stress development was recorded Elastic recoil detection analysid€ERDA) was used to

by monitoring the curvature of 3 inch Si wafer with a determine the areal density of elements present in the films.

k-SA MOS systemk-Space AssociatgsA laser is split into  The films were exposed to a 35 MeV'Clion beam under

an array (4x4) of spots and reflected from the substrate intoan incidence angle of 15°. The atomic number and energy of

a CCD detector. The spot spacing is recorded in two perperthe forward sputtered particles were analyzed by an ioniza-

dicular directions, and from this the radius of curvature istion chambei(in the case of H by a semiconductor detegtor

determined. The total stress in the film can be calculateéh order to determine the energf) and massZ) of each

from Stoney’s equation for a known substrate thickness anébrward sputtered particle. The areal densities of each ele-

biaxial modulus combined with a known film growth rate. ment were calculated from integrating the resultigZ

This method is accurate assuming a film significantly thinnechart. From the sum of the areal densities and the growth rate

than the substrate, and that stresses in the film do not exceésliows the mass density of the films. The energy of the

the yield strength of the Si substrate { GPa)™ particles scales with the escape depth from the analyzed vol-
ume and, therefore, allows compositional depth profiles to be
derived, since the relation of the different areal densities cor-

Plasma characterization responds directly to the elemental composition.

The structure and properties of CIé extremely sensi- The chemical bonding structure in the near-surface re-
tive to parameters such as ion flux and ion end?gyhere- gion was analyzed with a VG Microlab 310F combined Au-

fore, it is crucial to monitor the plasma parameters for theJ®' electron spectroscopy and x-ray photoelectron spectros-
growth conditions in order to determine the energy and numSPPY (XPS) system. After deposition, the samples were
ber of arriving ions. The saturation ion flux was measurecin@lyzed by XPS using a non-monochromated Kg
prior to deposition at-100V by an array of flat plasma (1293.6 €V x-ray source and a hemispherical electron en-
probes with an area of 0.5 éreach. Seven probes were €9Y analyzer without any initial sputter cleaning. The energy
evenly distributed at the substrate position, forming a ling@nalyzer was set such that the Auf¢4) was recorded with
between the two targets in order to study the radial distripu@ full width at half maximum(FWHM) of ~0.9 eV. For

tion of the ion flux. The self-floating potential was measuredc®mparison to ERDA, the composition of the films was es-
on the center probe. The surrounding holder was kept dimated by the peak area ratios of the <Cand Nis core
measuring potential in order to minimize edge effects. level spectra. _ _

A small tungsten wire probé& 0.2 mm; length 5 mm A Digital Ins.trumer?ts Nanoscope llla gtomlc force mi-
was used to record the-V curves at the substrate position. C"0SCOPEAFM) in tapping mode was used in order to deter-
The voltage was swept from 160 to+20 V and the result- Mine the surface rougr_mess parameters of the films. The
ing probe current was measured. From these curves, tf@MS value was determined from adl um® area scanned
plasma potential was derived as the potential at the inflectioAt & resolution of 512512 pixels.

point in between the ion-dominated part and the electron- 10 evaluate the mechanical response of the films, nano-
dominated part, given by indentation experiments were carried out using a Tribo-

o - scope®(Hysitron Inc) connected to the AFM. The combi-
Vp=d“V/dI*=0. 1) nation of the two systems gives the unique possibility to scan
Assuming homogeneous plasma around the probe andthe surface, before and after the indent is made, in order to

Maxwell-Boltzmann energy distribution of the electrons inimage the surface topography. This allows a check for ob-

the plasma, their temperature and density can be derived gtacles on the surface, before indentation and imaging of the

knowing the area of the probeAf) by the following residual indent, to evaluate pile-up effects on the edges or a

equationg? sinking of the surrounding area. The Hysitron transducer has
vy, a force resolution of 0.2ZN and a displacement resolution of

e va'(V)dV 0.5 nm, which creates indentation curves on the nanometer

kK V) ' 2 scale. The system was equipped for most experiments with a

cube corner diamond tifthree-sided pyramid with 90° total
l(Vpo \/m included tip angIe,E=.1141 GPa, v=O.Q7). This .tip is
Ne="% o2kT (3 sharper than a Berkovich (142.3° total included tip ajgle
pr which leads to a higher stress concentration under the in-

denter, so that the elastic—plastic transition occurs at lower
loads and the resulting stress strain field is more elongated in

The substrates for thickness measurements were maskéte film. Hence, the film properties dominate the load dis-
with spots of a isopropanol/TiPpowder mixture across the placement curves at higher loads as compared to Berkovich
diameter prior to deposition. After deposition, the Ji€an  indentst**®
be easily wiped off, and the resulting step was measured in A lack of plastic deformation makes the indentation
the center, and at 15 mm and 30 mm towards the perimetdrardness and modulus analysis after Oliver and Pharr rather
of the sample holder with a surface profilomet®ekTak dubious, since this theory was developed for plastically de-
3030, Veeco Instrumentso determine the growth rate and forming materials like metal In order to induce more plas-
homogeneity across the holder. Each step was measured fotic deformation during indentation, even for extremely shal-
times to minimize systematic errors. low indents, the stress concentration under the indenter must

e

Film analysis
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be increased. This can be done by changing the geometry 400

from a conventional three-sided Berkovich-shaped diamond 350 /‘-\m T1

indenter with a tip angle of 142.3° to a pointier tip, like a
—~ 300 1 + 0.9
N coupled field

@

g
cube corner with an tip angle of 90°. Another effect that ; single target f_>
increases the stress concentration for a cube corner indenter g 250 1 (magnet set A) (magnet set B) =
is the typically lower value of the tip radius in comparison to < 200 1 R 1% g
a Berkovich indenter. The tip radii for both types of indenters 2 150 - Loz i
were estimated by purely elastic indents in amorphous SiO s ' 4
with a given reduced modulus of 69.9 GPa. The indents were ™ 1007 - +o6 R
modeled as a Hertzian contact between a flat surface and a 50 1 .., coupled field o
perfectly stiff, round indente’ This is a legitimate assump- 0 : . magnet st ) 05 &
tion given the large difference between the elastic moduli of 30 20 -10 0 10 20 30
diamond and amorphous SjOlt has to be kept in mind that Distance from Center

the tip of an indenter is not spherical, but is rather a kind of o _

. . . FIG. 2. Saturation ion flux measured by flat plasma probes as a function of
truncated cone, and th_e ra.d” derived frgm the Hert2|an_ Con.t'he position on the sample holder for different magnet configurations; with a
tact can be used as guidelines. The radius of the effective tigingle target or coupled fields and a magnet set A an@nBgnetic flux
roundness was 80 nm for the cube corner and 130 nm for theensity is larger for set BThe relative thickness distribution is also shown.
Berkovich diamond used in this study. Elastic—plastic inden-

tations were made in amorphous $i&s well in order to take
the real shape of the cube corner diamond tip into account iy ms a plumé?® In order to decrease the ion current at the

form of an tip-area-function as suggested by Oliver andenter of the substrate holder and to homogenize the plasma
Pharr® The tip area function, representing the depth-area,coss the diameter of the substrate, the plasma was trapped
relation, was derived from these indents at a contact depth, 2 mirror magnetic field generated by a second magnetron
range from 5 to 380 nm. The thermal drift was recordedrig 1), The magnetic field lines of the two magnetrons were
before each indent at a constant load qi/2 and taken into  ~,nnected due to the coupling of the adjacent magnetic
account. poles. Therefore, the electrons are gyrating along the field

A series of indents ranging from 128N up t©© 7.5 MmN jines and due to the quasineutrality of plasma, the ions fol-
were made in each film. A power law was fitted from 40% up|,\ so that the plasma forms an arch in between the two
to 95% of the unloading part to get the compound stiﬁnesqargets_

from a straight line fitted to the upper part. From the stiffness  “p4 ion flux, as an indicator for the plasma density, was

the indentation hardness and reduced Young's modulus of th§easyred across the substrate holder for two different sets of
fllm—substratg system were calculated using the method d‘?ﬁagnets and compared to the distribution from a single tar-
scribed by Oliver and Phatf. The resulting values, repre- get, as shown in Fig. 2. It can be seen that the plasma, de-

senting the transition from substrate-dominated to film-gq ineq by the saturation ion flux, for a single magnetron is

influenced response, were fitted with a function suggested b\)/ery much focused at the center of the holder. The large
Korunski et al!® giving the uninfluenced hardness and

i gradient towards the edges of the holder makes it difficult to
modulus values of the film. _ _ state precise values for the crucial ion bombardment at cer-
_The microstructure of the films was characterized byiain sypstrate positions. One advantage of a two-magnetron
high-resolution(HRTEM) using a Philips CM 20 UT trans- - cqndiguration in a coupled mode is the homogenization of the
mission electron microscope operated at 200 kV with @ poinbjasma across the holder. Thus, precise plasma properties can
resolution of 0.19 nm. Plan-view samples were prepared bye assigned to a significantly larger area. Combined with a
depositing approximately 50-nm-thick films onto freshly homogeneous neutral flux, represented by the relative thick-
cleaved NaCl wafers. After deposition, the films were imme-, s in Fig. 2, this makes for comparable growth conditions
diately floated off in deionized water, rinsed in three stages,. qss the diameter. On the other hand, the trapping of the
and collected onto Cu microscopy grids for examination5iasma in the coupled magnetic field leads to a decreased ion

This method offers a large electron transparent area suit€d, rent. This was compensated for by a different set of mag-
for investigation. TEM cross sections were prepared by low-

. o M _ nets with a higher magnetic flux as shown in Fig. 2, where
angle and low-energy ion-beam milling to limit the thlcknessmagnet set “A” comprises the weaker magnets. The magnet
of the amorphized surface layer.

set “B,” giving a higher flux, was then used for the film
depositions.
RESULTS The properties of the plasma, such as ion and electron
temperature, and plasma density and composition, are de-
fined by the discharge conditions, which include geometry,
The energy and radial distribution of species incident ondischarge current, gas pressure and composition, sputtered
the substrate is defined by the confinement of the plasmmaterial, and magnetic field and electric field characteristics.
generated during the magnetron discharge and the appli€the gas composition was varied in this study, and its effect
external bias voltage. Generally, the plasma produced by then the plasma properties is shown in Table I. The electron
unsaturated magnetic field lines of a single unbalanced magemperature was estimated to be approximately 0.5 eV inde-
netron is fairly focused at the plane of the substrate and thugendent of the gas composition. This low value, even for a

Plasma characterization
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TABLE I. Variation of the discharge voltage, floating potential, plasma potential, electron density, and satura-
tion ion flux as a function of the gas composition during magnetron sputterimy &cC target in a Ar/M
discharge (gischargs= 400 MA; pioia=0.4 Pa).

N2 fraction Udischarge(v) Vfloaling (V) Vplasma(v) Ne (109 cm- 3) Jion (/’vA cm- 2)
1 465 —-7.8 0.6 4.5 150
0.66 487 =77 140
0.5 504 0.9 5.0
0.33 508 -89 150
0 525 —-8.0 1.7 5.6 160

sputtering plasma, combined with a self-floating potential ofGrowth
around—8V can be attributed to the fact that the substrate
was situated on the edge of the arch-shaped plasma. Thiqs3

also affects the entird—V curve. The nonhomogeneous a weak dependence on the Maction, as shown in Table II.

plasma density normal to the substrate leads to an overest-,-his table also gives the incorporation rate, representing the

ma“of‘ of th_e_ current _saturatlon regions, since a hlghehumber of particles incorporated per square meter per sec-
negative/positive potential attracts ions/electrons over large

dist d 1o th : d the ol " 6nd, which was calculated from the areal densities as mea-
IStances compared 1o the currénts around the plasma potel; 4 by ERDA and the deposition time. The highest values

fual. It can, h(t)er\ie\r/, be concILtJ_ded tha;c thte pletlsma pottentl re observed for higher Nractions, and there is a distinct
IS approximately . v, representing an electron tlemperature Gy ..o 3se with a reduction of the Maction in the discharge

0.5 eV and a corresponding electron density of apprOXI'gas, with a minimum for films grown in a pure Ar discharge.

mately 5<10° cm . N0.5|gn|f|cant var|at|op_s in the plasma 'I;Pis dependence is less pronounced for the films grown with
dependent on changgs in the gas composmon were observe_.40 V bias. For a comparison between the number of par-
The plasma trapped in the coupled field of the tWo magneg; o5 incorporated and the number of ions impinging at the
trons resu_ltzs in a saturation ion flux of approx'matEIygrowing surface, the ion arrival rate is also shown in Table II.
150 uAcm™*. If is derived from the saturation ion fluable l), assuming

at only single charged ions bombard the growth surface.

The growth rate varied between 0.035 and 0.052
% nm s ! for the given deposition conditions, with only

The discharge was maintained by a constant current
400 mA, and the resulting voltage needed to sustain the
given current is shown in Table I. Its magnitude is defined by
the primary electron yield of particles in the gas phase an(gz
the secondary electron yield of the target material, and there- Figure 3 shows the effect of the,Nraction in the dis-
fore it represents the change in gas and target chemistry wittharge gas and the applied bias voltage on the N concentra-
a variation in N fraction. tion in the film. The N concentration is already 13 at. % for a

omposition

TABLE Il. Film density, growth rate, incorporation rate, and ion arrival rate, depending ontffi@dtion and
bias voltage. The ion arrival rate was derived from the ion saturation flux measured by a flat plasma probe.

Density Growth rate Incorporation rate lon arrival rate
Bias N, fraction (gem3) (100°ms? (10 s tem™?) (10% s tem ?)
—-25V 12 2.8 0.49 6.7 9.5
0.92 2.4 0.52 6.1
0.84 24 0.45 5.3
0.67 2.3 0.42 4.8 8.6
0.58 24 0.44 5.2
0.5 2.4 0.39 45
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 21 0.37 3.8
0 0.6 1.6 3.4 10.0
—40V 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 21 0.44 4.5 9.4
0 0.4 1.92 3.5 10.0

#Hydrogen contamination.
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FIG. 3. Film density and N concentration, as determined by ERDA, versus
N, fraction in the discharge gas and for different substrate bias values of
—25V and—40 V. Three of the films grown at the highest fdaction and
—25V bias showed an elevated impurity level, as indicated.

N, fraction of just 0.08(the lowest one usedand —25V
bias. For higher Mfractions, there is only a slight increase in
N content in the film, and it saturates at 16—17 at. % for a
bias of —25V and a N fraction of greater than 0.5. If o
—40 V bias is applied during deposition, the N content in the Binding Energy (eV)
. . X o .
films is stable at approxm_1ate_|y 18 at. %, and no nojuceabl%lG. 5. XPS NX core-level spectra for CNfilms grown at a range of N
erendence on theer.ac.t|on.|s Observe(.j' The total impu- fractions and substrate bias valyag —25 V and(b.) —40 V, respectively.
rity level in the N containing films regarding the oxygen and The apparent merging of P2 towards P1, in the spectra taker28tV and
hydrogen uptake, due to the dissociation of water in the rea N, fraction of 1, is caused by an additional peak due to contamination.
sidual gas, is negligible, being below the detection limit of
0.1 at. % for O and 0.5 at. % for H. This low impurity level is This huge difference is attributed to surface effects, since the
a direct effect of the low base pressure<ol x10 7 Pa in  depth of information for XPS is just a few atomic layers.
the system prior to deposition. However, three of the nitro-One way to explain this situation is the adsorption of atmo-
gen containing films show a significantly higher H and OSPhe”C_ gases, such as, NO,, or H;0. Thege gases can
uptake, as indicated in Fig. 3, which might be due to hydroreact with the Cl\surface, especially near N sites, and there-
carbon contamination of the new pyrolytic graphite targetfore can increase the XPS Nlpeak area by adding, for
after target change. example, N—O bonding-type contributions. The reactivity of
The results of the XPS compositional analysis, comparedhe CN, surface layers depends on their structure. A standing
to those determined by ERDA, are plotted in Fig. 4. In com-graphitic basal plane in a turbostratic structure is more reac-
parison, XPS overestimates the N concentration for highefive at the edge sites as compared to the surface sites of a
N, fractions by as much as 30%, while underestimating it bymore three-dimensional FL structure with closed shells.

approximately 20% for films grown at lower,Nractions.  Hence, the N& peak pattern is more or less influenced, lead-
ing to a variation in the apparent composition determined by

XPS. ERDA, on the other hand, determines the bulk compo-

normalized Intensity (arb. units)
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< 14 sition by the areal densities of the components.

E 1.3 1 e Chemical bonding structure

Z’ 121 No major chemical shift or changes were observed for

> 1.1 * I i the XPS C5 peak within the resolution limits of the system.

.g 1.0 - . A slight unsymmetrical broadening, however, could be re-
L 0.9 - T e mm - solved. Figure 5 shows the XPS Bltore level spectra for
5 ' CN, films grown at a range of Nfractions and substrate bias
£08 o. w40V values of(a) —25 V and(b) —40 V, respectively. The spec-

L',E 0.7 - * -25V tra were normalized to the same maximum intensity and a

o Shirley-type background was subtracted. Up to four spectral

contributions can be resolved by fitting a Gaussian line

0 0.2 0.4 06 08 ! shape® Only two give a significant contribution at binding

N2/( N2+Ar) energies of approximately 400.7 €71) and 398.3 e\(P2).
FIG. 4. Ratio of N concentrations determined by the peak area ratio in xpNO change in peak position is opserved for most _Of the
and area density in ERDA plotted for the two sample series. peaks. Only P2 for the sample series grown-&5 V bias
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shows a shift from about 398.6 eV for the film grown ata N
fraction of 1, down to 398.1 eV for the film grown at & N
fraction of 0.08. This shift can be caused by a charge transfer
with respect to the atomic nucleii and/or a different charge
compensation response of the surrounding material after the
photoelectron was removed.

The two distinctive XPS N& peaks suggest that nitro-
gen is bonded in at least two different chemical environ-
ments. The assignment of these two contributions diverge I
somewhat in the literature; for a review see Ref. 21. It is
fairly well established that P1 can be assigned to N bonded f —
substitutionally for C in a graphitic she&?? The origin of 0 02 04 06 08 1
P2, however, is still under discussion. There are a variety of N2/( Nz+Ar)
different assignments and calculations to be found in the lit-
erature. Most recent studies reinforce the idea that P2 can I/G. 6. XPS peak ratio for the sample series made-a6 V and —40 V
connected to N bonded in a pyridine-like manner into a grasubstrate bias, derived from the area ratio (_)f the two major contributions
phitic network and/or N triple bonded to just one carbonézrlé Eian g;t\?viri(:?}r:\ég fg;ec:%"ri'usnfc"a’ asfitted by a Gaussian peak shape
atom, especially since there is no evidence for larger quanti-
ties of sp® hybridized carbon by, for example, x-ray

absorption/emission spectroscdpyAnother common inter- Figure 7 shows representative plan-view transmission
pretation, also quite often found in the literature, is the aselectron micrographs of the as-deposited films. The FL, CN
signment to N bonded in a partiallgp® hybridized C  consisting of bent and intersecting graphitic basal planes
matrix 20222425 with an interplanar lattice spacing 6f0.35 nm, is apparent.
The FWHM of approximately 2 eV for each peak, which The main difference between the microstructures of the films
is higher than the resolution of the systemX eV), suggest is the degree of curvature, extent, and alignment of the
that the peak pattern carries information of an inherentheets. The films grown at a lower, Kraction at both bias
broadening mechanism, caused by a scattering of one chemjoltages exhibit the most pronounced FL structure, with
cal state over a range of about 1 eV. This can be understooshall radii of curvature and frequent intersecting of planes,
by differences in the charge distributions for one type ofmuch like in a fingerprint. For an increase ip fiaction, the
chemical bonds due to long-range interactiéh®,such as  structure changes, in case of a lower bias voltage towards a
the curvature of the graphitic sheets or edge effects. more graphitic structure, with straight, well-aligned planes.
It is postulated that the variety of curvatures and crossfor a 15-eV-higher ion energy, the extension of the planes
linkage observed in FL CNleads to an anisotropy in charge and their alignment decreases with an increase jrfraic-
distribution due to the accumulation of the N lone-pairs ontion; for a pure N discharge the structure is almost amor-
the side of positive curvature. In turn, this affects the bindingphous. Plan views of the films grown without, Neveal a
energy for the N% electrons involved and is detected as acompletely amorphous structueot shown.
peak broadening. Also, the location of the N emitting a core  The most outstanding structures were observed for very
electron, within a Clsheet, is important for the peak broad- |ow N, fractions and a low bias voltage, as shown in Fig. 8.
ening. The lost charge can only be compensated from insidgt these growth conditions, the FL sheets form well-aligned,
the same graphitic sheet, due to a much lower in-plane resignultilayered spherical features, so called “nano-oniofis,”
tivity. If the N atom is situated closer to edges, this process isyith an inner-shell diameter of approximately 0.7 nm and
hampered, leading to a small positive effective charge on thguccessive shells at a distance~08.35 nm up to a diameter
nuclei that therefore increases the binding energy slightly. of 5 nm. The entire film consists of these nanometer-sized,
The peak area ratio is plotted in Fig. 6. A clear trend canmuiti-walled CN, half-dome-like shells. The micrograph was
be resolved with an increasing peak area ratio of P2 comggken at a tear edge of a floated-off film, and shows a crack
pared to P1 as a function of ,Nn the discharge. At the propagating along the outer shells of the individual features,
higher ion energy(40 eV), the peak ratio is slightly higher indicating their substantial internal cohesive strength.
for films grown at the same Nraction. Cross-sectional micrographs were made by ion milling
to clarify that the structures seen in the plan-view micro-
graphs are representative of the bulk of the films and not just
a nucleation effect. Figure 9 is a typical example from a film
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Microstructure

The films grown at-25 V have RMS roughness values,
as measured by AFM, ranging from 0.8 to 4.9 nm dependin
on the N fraction (see Table IlJ. The —40 V sample series

ABLE lll. Rms surface roughness, determined from an AFM flum?
urface scan in noncontact mode, depending ofré¢tion and bias voltage.

is somewhat smoother, with rms roughness values of am, fraction 0 0.3 0.5 0.6 1
proximately 0.2 nm. Not surprisingly, the films grown in a ms _25Vbias 514 08 15 48 49
pure Ar discharge have about an order of magnitude highef,, _40Vbias 162 02 02 02 04

RMS values, corresponding to their under-dense structure.
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FIG. 7. HRTEM plan-view micrographs of GNilms of floated-off specimens from sample series deposited dtadtions of 0.16, 0.5, and 1, and25 and
—40-V biasas, respectively.

grown at a N fraction of 0.16 and-25 V bias, revealing a Mechanical properties
homogenous microstructure throughout the 400-nm film
thickness (~150-nm showih One can conclude that the

plan-view micrographs shown in Fig. 7 are representative of
the entire respective films. :

Dense CN material is known to be very elastic, which
auses some difficulty for the indentation analysis of thin
Ims, as discussed in the experimental section and in Ref.
28. The films examined by nano-indentation were grown to a
thickness of approximately 400 nm.

Figure 10 shows load displacement curves for a film
grown at a N fraction of 1 and at- 25 V bias for the Berk-
ovich and cube corner indenters at a variety of loads. The
cube corner indents are characterized by a much larger dis-
placement at the same loads and a higher fraction of plastic
work of indentation, represented by the area enclosed be-
tween the loading and unloading part of the curve. At loads
up to 10 mN, the response is clearly influenced by the sub-
strate. It also has to be noted that a stick-slip effect occurs for
the cube corner indenter at larger displacements, as seen for
the approximately 500 nm deep indent, due to friction be-
tween the indenter and the displaced material. Another effect
of a cube corner at higher loads is that cracking in the film or
substrate can occur for less resilient materials. However, the

FIG. 8. HRTEM plan-view micrograph, taken at the fract(tesan edge of
a floated-off film, grown at a Nfraction of 0.1 and—25-V bias. The

thickness requirement for imaging single features is met along the edge a .
single nano-onions can be resolved, consisting of 7—10 concentric hemr}-?"e d'3placement and therefore the load have to be decreased

spherical shells at a0.35-nm lattice spacing.

advantage of cube corner geometry lays in low-load and low-
displacement indents as needed for thin film testing. Whereas

in order to minimize the substrate influence. At lower loads
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FIG. 10. Nano-indentation load—displacement curves for indents made with
Berkovich or cube corner diamond indenters at loads of 1, 5, and 10 mN for
a film grown — 25 V bias and a Bl fraction of 1.

(<1 mN), the indents made with a cube corner indenter still
show a significant plastic work of indentation, while the
Berkovich indents are purely elastic, which allows Oliver
and Pharr analysis only in the former case.

Figure 11 shows the load—displacement curves obtained
with a cube corner indenter from a ¢CNilm (N, fraction
0.16, bias—25 V), and some crystalline and amorphous ref-
erence materials. The indents in Cékhibit a large displace-
ment of 75 nm, even deeper than for amorphous,3i(t,
remarkably, with a next-to-total elastic response. In fact, CN
behaves extremely elastically compared to sapphire, silica,
and silicon, with a remarkable elastic recovery from dis-
placements as large as 100 nm. To achieve total elasticity for,
for example, sapphire, the load has to be reduced toqu100
giving only 5-nm displacement.

Indentation in CN to such depths without yielding sug-
gests that the massive elastic deformation has to be accom-

Al203 (0001) Si(001) a-Si02 CNgi3

500 A

400 A
. 25V
4 16% N2
=300 A
o] 100
“ 80 -
8 200 o

40 A
100 A

20 1
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0 20 40 60 80
Displacement (nm)

FIG. 11. Nano-indentation load—displacement curves with cube corner dia-
FIG. 9. HRTEM cross-sectional micrograph of a film grown-&25 V and mond indenter in a 400 nm thick GNilm (—25 V bias, N fraction=1) on
a N, fraction of 0.1 prepared by ion-beam milling, showing the homogeneitya Si substrate compared to bulk materials of@y (0001, Si (001, and
of the film structure throughout the volume. amorphous Si@at loads of 500 and 10QN (insed, respectively.
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FIG. 13. Film-only hardnes&) and modulugb) values, depending on the
N, fraction and substrate bias, of the25/—40 V sample series as derived
by the method shown in Fig. 12).

FIG. 12. () Comparison of nano-indentation load—displacement curves of

two CN, films grown at—25V, and N fractions of 0.16 and 0.66, done

with a cube corner diamond indenter for a range of loats.Reduced

modulus values of the film—substrate composite plotted over the normalizegiess (—|S), and film hardness |-(f) B is the indentation

indentation depth for a range of loads. The data are fitted with a function ; . ; .
suggested by Korunskgt al,® to derive the film-only values. depth,(é) normalized to the film thickness

B=<. ©)

modated in a comparatively large stress field under the in-  This model is based on the total work of indentation for
denter. For thin films, this stressed volume readily extends, given sized indent done by the indenter on the film and the
into the substrate and therefore the load—displacemerfubstrate. This means that the energy is dissipated in the
curves, even at very low loads, will show a combineddeforming volumes of substrate and film. The ratio between
substrate—film respons@.Very shallow, below 20 nm, in- those two volumes represents the transition from a film- to
dents would be required to make the substrate influence negubstrate-dominated response. Other parameters, such as
ligible. Besides the difficulties in analyzing these fully elastic possible delamination at the interface and cracking in the
intents with conventional methods, the surface roughness hagm, are described by the fitting constaat
peak-to-valley values of the same order of magnit(ible For the evaluation of the film-only reduced modulus, the
1), which results in a large scatter in the load—displacemengame equation with moduli instead of hardness was used. A
curves, depending on the position of the indent with respecieries of indents for loads ranging from 7.5 mN down to 125
to surface features. uN were made on each film, resulting indavalue from~ 1

In order overcome the problems in evaluation of the in-down to ~0.05, depending on the indentation response of
dentation response and to obtain the film only hardnesshe particular film. Figure 12 shows an example of such a
modulus values, the model suggested by Korunekgl®  series of indentga) combined with the resulting modulus
was employed: and the corresponding fib) for two films grown at— 25V
He—Hsg pigs and N fragtiqns of 0.16 and 0.66. The correlation coef-
Tka (4) ficient of the fit in both cases was0.99. ForB>1, the

modulus value represents the substrate-only response and

with k a constant, composite hardness;), substrate hard- was fitted to 154 GPa, which is in good agreement with the

HC:HS+
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N2/( No+Ar) and it stays fairly constant at this high level up to a N
016 033 05 066 083 1 fraction of 0.5(Fig. 14. For N, fractions above 0.5, the

o

0 - 7 compressive stress drops suddenly to approximately
© % —500 MPa. For the C films grown in an Ar discharge, no
?D- -0.5 % intrinsic stress is observed, which is not surprising for the
- % under-dense and voided structure. An increase in bias to
g -4 - % —40V at a N fraction of 0.5 leads to a slightly higher value
o % of intrinsic stress.
=)
® 15 - _

o > % DISCUSSION

g -2 1 % Effects of a coupled field on the plasma

"E 25 - The trapping of the plasma from a single target in a

-~ I mirror magnetic field of a second target leads to more ho-
mogenous growth conditions across the sample holder, as

-3 can be seen in Fig. 2. More importantly, this also results in a

FIG. 14. Compressive intrinsic stress for the sample series deposited aeduced ion flux density of 15@A/cm? (Table ) as com-
=25V bias as a function of Nfraction in the discharge. One film grown at  pared to a single magnetron, while the neutral flux is kept at
—40V substrate bias is shown for comparison. the same level. A decreased ion-to-neutral arrival rate ratio
leads to a lower average energy per incoming particle. The

modulus of silicon. The film-only elastic moduli were esti- "€sulting lower energetic growth conditions enable the evo-

mated to be 74 GPa and 37 GPa, respectivelyfei0. As Iutiop of the sensitivq FL microstructurg._For comparison,
one can see in Fig. 12, indents with a displacement even d8€ ion flux of approximately 150Acm " is roughly one
shallow as 5% of the film thickness are still influenced by the®"der of magnitude lower than in previous stuo“l%hrough
substrate, especially for the “softer” films. variation qf the N fraction in the Ar/N dlsgharge, §1W|de
The same procedure was repeated for a variety of film&ange of cﬁﬁ‘erent FL structures can pe fabricated with a Iqrge
grown at different N fractions, at bias voltages of 25 V variation in curvature, extent, and alignment of fullerene-like

and —40V, in order to calculate the reduced modulus and®"Nx Sheets. _ _ .
hardness: Fig. 13 summarizes the results. The films grown at A drawback of the fairly weak plasma in the vicinity of

— 25V bias have a reduced modulus around 40 GPa exceHPe substrate is the low self-floating potential. This results in
that the film grown at a Nfraction of 0.16 exhibits a modu- & Small voltage drop across the sheath, giving a very low ion

lus of up to 75 GPa. Surprisingly, a 15 V change in bias to®N€r9Y of approximate_ly 8 eV. An (_axternal bias voltage then
— 40V causes a dramatic increase in the modulus values $f€€ds to be applied, in order to increase the voltage drop
up to 125 GPa. The films grown at25V have hardness across the s.heath and therefo_re to_ raise the energy qf the
values around 7.5 GPa, and only the film grown at the |oweSPompard|ng ions to enable desired ion—surface interactions,
N, partial pressure increases to 10.5 GPa. The film-oni" this case to either 25 or 40 eV.

hardness values for the sample series deposited 4 V
bias exhibits a steady increase from 14 up to 18 GPa with
decreasing Bl fraction in the discharge gas.

The hardness over modulus ratiod/E) for the pre- As stated in previous studie®-*8the availability of ni-
sented films range from 0.14 up to almost 0.2, compared ttrogen is essential for the formation of dense, solid, and tex-
values of approximately 0.07 for Si110) and 0.072 for tured CN, films. Films grown without nitrogen under the
Al,O3; (0001). The H/E ratio is used to describe the defor- stated growth conditions are completely amorphous and
mation mechanism of the material, that is, if it is more likely voided, leading to under-dense, porous material.
to deform plastically(plastic flow, cracking or elastically The ion energies of 25 or 40 eV are comparable to the
(H/E>0.1), for example, in a tribological asperity contact. energies used in Ref. 10. Thus, the observed changes in the

It has to be noted that the films, especially the softef CN films can be attributed to a decreased flux only. The total
films, exhibit a tendency to creep under load, which is mordevel of N incorporation, ranging from 13 up to 18 at. %,
pronounced for the higher stresses induced by a cube corndepends on the partial pressure and ion energy. Despite the
indenter. This creep effect can be seen for the cube cornenuch lower ion flux, the N incorporation is, interestingly,
indents in Fig. 10, where at a 10-s hold section at the maxieomparable to the previously studied films grown by reactive
mum load, the displacement increases with time. This effecsputtering with a single magnetréfiThis points to a com-
was less pronounced at lower loads, and the indents for thglex film growth process as discussed below.
hardness and modulus calculation were made without a hold It is well established that the N incorporation is limited
segment to reduce the influence of the creep. by a temperature-enhanced desorption process of volatile CN

It has been shown that for certain deposition conditionsspecies from the growing surfat®.*®In the present study,
CN, can develop high levels of intrinsic stre§53>3’Forthe  the N concentration remained at the same level even for a
parameters used during this study, a maximum compressivene-order-of-magnitude different ion flux density as com-
stress of—2.8 GPa was observed at g Iftaction of 0.16, pared to Ref. 10. This leads to the conclusion that the total

gffects of the reduced ion flux on nitrogen
Incorporation
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ion flux density can have only a minor effect on the chemical A further increase in Bl partial pressure leads to a
desorption process. The likely explanation is that only a cerslightly increased nitrogen concentration in the film. Corre-
tain amount of nitrogen can actually be incorporated into aspondingly the microstructure changes into a more pro-
certain CN structure, and any additional N incorporation hasnounced graphite-like appearance, with large, meandering,
to take place at interstitial positions, which is not possible atand well-aligned sheets. The measured interplanar lattice
low energies. Hence, the structure evolution and thereforgpacing of approximately 0.35 nm between the sheets im-
the amount of incorporated nitrogen is predominantly continplies that the assembly has only weak interplanar van der
gent upon the composition of the neutral flux. The growthWaals bonds, which limits its mechanical response as probed
temperature, and to a smaller extent the ion energy, also h&s nano-indentation. These films exhibit a much lower hard-
a selective influence by providing desorption energy forness and modulus, while retaining their extreme elasticity
volatile CN species and by enhancing surface diffusion.  and highH/E ratio. This might again be explained by a
compression of the-0.35-nm in-plane lattice spacing over
large areas during loading of the material. Naturally, the van
Effects of N , partial pressure and ion energy on the der Waals potential is much weaker and therefore the sheets
film are densified easily, leading to large displacements and a low
For low-energy(25 eV) ion bombardment and a low,N modulus of approximately 40 GPa. On the other hand, the
partial pressure(which means reduced availability of compression of the sheets is reversible, since most of the
N-containing specigsthe CN, film consists of extensively €nergy is stored elastically in the form of deflected atomic
bent and frequently intersecting planes. With a bulk N conbonds rotated over a cone of constant angle or with slightly
centration of approximately 13 at. %, under these conditionsdeflected bond-angles, enabling a high elastic recovery after
the arriving species nucleate to form features with a sphericainloading. This model is supported by the distribution of
curvature with a diameter of 0.7 nm, which are subsequentlgross-linking sites, such that a slip of the graphitic segments
overgrown by another CN\sheet, adding a concentric, hemi- is hindered.
spheric, dome-shaped shell around the first one at a distance For a slight increase in ion energy of 15 eV to approxi-
of ~0.35nm. This process continues up to a diameter omately 40 eV, the microstructure changes independently of
approximately 5 nm, which results in 7—10 shells. The structhe nitrogen concentration in the film, which is saturated at
ture might be compared to a chopped onion, here referred taround 18 at. % for the Npartial pressures used, limited by
as a “nano-onion.” the chemical desorption process. This series of samples ex-
Fine-probe electron energy-loss spectra measuremenlébits a pronounced FL growth at low,Noartial pressures.
revealed the highest nitrogen concentration in the center ofn increase in N partial pressure suppresses the growth of
the nano-onion& This reinforces the notion that the incorpo- FL sheets until the material grown in a pure Mischarge
ration of nitrogen induces curvaturét) the p-orbital lone-  develops an apparently amorphous structure. This results in a
pair from asp? hybridized N makes for a nonplanar coordi- dramatically increased hardness and modulus to typical val-
nation of the three bond$2) nitrogen incorporation favors ues of 14-18 GPa and 100-120 GPa, respectiigdg Fig.
the formation of pentagons instead of hexagons, thus induct3).
ing curvature into a atomic sheet of carbb®) N might also In summary, it can be said that the structure and proper-
promote the adjacent C atom in a ring structure to changéies change dramatically with the,Npartial pressure even
into a nonplanasp® hybridization staté.Hence, the maxi- though the nitrogen content in the film does not vary signifi-
mum feature size would be limited by the possibility to in- cantly. Interestingly, the incorporation rate, representing the
corporate N at the growth surface under a constant supplyjumber of atoms incorporated pefis, increases with the
since fewer and fewer curved shells have to be formed t@availability of N,, as seen in Table Il. This is the opposite
enclose the existing structure with an increasing radius. For affect, as expected for a nitrogen-enhanced chemical desorp-
limited nucleation rate, assisted by the substrate temperatut®mn process only. We speculate that there is an increased flux
and ion bombardment, a competition between incorporatiofrom the target at higher Npartial pressures, which offsets
and desorption determines a steady-state growth of evenle material loss by chemical desorptiiThe effect is less
sized nano-oniongsee Fig. 3. distinctive in the case of a higher bias voltage. This can be
These multiwalled hemispheres having a diameter of %explained by a higher nitrogen-stimulated chemical desorp-
nm constitute a solid material with a strong cohesion in betion rate at a higher bombarding energy.
tween the single features. This is reflected in a hardness of It is shown in Table Il that the number of incorporated
approximately 11 GPa and a modulus of 76 GPa. The preparticles is comparable to, and even less than, the number of
ferred fracture path is along the outer shells of the nanoions bombarding the growing surface, indicating the impor-
onions, as seen at the tear edge in Fig. 8. Thus, the cohesitance and extent of the material removal by the chemical
inside the nano-onions must be even stronger. The frequentlyesorption process. Keeping in mind that the flux for a sput-
intersecting and cross-linked FL planes apparently have thiering discharge consists predominantly of neutrals, only a
ability to compress their graphitic interplanar lattice spacingvery limited fraction of the total flux is actually incorporated.
by buckling during load, while slip is hindered due to cross-It can also be useful to consider the film structures grown as
linkage and geometrical interlocking. This relates to the facthose representing a dynamic equilibrium between the com-
that most of the deformation is stored elastically and recovpeting processes of deposition fluxes of given species and
ers after unload. film surface etching rates, both determined by thefidc-
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tion, growth temperature, and bias voltage. The features aind lower N fractions with elastic moduli of approximately
the prevailing structures in the GNompounds need not to 120 GPa. If the structure is instead composed of extended
be linked to the N concentration in the film. This can beWe||_a|igned planes, the modulus is reduced by up to a factor
illustrated by a comparison of the two sample series. Thef 3, due to a less restricted compression of the interplanar
films grown at a higher bias voltage have a lower incorporaiattice spacing and a lack of cross-linkage. This makes for a
tion rate, but slightly higher nitrogen content. This can below elastic modulus and large maximum displacements.
explained by a different etching/desorption rate at the higher-  FL CN, materials are best described by a high hardness-
energy regimé® It might be more favorable, under these to-modulus ratio KH/E) of up to 0.2, which explains the
conditions, to remove volatile particles with a higher C con-extreme elasticity of this material even for a fairly low in-
tent from the surface, giving more reactive sites for nitrogenrinsic hardness of the samples produced. In the absence of
or preformed nitrogen-containing species to bond to. Thelastic deformation the contact stresses are dissipated over
resulting structure in that case is characterized by a reducegrger volumes. Therefore, it follows that FL GNan be
long-range order of the fullerene-like sheets, leading to aperceived as a “super-hard rubbet,tather than a conven-
amorphous appearance. The reduced extent of these HRlonal hard material.

sheets gives rise to a higher degree of cross-linkage along the The synthesis of FL CNis a rather complex process, in
edges, which results in the astonishingly fracture-tough comwhich the microstructure cannot be exclusively linked to the

pounds. N content in the film alone. One also has to pay close atten-
tion to the number and kinds of species arriving/desorbing
Intrinsic stress formation in fullerene-like CN from the substrate, in addition to the substrate temperature

and energy of the ionized species. The corresponding equi-

The homogeneity of the film growth across the 75—mmgbrium defines the resulting structure.

sample holder made it possible to derive the intrinsic stres
in situ, by monitoring the curvature of a Si wafer. The com-
pressive stress reaches peak values of up- 87 GPa for ACKNOWLEDGMENTS
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