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Abstract Hydrogenated carbon nitride (a-CNxH films)

was deposited on n-type single-crystal Si (100) by direct

current radio frequency plasma-enhanced chemical vapor

deposition (DC-RF-PECVD), under the working pressure

of 5.0–17.0 Pa, using the CH4 and N2 as feedstock. The

composition and surface morphology of the a-CNxH films

were characterized by means of Raman spectroscopy and

atomic force microscopy, while the Young’s modulus,

elastic recovery, adhesion strength, and tribological prop-

erties were evaluated using nano-indentation, scratch test

and friction test system. It was found that the surface

roughness and Raman spectra peak intensity ratio ID/IG of

the films increased with the increase of working pressure,

while the Young’s modulus, elastic recovery and adhesion

strength of the films significantly decreased. Moreover,

the tribological properties of the films also varied with the

working pressure. The wear life sharply increased with the

increase of working pressure from 5.0 Pa to 7.5 Pa, further,

an increase in the deposition pressure led to a gradual

decrease in the wear life, consequently, the a-CNxH film

deposited at 7.5 Pa exhibited the longest wear life. The

deposition pressure seemed to have slight effect on the

average friction coefficients, whereas the surface roughness

and adhesion strength have deteriorated with increasing

deposition pressure.

Introduction

Recently, there has been tremendous interest in the inves-

tigation of carbon nitride (CNx) films, because Liu and

Cohen theoretically predicted that the b-C3N4 phase would

be harder than diamond [1–3]. Although it is very difficult

to fabricate the predicted crystalline phase in the deposition

process, a-CN:H films still exhibit many attractive prop-

erties, such as high wear resistance, low friction coefficient,

and good chemical inertness, which stimulate people to

make more efforts to synthesize various carbon nitride

films and many approaches are employed including reac-

tive sputtering [4–7], ion beam deposition [8–11], pulsed

laser deposition [12, 13], plasma-enhanced chemical vapor

deposition (PECVD) [14–16]. The deposition parameters

such as the total pressure and gas ratio are crucial to the

properties and microstructure of the films, and the effect of

deposition pressure on the composition and structure of

a-CNxH films has been studied extensively [14, 17, 18].

However, few studies are related to the elastic parameter,

adhesion, and tribological properties of the films, which are

very important to practical applications [18]; additionally,

the role of nitrogen during the film growth is not yet clear,

which demands more light to be shed on the study of

a-CNxH films on the mechanical and tribological charac-

teristics so as to acquire more insight into the properties

changes of the a-CNxH films with the working pressure.

Accordingly, a series of a-CNxH films were prepared

using of DC-RF-PECVD, which had the flexibility to

qualitatively control the ion current density and ion kinetic

energy by adjusting the ion current and DC current,

respectively [19, 20]. The investigation of the composition

and microstructure of the a-CNxH films were reported in

our previous work [21]. Therefore, in this article, the study

is mainly focused on the elastic parameter, adhesion
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strength, and the friction and wear behaviors of the films

produced at different working pressure.

Experimental details

The a-CNxH films were deposited on the n-type single-

crystal Si (100) wafers by a DC-RF-PECVD system at

working pressure varying from 5.0 Pa to 17.0 Pa. The film

deposition process has been introduced in Ref. [21]. The

thickness of the films was controlled at about 500 nm and

the experimental parameters are summarized in Table 1.

An SPM-9500 atomic force microscope (AFM) operat-

ing with a Si3N4 probe in a ‘‘contact force’’ mode was used

to observe the surface morphologies and to determine the

surface roughness of the films. A triple Raman spectro-

scope (Jobin Yvon T64000) working with Ar laser beam of

514.5 nm was used as the excitation source to determine

the chemical structure of the films.

The mechanical properties of the films have been eval-

uated using a Nano Indenter
TM

II microprobe. The

information of the nano-indenter was elsewhere introduced

[21, 22]. The maximum indentation depth was kept at

50 nm in each film, so as to minimize the substrate effect.

The respective load and displacement curves were contin-

uously recorded during both the loading and unloading

courses. Five replicate indentations were made for each

film sample. The Young’s modulus, the penetration dis-

placement of the indenter at maximum load hmax, the

displacement of the residual indent hres, and the elastic

recovery have been used to characterize the elastic prop-

erties of the films.

The adhesion strengths of the films were evaluated on a

WS-92 scratch test system (Lanzhou Institute of Chemical

Physics, Lanzhou, China). A three-sided pyramidal

Berkovich indenter diamond tip was driven to scratch the

a-CNxH films surfaces at a load rate of 25 N/min, the end

load of 60 N, and the trace length in 4.0 mm. The mor-

phologies of the scratched tracks of the films were

observed on a JSM-5600LV scanning electron microscope

(SEM).

The wear behaviors of the films were evaluated on an

UMT-2MT test system (Center for Tribology, Inc., Cali-

fornia, USA) in reciprocal-sliding mode. The a-CNxH films

on the silicon substrates were made to slide against a Si3N4

ceramic ball (diameter 3 mm, hardness HV1500-

1,700 Kgm–2) at a sliding velocity of 60 mm/s and a load

of 1.0 N. All the ceramic balls were cleaned ultrasonically

in an acetone bath prior to measurement and a new ball or a

new position of the ball was used for each run of the wear

testing. All the scratch test and friction tests were con-

ducted at a room temperature about 20–26 �C and relative

humidity of 40–45%. The friction coefficient and sliding

time were automatically recorded during the test.

Results and discussion

Characterization of films

Raman spectroscopy is popularly used to probe the quality

of carbon films due to its ability to distinguish between

different bonding types and domain sizes [23, 24]. Usually,

the Raman spectra of the a-CNxH films are characterized

by a graphitic band (G-band) around 1,559 cm–1 and dis-

ordered band (D-band) around 1,372 cm–1 in the spectral

region within 1,200–1,800 cm–1. The details for the G- and

D-peaks of a-CNxH films are reported elsewhere [25].

Figure 1 shows the Raman spectra of the a-CNxH films

deposited at different total working pressures, which were

deconvoluted into two Gaussian peaks. It is seen that the

Raman spectra of the films were closely dependent on the

working pressure. For the film deposited at 5.0 Pa, a G

peak around 1,534 cm–1 and a weak D shoulder around

1,368 cm–1 were observed. The obvious shift of two peaks

Table 1 Summary of the deposition conditions for the a-CNxH films

Item Parameter

CH4 gas flow rate (sccm) 20.0

N2 gas flow rate (sccm) 20.0

RF power (W) 100

DC bias (V) 200

Deposition pressure (Pa) 5.0, 7.5, 10.0, 15.0, 17.0

Film thickness (nm) 500
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Fig. 1 Raman spectra of the a-CNxH films deposited at various

working pressures
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position toward higher wave number was found with the

increase of pressure. Namely, as the pressure is raised from

5.0 Pa to 17.0 Pa, the G peak position shifts toward higher

wave number from 1,534 cm–1 to 1,364 cm–1, and the D

peak position also shifts upward from 1,368 cm–1 to

1,392 cm–1. This position shift of the peaks is supported by

a change in the ID/IG ratio and a decrease of G linewidth.

This indicates a change of the size of sp2 C domains at

very-low nitrogen content in the films [26, 27]. Namely,

these shifts in the G and D peaks position corresponded to a

decrease of the sp3 content in the deposited films. In other

words, the increase of the pressure referred to an increase

in the graphite-like domains of the a-CNxH films, which

conformed well to the corresponding AFM analysis latter

on. Moreover, the increase of the ID was observed clearly

with increasing pressure, which leads to the increase of the

ID/IG from 0.85 to 1.87. It seems that the pressure increased

the ratio between the spring constant of bonds and average

mass of the atoms in the carbon films [27]. The increase of

the ID also accounted for the fact that the increase of N

content results in the structural transformation from sp3 to

sp2-like carbon–nitrogen network in the a-CNxH films. This

result was in good agreement to that of the relevant N/C

atomic ratio analysis [21].

The surface morphology of the films is important for

tribological applications. The representative three-dimen-

sional AFM images shown in Fig. 2, illustrates the effect of

the total working pressure on the roughness of the a-CNxH

films. Based on Fig. 2, the surface roughness, root-mean-

square (rms), of the films prepared at different deposition

pressures are listed in Table 2. It was seen that the a-CNxH

films deposited at lower working pressure were composed

of small and compact grains with a dimension within

3–20 nm. The film surfaces are uniform and smooth, and

the roughness was about 0.20 nm, which was almost as

same as that of the original silicon wafer surface. However,

the film roughness increased with increasing deposition

pressure. Namely, the films prepared at 5.0 or 10.0 Pa and

17.0 Pa had the roughness of 0.18 or 0.22 nm, but a

roughness of 0.5 nm was obtained for the films prepared at

17.0 Pa, and the surface of the deposited film prepared at

high pressure showed the larger grains and obvious defect.

On one hand, most of the CH4 and N2 molecules in the

deposition chamber were decomposed into neutral radicals

and atomic or ionic species at low working pressure and

deposited in the growing film as the small cluster size. On

the other hand, it was more difficult for the CH4 and N2

molecules to be completely decomposed at a high working

pressure at a fixed RF power, and fractional CH4 and N2

entered the deposited films in molecules modes, subse-

quently the cluster size increased to certain extent.

Moreover, the increase in the surface roughness of the a-

CNxH films with increasing working pressure could also

related to the recombination of N2. The recombination

Fig. 2 AFM images of the

a-CNxH films prepared at a

working pressure of (a) 5.0 Pa,

(b) 10.0 Pa, and (c) 17.0 Pa

Table 2 Summary of the scratch, friction and wear test data for

a-CNxH films

Item Properties

Working pressure (Pa) 5.0 7.5 10.0 15.0 17.0

Surface roughness (nm) 0.18 0.19 0.22 0.34 0.50

Elastic recovery (%) 82 80 78 74 71

Critical load (N) 52.0 45.0 42.0 34.0 30.0

Friction coefficient (l) 0.19 0.20 0.19 0.19 0.18
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between the active nitrogen ions in the plasma and the

substrate surface led to a change in the surface mobility.

Consequently, the graphite-like surface structure was

formed inside the a-CNxH film and the surface roughness of

the film increased to certain extent. Besides, the increase of

the roughness of films also might be attributed to the

increased number of sp2 bonded carbon sides [28].

Elasticity of films

Figure 3 shows the representative load-displacement

curves of the a-CNxH film deposited at working pressure of

5.0 Pa. The hardness (H) has been reported in Ref. [21].

The reduced modulus (Er) of the a-CNxH films were

obtained from load–unloading curves. The Young’s mod-

ulus of the deposited films was calculated using following

equation:

1=Er ¼ ð1� v2
s Þ=Es þ ð1� v2

i Þ=Ei

where Er is the reduced modulus for the a-CNxH films, vi

and vs are the Possion’s ratio of diamond (0.07) and the

a-CNxH films (0.2), Ei and Es are the Young’s modulus of

diamond (1,141 GPa) and the deposited films. The inset in

Fig. 3 demonstrates the variations of the hardness and the

Young’s modulus of the films with the working pressure. It

can be observed that the hardness and the Young’s mod-

ulus of the films decreased with increasing working

pressure. The maximum hardness and Young’s modulus of

20.0 GPa and 160 GPa was obtained for the film grown at

5.0 Pa.

The elastic recovery of the films were calculated from

the load-displacement curves as shown in Fig. 3, using

R = (hmax – hres) · 100 [29, 30]. The R was found

approximately 82% at the peak load of 0.6 mN for the film

deposited at 5.0 Pa. The R of the films prepared at different

deposition pressures are listed in Table 2. It can be found

that the R reduced from 82% to 71% with increasing

deposition pressure, which accounts for that the degener-

ated elastic properties of the a-CNxH films.

Adhesion of films

Figure 4 shows the adhesion strength of the films deposited

at different working pressure by WS-92 scratch tester. The

scratch process is monitored using an acoustic emission

(AE). It is seen that the scratch process of the deposited

films could be divided into three stages. In the initial

scratch stage, because the load is small and the diamond tip

performed the scratch in the films, the AE signal is stable

and almost near nought. With the load increasing con-

stantly, the weak and transitory AE appeared in the second

scratch stage, which indicates that the micro-crack occur-

red and the film starts to peel off as the small fragments. In

the third scratch stage, the AE signal sharply increased at a

certain load and this load was defined as the critical load

(Lc) and used as a quasi-quantitative criterion to evaluate

the adhesion strength of the a-CNxH films. Then the AE

signal became violent and continuous with the increase of

load above the critical load, which indicates that the dia-

mond indenter reaches and contacts with the substrate at

this point or later, and the a-CNxH films underwent failure

at this stage.

Figure 5 gives the SEM pictures of the scratched tracks

at the above-mentioned three stages, taking example for the

film deposited at 5.0 Pa. Mild plastic deformation and

adhesion signs are visible along the scratch track edges as
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for the first scratching stage when the load is small (see

Fig. 5a). The plastic deformation and adhesion become

more severe as the normal force close to the critical load

(52.0 N), at this stage the a-CNxH film with low fracture

toughness experiences brittle fracturing and local micro-

crack failure (see Fig. 5b). When the normal load exceeds

52.0 N, a large portion of the film is peeled off and the

scratched track shows signs of catastrophic plastic defor-

mation and large extent of adhesion (see Fig. 5c), which

corresponds to the complete failure of film.

The scratch processes of other films deposited at dif-

ferent pressures are also analogous and the critical loads

are listed in Table 2. It can be observed that the critical

load of the film grown at 5.0 Pa is highest, indicating a

good adhesion between the film and the substrate. The

critical loads of the a-CNxH films decreased rapidly from

52.0 N to 30.0 N with the increase of the pressure from

5.0 Pa to 17.0 Pa. The poor adhesion of the a-CNxH films

deposited at a high working pressure could be partly

ascribed to the obvious increase in the surface roughness.

In addition, the adhesion of the films depends not only on

the mechanical strength (adhesion, cohesion) of the film-

substrate system, but also on the film hardness and the N

content inside the films [31, 32]. The N content in films

increased clearly with the increase of the deposition pres-

sure, excess N content led to the structural transformation

from sp3 to sp2-like carbon–nitrogen network in the films,

and the film hardness was weakened, which led to the

decrease of the film adhesion strength. Indeed, the scratch

process of soft film is shorter than that of the harder film.

Therefore, an obvious decrease in critical load is observed

at higher working pressure.

Friction and wear behavior

Figure 6 shows the variation of the friction coefficient of

the films deposited at different pressure against a Si3N4 ball

at a load of 1.0 N. In all the samples, it was found that the

friction coefficient is characterized by three stages: an

initial stage of high friction followed by a second steady

state stage of reduced friction coefficient, and then a third

film failure stage characterized by sharp increase of friction

coefficient. Broitman et al. [33] thought that in the initial

stage, the friction coefficient is controlled by film rough-

ness and the formation of a transfer layer (tribo-layer), and

in the second stage the friction coefficient and wear are

controlled by the nature of the film. Sánchez-López et al.

[34] also reported that the higher friction coefficient in the

initial stage probably corresponded to the removal of the

oxidized top layers, polishing of microasperities, and build

up of the transfer film. In the third stage, the friction

coefficient reached the values as high as 0.5–0.6, which

indicates the complete degradation of the film. The sliding

time at this point was defined as the wear life of the films.

The variation of the wear life for the films prepared at

different working pressure was shown in Fig. 7. It can be

seen that the wear life of the deposited films sharply

increased with the increase of the working pressure from

5.0 Pa to 7.5 Pa, a further increase in the deposition pres-

sure led to a decrease in the wear life, and the a-CNxH film

deposited at 7.5 Pa had the largest wear life as much as

2,390 s, but the film deposited at 17.0 Pa showed the worst

wear durability about only 665 s. Low hardness, high

roughness and poor adhesion of this film would be the

main reasons for its worst wear durability. Moreover, the

a-CNxH films prepared at different working pressures had

similar average friction coefficients within the range of

0.18–0.20 (see Table 2). In other words, the deposition

pressure seemed to have slight effect on the average fric-

tion coefficients, whereas the surface roughness and

adhesion strength gradually deteriorated with the increase

of deposition pressure. The variations in the structure and

mechanical properties of the films with increasing working

pressure, which are shown in Figs. 1–6, may play impor-

tant role in controlling the friction behavior of films.

Conclusions

It is feasible to prepare a-CNxH films on single crystal

silicon wafer using DC-RF-PECVD at working pressure of

5.0–17.0 Pa. The surface morphology, elastic, adhesion

and tribological properties of the films were strongly

dependent on the deposition pressure. With increasing

pressure from 5.0 Pa to 17.0 Pa, the ID/IG ratio increases

from 0.85 to 1.87 and the roughness values of the films

increased from 0.18 nm to 0.50 nm, while the critical load

Fig. 5 SEM micrographs of the

scratched tracks of a-CNxH film

deposited at 5.0 Pa in (a) initial

stage, (b) intermediate stage,

and (c) final stage

J Mater Sci (2008) 43:645–651 649

123



decreased from 52.0 N to 30.0 N, and the Young’s mod-

ulus and elastic recovery of the films decreased from

160 GPa and 82% to 94.0 GPa and 71%. Moreover, the

wear life of the a-CNxH films sharply improved as the

working pressure increased from 5.0 Pa to 7.5 Pa, then it

dramatically decreased with further increase in the depo-

sition pressure from 7.5 Pa to 17.0 Pa, as a result the film

deposited at 7.5 Pa exhibited the largest wear life as much

as 2,390 s. Although, the a-CNxH films prepared at dif-

ferent pressures had similar average friction coefficients in

the range of 0.18–0.20, the surface roughness and adhesion

strength gradually deteriorated with increasing deposition

pressure.
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Sjöström H, Sundgren JE, Larsson M, Hultman L (2001) Wear

248:55
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