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Amorphous silicon carbon nitride (Si/C/N) coatings were prepared on steel substrates by RF plasma-enhanced chemical vapou
RF-PECVD) from the single-source precursor bis(trimethylsilyl)carbodiimide (BTSC). The films were characterised by X-ray di
XRD), ellipsometry, FTIR, glow discharge optical emission spectroscopy (GDOES), optical microscopy, AFM, hardness meas
cratch-, tribological- and corrosion-tests. The results of these studies show that the coatings obtained on the RF-powered electro
ere black, thick (>20�m) and hard (21–29 GPa), while those grown on the grounded electrode (anode) were yellow, thin (<4�m) and sof

∼5 GPa). Coatings on the anode contained around 19 at.% oxygen and exhibited silicon predominantly bonded to oxygen. In c
xygen content of the films deposited on the cathode was below 2 at.%. Silicon atoms in these coatings are co-ordinated predo
itrogen and carbon. The surface of all coatings was very smooth with a maximum rms roughness between 2 nm and 5 nm for
�m× 5�m. Scratch and tribological tests reveal a brittle nature of the cathode-coatings and rather weak adhesion to the metal
alt-spray tests indicate an excellent corrosion resistance of the material.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Amorphous and crystalline silicon carbonitride materials
ave received much attention in recent years due to their at-

ractive properties such as outstanding oxidation resistance
t elevated temperatures and high hardness.1 Silicon carboni-

ride films have potential for applications in wear or corro-
ion protection2 as well as microelectronic and optoelectronic
evices.3

∗ Corresponding author. Tel.: +49 6151 166341; fax: +49 6151 166346.
E-mail address: zhou@materials.tu-darmstadt.de (Y. Zhou).

There have been many studies on the fabricatio
silicon carbonitride film by various techniques, includ
both physical vapour deposition (PVD)4–7 and chemica
vapour deposition (CVD).3,8–18 Among the CVD method
plasma-enhanced (PE) or plasma-assisted (PA) CVD is
promising for the low-temperature deposition of Si/C
films.3,11,15–17 Most metals have relatively low meltin
points, therefore, in the case of metallic materials used as
strates, coatings must be prepared at significantly lower
peratures than the melting point of the metal in order to a
thermal damage. Many researchers have reported on PE
of Si/C/N using silane (SiH4) as the silicon source.3,15–18

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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The single-source precursor most frequently used for Si/C/N-
coatings is hexamethyldisilazane (HMDS).8–13Furthermore,
bulk Si/C/N ceramics and glasses were prepared using poly-
mer pyrolysis as well as related routes.19,20Interestingly, the
properties of the products strongly depend not only on the
composition but also on the structure of the organometallic
precursor. This strongly suggests that the structure and prop-
erties of silicon carbonitride ceramics can be modified and
controlled by selecting and designing suitable precursors and
processing parameters.21 Similar conclusions can be drawn
from the results of single-source precursor based vapour
phase deposition approaches to generate Si/C/N coatings.22

In previous studies we synthesised several Si/C/N poly-
mers starting from bis(trimethylsilyl)carbodiimide (BTSC)
and chlorosilanes. The solid and liquid precursors were py-
rolytically transformed into bulk silicon carbide, silicon ni-
tride and ternary Si/C/N phases.23 In this work, the aim was
to study of hard thin film formation on the steel surface
from BTSC precursor by PECVD method. We will report
the preparation of hard Si/C/N films on high-speed cutting
steel S652 metal substrates using BTSC as a single-source
liquid precursor for PECVD for the first time.

2. Experimental part
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ting steel S652 substrates placed on both the RF electrode
and the grounded electrode. RF-induced negative DC self-
bias,VB, developed on the RF electrode. Prior to deposition,
the substrates were cleaned ultrasonically in acetone and in
an argon plasma in order to remove any contaminants and to
activate the metal surface to achieve good film adhesion.

The film thickness was determined by ellipsometry (Sen-
tech SE 850) and the ball cratering method (with a self-
designed device) in the case of the thicker and non-transparent
coatings, respectively. The films were investigated by X-ray
diffraction (XRD, Seifert, PTS 3000) using Cu K� radia-
tion. The chemical structure of the deposited films were anal-
ysed by FTIR (Perkin-Elmer 1750) with an ATR-unit. All as-
received coatings on the steel surface were directly inspected
by XRD and FTIR. The depth profiles of the Si, C, N, O and H
content of the films were obtained using glow discharge opti-
cal emission spectroscopy (GDOES, Spektruma GDA 750).
Surface morphology and topography were observed by op-
tical microscopy and AFM (Thermomicroscopes CP) with a
100�m scanner. The root-mean-squared (rms) roughness of
the films was also estimated after the polynomial background
correction in the third order line by line. The rms roughness is
given by the standard deviation of the data, determined using

the standard definition:Rrms =
√∑N

n=1(Zn − Z̄)2/(N − 1),
wherez̄ = meanz height. The rms roughness refers only to the
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The Si/C/N films were deposited in a vertical parallel p
apacitance coupled RF-PECVD system. The RF-PE
pparatus consists of five major parts: a discharge re
RF power system, a pumping system, a heater, a

as supply system. The stainless steel reactor main tu
50 mm in length and 153 mm in inner diameter. A ra

requency generator (13.56 MHz, Dressler, model CES
36) supplied RF power to the reactant gas mixture thr
n impedance matching box network (Dressler, VM60
he evacuation system consisted of a turbomolecular p
Edwards EXT70/NW50 with a RV3 rotary vane pump a
XC120 controller) and a two-stage rotary oil pump (
ards E2M18).
The single-source precursor bis(trimethylsilyl)car

iimide (CH3)3Si-NCN-Si(CH3)3 was synthesised as d
cribed in the literature.24 Preliminary experiments indicat
hat the vapour pressure of BTSC at room temperature
igh. Therefore, the precursor was kept at 0◦C with an ice
ath and evaporated by an argon carrier gas stream,
as bubbled through the liquid. Prior to deposition, the
ctor was evacuated to <10−5 mbar for cleaning. The parti
ressures of BTSC and argon inside the discharge re
ere controlled by plug valves and mass flow contro

Bronkhorst F-201C-FAC-33-V and F-200C-FA-88-V).
The total pressure (Ptot) was set to 0.3 mbar and the te

erature (Tdep) of the grounded electrode GE (anode)
ept at 300◦C. The RF electrode (cathode) was not hea
ts temperature depends on the RF power and the de
ion conditions. The distance between the two electrode
8 mm. The films were deposited on polished high speed
ncluded areas defined by a region group. The measure
s referenced to the mean height of the data within the
efined by that region group. The hardness of the as-rec
oatings was determined with the instrumented indent
esting method in reference to DIN EN ISO 14577-1 u

Shimadzu DUH 202 ultra microhardness tester equi
ith a Vickers shaped diamond at testing loads of 10
nd 100 mN. Additionally the elastic moduli were calcula

rom the indentation curves. Because the coating adh
s of crucial importance for tribological applications, the
esion and cohesion of the films were investigated by u
CSEM Revetest scratch tester according to DIN 107

he coating is drawn under a Rockwell C diamond at a
tant feed of 10 mm/min and acoustic emission and tang
orces were recorded online while increasing the load at a
f 10 N/mm. Concerning the adhesion and cohesion fa
orphologies the scratches were investigated using an o
icroscope.
The samples coated on the cathode side were in

ated with respect to their wear properties during osc
ng friction. A SRV III optimol high-temperature tribomet
as used for the investigation in the ball on disk geo

ry. The instrument calculates the complete wear of the
em by measuring the overall change of the vertical pos
f the ball-holding unit during the test. Friction and w
oefficients are also recorded online, allowing for abor
f the test immediately when a drastic change in eithe
ameter occurred. Thereby examination and determinati
auses for the film failure is possible. In the test cycle a
ype counterbody (100Cr6 ball, Ø 10 mm) oscillates w
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exerting a defined force onto the film. A standard roller bear-
ing steel ball was used. The test was conducted in lubricated
condition as well as dry at varying test temperatures: The
tests were carried out with lubrication, under a load of 5 N
normal force, at RT and 100◦C and at 30 N as well as 50 N
normal force, at RT. Without lubrication a normal force of
5 N was used and the testing temperature was RT and 400◦C.
The test was stopped automatically after 60 min (180,000 cy-
cles or 432 m) or after coating failure. The wear tracks were
examined using a Zeiss DSM962 scanning electron micro-
scope (SEM) with Noran Vantage EDX system to determine
the wear mechanisms and to identify the wear products. The
geometry of the wear tracks was analysed by profilometry
using a Hommel tester T8000.

For corrosion testing, samples were submitted to a 96 h
salt-spray test according to DIN 50021. The free corro-
sion potential was determined in 3% NaCl solution. Current
density-potential curves were recorded in 0.1% NaCl solution
using the samples as test electrodes, a silver–silver chloride
electrode and a potentiostat.

3. Results

In Table 1we list PECVD conditions of the deposition
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Fig. 1. Typical GDOES profiles of the chemical composition of the Si/C/N
films: SBIS21-rf (RF electrode) and SBIS21 (grounded electrode) speci-
mens. The measurements reveal constant compositions in the bulk of the
films. The Si, C, N, O and H concentrations inTable 1represent these con-
stant values.

marily �-Fe. No traces of crystalline SiC, Si3N4, Si2N2O,
SiO2 or other phases were found, which indicated the amor-
phous nature of the coatings. Analysing the chemical compo-
sition of the coatings with GDOES measurements revealed
a homogenous distribution of the elements throughout the
film, except for a small oxidised surface layer. Correspond-
ing depth profiles of the films SBIS21-rf and SBIS21 are pre-
sented inFig. 1. They indicate a substantial oxygen content
of the coating deposited at the grounded electrode (SBIS21).
Even at a depth of 1�m the oxygen content is about 17 at.%,
and thus larger than the nitrogen content. Furthermore, oxy-
gen accumulates at the interface between coating and sub-
strate. The Si:N ratio of these highly oxidised films is about
1:1, the Si:C ratio approximately 1:3. Coatings received at the
RF electrode (SBIS21-rf), however, are almost oxygen free,
even though deposited in the same experiment. Moreover,

T
P

S ition
in)

Thickness
(�m)

GDOES composition Elastic modulus
(100 mN) (GPa)

Plastic hardness
(100 mN) (GPa)

S >20 SiN1.89C1.10O0.04H1.00 93.8 29.0± 7.3
S 1.86 SiN1.13C2.69O1.09H1.14 84.3d 4.5 ± 0.3
S >20 SiN1.64C1.09O0.10H1.24 88.5 26.5± 1.4
S 1.34 SiN1.00C2.62O1.35H1.05 83.1d 4.8 ± 0.3
S >20 n.d.c 81.3 21.2± 4.6
S
S >
S

G

as kep

ed by the resulting
i ded bÿu lower
l this ta
rocess and properties of received coatings for four re
entative experiments. While we will focus on the prope
n more detail, we observe a very general trend: chem
omposition and mechanical properties of coatings rece
t the RF electrode are very different from those depo
n the grounded electrode.

.1. Chemical and microstructural characterisation

The XRD patterns of all films show only such reflectio
hich can be assigned to the substrate (S652 steel), i.e

able 1
ECVD conditions and film characteristics

ample Growth
sitea

RF power
(W)

Bias (V) Substrate
temperature
(◦C)

Depos
time (m

BIS24-rf RF 12∼25b −500 n.d.c 60
BIS24 GE 12∼25b 0 300 60
BIS21-rf RF 12∼30b −500 n.d.c 60
BIS21 GE 12∼30b 0 300 60
BIS20-rf RF 11∼−35b −500 n.d.c 90
BIS20 GE 11∼35b 0 300 90
BIS19-rf RF 30 −358∼−406e n.d.c 90
BIS19 GE 30 0 300 90

E: grounded electrode (anode); RF: cathode.
a RF: RF electrode (cathode), GE: grounded electrode (anode).
b RF: power changed during the deposition since the bias voltage w
c n.d.: not determined.
d The E-modulus values of the coatings on the anode are influenc

ndentation depth exceeds the maximum indentation depth recommen
oad of 10 mN, therefore, the latter values differ from the ones listed in

e RF power was kept constant.
2.95 SiN1.08C2.62O1.25H1.09 63.7d 4.3 ± 0.1
20 SiN1.66C1.10O0.08H1.15 109.2 28.6+/−7.9

3.02 SiN1.17C4.45O1.24H1.19 61.0d 4.5 ± 0.2

t constant.

the substrate. Due to the low thickness and softness of these films,
the Bckle rule. The values mentioned in the text refer to measurements at a
ble.
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Fig. 2. FTIR spectra of Si/C/N films prepared on metal substrates located at
the powered electrode (SBIS24-rf,T ∼ 70◦C) and the grounded electrode
(SBIS24,T ∼ 300◦C). The IR spectrum of the liquid precursor BTSC is
depicted for comparison. The denoted bands are discussed in the text.

they exhibit very different ratios of the elements: Si:C about
1:1 and Si:N about 1:1.7. Therefore, these coatings are rich in
nitrogen, while their carbon content is significantly reduced
in comparison to films deposited on the grounded electrode.
Hydrogen is present in both coatings, approximately to the
same amount. For more details of the chemical composition
obtained in the GDOES measurements we refer to the data
listed inTable 1.

Having established the chemical composition of the coat-
ings we investigated the bonding within the films further us-
ing infra-red spectroscopy (FTIR).Fig. 2shows FTIR spectra
of our Si/C/N coatings received at the RF electrode (SBIS24-
rf) as well as at the grounded electrode (SBIS24). To allow a
comparison with the functional groups of the liquid precur-
sor, a FTIR spectrum of BTSC is included inFig. 2.

The molecular precursor with its well-defined chemical
structure exhibits sharp absorption lines, which have been
discussed in more detail elsewhere.25–27The bands are typi-
cally attributed to localised bonds of the molecule:νas(C H)
at 2967 cm−1 (m),νs(C H) at 2903 cm−1 (vw),νas(N C N)
at 2205 cm−1 (vs),δas(SiCH3) at 1406 cm−1 (vw),δs(SiCH3)
at 1253 cm−1 (s),ρas (CH3) at 837 cm−1 (vs),νas (Si N) at
760 cm−1 andνas(Si N) or ρs (CH3) at 736 cm−1 (s). Simi-
lar resonance bands were observed for the silylcarbodiimide
units in the crystalline Si/C/N phases silicon dicarbodiimide
Si(NCN) and silicon carbodiimidenitride SiN (NCN).28
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differences between coatings received at the grounded elec-
trode side and at the RF electrode in the CVD chamber. In the
following sections we will investigate as to whether these dif-
ferences are also present in microstructural and mechanical
properties of the coatings.

3.2. Morphological characterisation and properties of
the coatings

Scanning electron microscopy (SEM) revealed the mor-
phology of the films, as shown inFig. 3. Here, a cauliflower
surface morphology of sample SBIS19-rf is visible. A very
similar morphology was found for the other samples as well.
Occasionally perfectly circular droplets protrude from the
otherwise relatively smooth surface. The majority of these
droplets have a diameter of approximately 10�m (seeFig. 4).

Further surface studies using atomic force microscopy
(AFM) revealed the topography of the samples SBIS24-rf and
SBIS24, presented inFig. 5a and b. The figures are also used
to determine the surface roughness of both specimens. Within
the area of 5�m× 5�m we calculate a root mean square
value of 4.68 nm and 2.66 nm for SBIS24-rf and SBIS24, re-
spectively. Therefore, some lateral structures larger than 4 nm
can be identified on the surface of SBIS24-rf.

The hardness of the amorphous Si/C/N films was mea-
sured by indentation tests and the results for a selected sample
s tic
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The FTIR spectra of the coatings on the other hand

harp absorption lines. The amorphous structure of the
nherently connected to variations in bond lengths, bond
les, and the local environment of all atoms, is reflecte

he rather broad features visible in both spectra. A det
nalysis together with an assignment to distinct structura

ives is only possible through careful comparison to the
rovided in the literature.Table 2lists typical wave numbe
nd corresponding structural units.

The chemical analysis in terms of elemental compos
nd chemical bonding points to significant and even h
et are presented inTable 1. The data are averaged plas
ardness values obtained from at least six indentations
lms grown on the cathode side exhibit a hardness
4 GPa to 30 GPa (seeTable 1). On the other hand the film
rown on the anode are quite soft. The less ceramised n
f the anode-side films also becomes apparent consideri
lastic moduli. While the cathode side coatings exhibit fa
igh elastic moduli in the range of 80–110 GPa, the fi
rown on the anode only have elastic moduli of 21–29
Determined at 10 mN indentation force. The values g
n Table 1are obtained from measurements at 100 mN
his force, however, the indentation depth exceeds the
ule, resulting in a large substrate influence on the value

The adhesion of the films was determined by scratch
ng. The failure of the coatings is characterised by cohe
nd adhesive damages, which are correlated to the n

orces at which they occurred, yielding a critical load (Lc).
In Fig. 6scratch in a cathode side coating (SBIS20-rf)

he occurring damages are depicted. As the load incre
rst cracks appear within the coating (LcCrack) with a cur-
ature mostly in the direction of loading. Then parts of
oating delaminate (LcDelamination) from the substrate and ch
ff. Finally the diamond tip breaks through to the subst
LcThrough). The results for the adhesion testing are prese
n Table 3. The critical forces causing a delamination of
lm are in the range of 5–10 N.

The wear properties were studied only for hard coat
btained at the cathode side. In lubricated condition, at a
f 5 N the coating did not show any signs of wear—nei
t RT, nor at 100◦C. At 30 N the coating deformed under
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Table 2
Vibrational bands and the corresponding structural features of Si/C/N materials. Typical FTIR spectra obtained in the present study are depicted inFig. 2

Bond/functional group Wave number (cm−1) Remarks References

N H ∼3350 36

C H (aliphatic and aromatic) 2850–3050 sp2- and sp3-carbon 37,38

C N ∼2200 4,9,39,40

C N 2264 24

N CN 2259 ν (C N) 27

1130 �(C N)
N C N 2152 [RSi(NCN)1.5]n-gel from BTSC 24,41

N C N 2199 νas (NCN) 27

1498 νs (NCN)
Si H ∼2000 Stretching modes 42

C N ∼2200 43

∼1600 6,16,16,44

1650 5

N C N 1640 νas (CN2) 27

1322 νs (CN2)
C C 1580 6,17

(for Me2C CH2) 1661 ν (C C) 27

sp2-carbon 1550 So-called G-band 45,46

sp3-carbon 1350 So-called D-band 45,46

Si(CH3)3 1270 [RSi(NCN)1.5]n-gel from BTSC 24

C N 1050–1400 47,48

C N (for Me2N-X) 880–1100 27

C N (polymer gel) ∼1578 [RSi(NCN)1.5]n-gel from BTSC 24

C N 1646 49

C C 1400 or 1456 6,17,49

Si O (bulk) ∼1000 Usually very broad 36,38,50,51

SiO2 1416 27

Me3Si O SiMe3 1059 27

Si N (bulk) 950 Usually very broad 52,53

Si N (for Cl3Si NHMe) 945 27

Si N (for Me3SiNMe2) 598 27

Si C (bulk) 780 Usually very broad 39,54

C Si (for Me3Si SiMe3) 720, 688 27

C Si (for Me2SiHCN) 560 27

C Si (for H3Si CN) 608 27

Confer the text for a discussion of the data.

Fig. 3. SEM image of the surface of SBIS19-rf revealing a “cauliflower” morphology.
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Fig. 4. Surface with droplets of the cathode side film SBIS19-rf.

high Hertzian pressure in the contact zone. The completing of
the test cycle resulted in a wear track with a maximum depth
of 0.8�m. However, at 50 N the coating did not withstand
the pressure and the test cycle had to be aborted after 5 min
(5 min being the minimum testing time for the data record-
ing unit)—the film had chipped off the substrate spaciously
around the contact zone.

The tests under dry conditions were conducted with a load
of 5 N at RT and at 400◦C. At RT the coating showed strong
wear (SBIS19-rf, seeFig. 7). The wear test conducted at
400◦C had to be terminated because of film failure (Fig. 8).

A first look at the corrosion resistance and presence of
defects such as pinholes of a coating is possible by subjecting
the samples to the salt-spray test according to DIN 50021.
The samples withstood this test for 96 h without any sign
of corrosion. Measurement of the free corrosion potential
showed that the Si/C/N coating is more noble than the S652
HSS substrate material.

The current density–potential curve in 3% NaCl solution
(Fig. 9) shows that for the S652 HSS substrate the current den-
sity is increasing rapidly when the potential is raised above
the free corrosion potential. The material is actively dissolv-
ing. The Si/C/N-coated substrate on the other hand remains
passive over the whole potential range and protects the sub-
strate from corrosion.

4

4

oat-
i ing

TEM) provide only very limited information of the struc-
ture of the coatings on both the anode and the cathode.
Therefore, the current discussion of the chemical structure
of our films is based on FTIR spectroscopy and the chem-
ical composition as determined by GDOES (and EDX).
Future examinations will include XPS and RBS measure-
ments.

The molecular single-source precursor BTSC, which was
used for all experiments discussed in this study, has an ele-
mental composition of Si2N2C7H18 = Si1N1C3,5H9. A com-
parison with the GDOES data clearly shows that during the
fragmentation and deposition process the Si:C as well as the
Si:H ratios are decreased significantly in all samples (see
Table 1), except for SBIS19. This is due to the formation of
alkanes, especially CH4 and C2H6, which are relative sta-
ble molecules. Therefore, a large fraction of these species is
removed from the deposition sites in the CVD chamber by
the carrier gas. Furthermore, the Si:N ratio is decreased in
all prepared coatings, with the exception of sample SBIS21.
Both observation can be explained by a preferred fragmen-
tation of BTSC to form Si(CH3)3 cations and (CH3)3Si-
NCN radicals. Obviously, the latter species contributes more
to the deposition process, which then explains both the de-
creased Si:N and Si:C ratios of the coatings if compared to
the precursor.

The most striking difference between the coatings
o nded
e f the
l ate
f tion
a l
c
i ed
. Discussion

.1. Chemical structure of the coatings

Due to the completely amorphous nature of the c
ngs X-ray and electron diffraction (XRD and SAED us
btained at the RF electrode (cathode) and the grou
lectrode (anode) is the increased oxygen content o

atter coatings. The high oxygen content might origin
rom a post deposition ageing of the coatings (i.e., oxida
nd hydrolysis) in air.29 However, the hydrolysis of sily
arbodiimides is known to generate cyanamide H2N-CN or
ts derivatives,23 i.e., C N groups, which were not detect
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Fig. 5. AFM images of the surface topology of the films SBIS24-
rf, rms 4.68 nm (a) and SBIS24, rms 2.66 nm (b) (unit:�m/div, for
(a) is (5× 1.0�m/div)× (5× 1.0�m/div)× (2× 0.021�m/div), and (b) is
(5× 1.0�m/div)× (5× 1.0�m/div)× (2× 0.019�m/div)).

(by FTIR) in these coatings obtained at the grounded
electrode.

Another explanation for the very high oxygen content
might be the significantly lower deposition rates found for
the grounded electrode side. If an equal and constant proba-
bility for oxygen incorporation is assumed for a certain oxy-
gen content in the atmosphere of the deposition chamber,
the oxygen content of the films should be proportional to
1/r (r = deposition rate). This would explain the much higher
oxygen content of the films deposited on the grounded elec-

Table 3
Results from Scratch testing

Probe LcCrack(N) LcDelamination(N) LcThrough(N)

SBiS 20-RF 1 8 11
SbiS P4-RF 2 5 13

trode (the anode) as compared to the much thicker coatings
formed on the cathode.

Examining the FTIR spectra of the films and comparing
them with the spectrum of the molecular precursor as well
as with the literature data provides a very different picture
of the chemical bonding in coatings obtained at the cathode
(the RF side) as well as the anode (seeFig. 2). While both
spectra exhibit strong absorption bands at about 3350 cm−1

and 3000 cm−1, indicating N H and C H bonds, respec-
tively, coatings deposited at the RF electrode show a strong
absorption region centred at 2000 cm−1, with a significant
broadening and ranging from 2300 cm−1 down to 1800 cm−1.
It is possible that this band is caused by the presence of
N C N units, reflecting the dominant functional group of
the molecular precursor. It is remarkable that silyl carbodi-
imide units have been detected in Si/C/N coatings formed
by magnetron sputtering, as reported recently.30 Besides, it
is known that Si NCN Si groups are stable up to tempera-
tures around 1100◦C.23 This supports the assignment of the
broad band around 2200 cm−1 to N C N valence modes.
Si–H vibrations, however, are also found typically in this re-
gion. Hence, a conclusive assignment can not be made. Fur-
thermore, cyanogen units (CN) may also contribute to this
band. On the contrary, however, a similar band is not visible
in films received at the grounded electrode side. There is nei-
ther indication for appreciable amounts of SiH or N C N
u
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nits, nor for C N bonds.
Both coatings then show a more or less pronounce

orption band between 1700 cm−1 and 1300 cm−1. This can
e assigned to CN and C C double bonds, but also to de
alised bonds in graphite-type regions, probably with s
dmixture of nitrogen. These structural features, which m

nclude so-called sp2-hybridised free carbon, are probably
ponsible for the black colour of the coatings.31 A sharp ab
orption peak at 1270 cm−1 is visible only in films deposite
n the grounded electrode. This absorption can unam
usly be assigned to residual Si–CH3 units of the molecula
recursor.

A third FTIR characteristic that distinguishes between
wo deposition sides in the CVD chamber then is the re
elow 1200 cm−1, associated with delocalised vibrations

he Si/C/N bulk. The films received on the grounded elect
xhibit the characteristic features associated to SiO bonds
etween 1100 cm−1 and 1000 cm−1. Coatings deposited

he RF electrode exhibit a less pronounced maximum ab
ion at around 700 cm−1, which is typical for Si N and/or
i C bulk vibrations.
The distinct chemistry as analysed by FTIR of the c

ng received at cathode and anode is, furthermore, corre
ith the mechanical properties (see also Section4.2). The
uge differences in hardness can be attributed to the diff

ocal environment of the silicon atoms visible in the spec
he more Si atoms bonded to C and N, the harder the
ng appears; more oxygen in the bulk manifests in a maj
f Si O bonds and results in a deterioration of mechan
roperties. The hard coatings obtained at the RF-elect
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Fig. 6. Optical microscope image of a scratch track showing cohesive and adhesive damages of the coating (SBIS 20-rf). The starting point (LcCrack) of the
cohesive damage is to the right outside of the micrograph.

however, still show a significant fraction of residual NH
and C H bonding. The amount of approximately 20 at.%
of hydrogen gives clear reminiscence of the organosilicon
single-source precursor used in the CVD. One way of im-
proving mechanical properties and probably the adhesion as
well, thus, may be found in reducing the hydrogen content of
the coatings.

4.2. Morphology and mechanical properties of the
coatings

The properties of any coating material are directly related
to its chemical composition and structure on the one hand
(see Section4.1) as well as the morphology on the other
hand, which in turn are both controlled by the deposition

: chipp .
Fig. 7. Wear track at RT: upper frame: wear track at RT; right
 ing off of droplets; lower frame: grooves in the wear zone (SBIS19-rf)
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Fig. 8. Wear track on SBIS-P3-rf (RF electrode) coating at 400◦C: left frame: wear track at 400◦C, breakthrough of the substrate, and fretting of the counterbody
in the centre of the track; upper right: delamination of the coating; lower right: chipping off of droplets.

conditions. The most desirable coating morphology for load-
bearing applications and good mechanical properties, such
as high hardness and fracture toughness, consists of a dense
(micro)crack-free layer of very fine grains. In general, CVD-
synthesised ceramics such as SiO2 or Si3N4 tend to be amor-
phous or, at least, have a very small grain microstructure.32

This is also the case for the Si/C/N coatings obtained in our
experiments. As already mentioned above, all coatings were
completely amorphous according to XRD measurements. Be-
sides, the AFM studies indicate a maximum rms roughness
between 2 and 5 nm for an area of 5�m× 5�m. Given the
film growth with a characterization of cluster stack, there-
fore, it can be concluded that the primary grain size is in
the range, i.e., <5 nm. This corresponds with SEM images of
cross-sections of the films, which showed a dense, completely
homogenous and featureless morphology.

However, on a larger scale (in the micrometer range) we
reproducibly found a cauliflower surface structure as de-
picted inFigs. 3 and 4. This is usually associated with a low

surface mobility during the formation of amorphous coat-
ings at low-temperatures (and high growth rates).33 Ideally,
this structure can be simulated by a random serial deposi-
tion of hard balls. However, coatings with cauliflower mor-
phology are often porous. Nevertheless, our samples did not
show any signs for open (or closed) porosity. The samples
withstood the salt-spray test according to DIN 50021. This
clearly indicates the dense and defect free nature of the Si/C/N
coatings.

As depicted inFig. 4, perfectly circular droplets were
reproducibly formed. Similar morphologies have been
reported34: The thermal MOCVD growth of gallium nitride
layers from the single-source precursor [(C2H5)3GaNH2]3
yielded Ga droplets on (or in) the GaN films. This is caused
by the relatively low thermal stability of GaN, which decom-
poses above 700◦C. It is unlikely that a similar mechanism
based on decomposition is responsible for the formation of
the droplets in the case of the Si/C/N films. Thus, the reasons
for the droplet formation remain unclear.

eed ste t.
Fig. 9. Comparison of the substrate material S652 high sp
 el to the Si/C/N coated substrate in the current density–potential tes
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The mechanical properties of the coatings on the RF elec-
trode (cathode) are much more promising than those obtained
on the anode. The hardness of the cathode coatings varied be-
tween 24 GPa to 30 GPa (seeTable 1). This is in the upper
range of conventional hard coatings like CrN.35

The scratch tests revealed delamination of the film and
are in the range of 5 N to 10 N as mentioned above. The early
appearance of cracks and spacious delamination suggests that
the film is brittle and of low adhesion. Information about the
state of the intrinsic stresses in the film can be derived from
the shape of the cohesive cracks. The curvature of the cracks
predominantly in the direction of loading suggests that the
coating is in a state of tensile intrinsic stress. A curvature
away from the direction of loading would point to intrinsic
compressive stresses.

The wear tests under lubricated condition confirmed the
adhesion problem. Due to the brittle nature (qualitatively de-
termined from scratch tests) and the rather poor adhesion of
the coating, the film reacts with cracking around the contact
zone when its load-bearing capacity is reached. These cracks
then lead to broad delamination of the film.

Under dry conditions a tendency to strong groove for-
mation, which is probably caused by abrasion through mi-
crochipping of the film material, is evident. Droplets pro-
truding from the surface are braking out of the film and then
act as abrasive in the contact zone (right image inFig. 7).
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These coatings contain a relatively large fraction of CH and
N H units. The surface topology is very smooth with a rough-
ness of 2–4 nm in the area of 5�m× 5�m. All coatings pro-
duced on the grounded electrode are much thinner (1–3�m).
They contain large amounts of oxygen and are relatively soft.
On both electrodes island film growth was observed.

The smoothness, hardness of the Si/C/N films deposited on
the RF electrode make them promising candidates for appli-
cations in fields such as tribology or cuttings tools. However,
in order to improve the tribological properties more research
related to adhesion of Si/C/N coatings on the steel substrate is
required. Nonetheless, the Si/C/N coatings show an excellent
corrosion performance. More testing (especially using differ-
ent electrolytes) is necessary, however, to fully evaluate the
corrosion properties of the coatings.
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