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Abstract The mechanical properties of amorphous silicon

carbonitride (a-SiCxNy) films with various nitrogen content

(y = 0–40 at.%) were investigated in situ at elevated tem-

peratures up to 650 �C in inert atmosphere. A SiC film was

measured also at 700 �C in air. The hardness and elastic

modulus were evaluated using instrumented nanoindentation

with thermally stable cubic boron nitride Berkovich inden-

ter. Both the sample and the indenter were separately heated

during the experiments to temperatures of 300, 500, and

650 �C. Short duration high temperature creep tests (1200 s)

of the films were also carried out. The results revealed that

the room temperature hardness and elastic modulus deteri-

orate with the increase of the nitrogen content. Furthermore,

the hardness of both the a-SiC and the a-SiCN films with

lower nitrogen content at 300 �C drops to approx. 77 % of

the corresponding room temperature values, while it reduces

to 69 % for the a-SiCN film with 40 at.% of nitrogen.

Further increase of temperature is accompanied with minor

reduction in hardness except for the a-SiCN film with

highest nitrogen content, where the hardness decreases at a

much faster rate. Upon heating up to 500 �C, the elastic

modulus of the a-SiCN film decreases, while it increases at

650 �C due to the pronounced effect of short-range ordering.

The steady-state creep rate increases at elevated tempera-

tures and the a-SiC exhibits slower creep rates compared to

the a-SiCN films. The value of the universal constant x = 7

relating the Wp/Wt and H/E* was established and its appli-

cability was demonstrated. Analysis of the experimental

indentation data suggests a theoretical limit of hardness to

elastic modulus ratio of 0.143.

Introduction

The ability to measure the nano- and micro-mechanical

properties and microstructure of thin films under elevated

temperatures (i.e., at relevant service temperatures) is vital

for both the basic scientific investigation and the practical

applications. Since materials are usually exposed to ele-

vated temperatures during the manufacturing or applica-

tion, the room temperature measurements are inadequate as

portion of the deformation is thermally activated. For

example, at high temperature applications the hardness and

yield stress of a material typically decrease leading to

thermal softening and excessive wear.

Materials for high temperature applications have to meet

a variety of specific physical and chemical properties such

as high melting point, appropriate elasticity and acceptable

remaining high-temperature strength, creep resistivity

together with compositional and structural stability, and

acceptable oxidation and corrosion rates. Low density is

also desirable in transportation and aerospace applications.

Amorphous silicon carbonitride (a-SiCxNy) thin films

can provide all of these, and many additional, outstanding
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properties due to the formation of a strongly bonded three-

dimensional structural network. Depending on the molar

composition they can exhibit extremely high hardness [1],

elevated-temperature creep resistance [2], oxidation resis-

tance at temperatures up to 1600 �C [3], low friction

coefficient [4], attractive tribological properties [5], tunable

optical properties [6, 7], and multitude of other desirable

properties. Therefore, a-SiCxNy coatings are considered for

high temperature wear protective applications due to their

excellent thermal and mechanical properties. In addition,

their chemical inertness and the possibility to tailor their

electrical conductivity make them attractive for micro-

electromechanical systems (MEMS) [8–10] and sensor

applications like heat flux sensors, sensors for turbines and

power generation systems and high temperature/pressure

transducers [11, 12]. Amorphous silicon carbonitride is

also a promising material for microporous ceramic mem-

branes for high-temperature separation of hydrogen [13].

Furthermore, there is a growing interest in SiC and

N-doped SiC as prospective materials capable of replacing

silicon in harsh environment applications, such as high

temperatures and nuclear radiation [14]. For example, SiC

was investigated as a potential replacement of zirconium-

based alloys used as cladding for nuclear fuel in water-

cooled reactors [15, 16].

Despite the eminent importance of exploring the evolu-

tion of the mechanical properties of thin films and coatings

at elevated temperatures (hardness and elastic modulus, size

effects and deformation mechanisms), few studies can be

cited [17–20]. The investigation of the mechanical proper-

ties at elevated temperatures has been stymied by the lack of

appropriate instrumentation with sufficient resolution and

stability as well as the lack of experimental standards and

protocols. However, with the recent advances in instru-

mentation, nanoindentation at elevated temperatures has

become more common and reliable. A brief overview of

high temperature instrumented indentation studies can be

found in [21], including creep experiments [22–24], hard-

ness and modulus evaluation [25], or studies of discrete

events occurring beneath the indenter at elevated tempera-

ture [26]. More recently, nanoindentation at elevated tem-

peratures has also been proven to be capable of exploring the

negative stiffness [27] behavior of certain materials. Nev-

ertheless, performing in situ nanoindentation experiments at

elevated temperatures is still hindered by several technical

and experimental issues such as thermal and electronic drift

of the instrument, effect of isothermal contact (heating of

indenter and sample) [28], sample and indenter oxidation

(specially for diamond-based indenters) [29] as well as the

validity of room temperature routines and calibrations to

high temperature tests.

The room temperature hardness for different forms of SiC

has been examined thoroughly for both thin films and

coatings [30, 31] and bulk materials, whereas the informa-

tion on high temperature mechanical properties is limited to

sintered ceramics [32–34] or single crystal [35, 36]. Simi-

larly, the published mechanical properties of SiCxNy films

are exclusively obtained under room temperature conditions

either for as-deposited or annealed films [30, 37, 38]. While

the high temperature hardness and elastic modulus data for

SiCxNy films are highly sought for improving their perfor-

mance these data are not yet available.

In this study, the localized mechanical properties of

various a-SiCxNy thin films (hardness (H), effective elastic

modulus (E*), H/E* ratio, and indentation elastic and

plastic works) were determined from the nanoindentation

testing performed under Ar atmosphere within temperature

range of 25–650 �C.

Experimental details

Thin films

Amorphous SiCxNy films with thicknesses of 2.9–3.5 lm

were deposited on unheated 0.5 mm thick Si(111) sub-

strates by reactive direct current magnetron sputtering. The

SiCx hot-pressed powder target (75 mm in diameter) con-

taining small excess of carbon (for electrical conductivity)

was sputtered in the gas mixture of argon and nitrogen at

various (N2/Ar) gas flow ratios of 0, 0.04, 0.16, and 0.48

using the Leybold-Heraeus Z 550 M sputtering system.

The system was evacuated to a base pressure of

*5 9 10-4 Pa. The target-substrate distance was 50 mm,

and the discharge power was 340 W. The (N2/Ar) flow ratio

was changed from 0 to 0.48 by varying the N2 flow rate (0,

1, 4, and 12 sccm) while maintaining the Ar flow rate at 25

sccm using mass flow meters. The total pressure varied in

the range of 0.5–0.6 Pa. A bias voltage of about -70 V was

applied to the substrate holder using a 13.56 MHz power

source. The substrate bias and other deposition conditions

were chosen based on preliminary experiments with hard

and dense amorphous SiC films [31].

Analytical methods

The structure of the deposited films was investigated using

Raman spectroscopy. The spectra were measured in the

backscattering configuration using the JY Horiba LabRam

HR800 unit equipped with 514.5 nm argon laser. The

polarization of scattered light was not analyzed. The

spectra were measured in the range 200–2000 cm-1, to

cover the interval where also the peaks corresponding to

various carbon–nitrogen vibrations are expected.

The composition of the as-deposited films was deter-

mined by the electron probe X-ray microanalysis using
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JEOL JXA-733 electron probe with Kevex Delta Class V

microanalyzer. The films thicknesses were measured by an

ALFA-STEP profilometer. The surface of each film was

examined with an optical microscope and environmental

scanning electron microscope (ESEM, FEI Quanta 600

FEG) equipped with an energy-dispersive spectrometer for

chemical analysis.

The nanoindentation experiments were carried out using

a fully calibrated NanoTest instrument from Micro Mate-

rials, Inc. (Wrexham, UK) with a boron nitride Berkovich

indenter in load controlled mode at room and elevated

temperatures up to 650 �C under Ar and 700 �C in air.

The NanoTest is equipped with a hot stage module

which allows reliable measurements at temperatures as

high as 750 �C [23]. This feature is possible due to the fact

that indentation is performed horizontally and thus allow-

ing the installation of a thermal shield. The heating element

has localized effects so that minimal heat flow and thermal

drift occurs during indentation at high temperatures. As

shown in Fig. 1, an aluminum thin shield is placed in front

of the pendulum to prevent any thermal interference with

the electronics. The indenter and its heater pass through the

thermal shield. The sample is mounted on a ceramic plate

and the sample heater is embedded inside a thermally

insulated block.

A cubic boron nitride (c-BN) indenter, instead of dia-

mond one, was utilized throughout this study. This choice

was made to avoid the likely oxidation of diamond beyond

400 �C and its chemical reaction with the samples at ele-

vated temperatures [39]. All the tests were carried out

under argon-rich environment to minimize both the sample

and indenter oxidation. Samples with lateral dimensions of

5 mm 9 5 mm were mounted, using a thin layer of high

temperature cement, on the refractory ceramic hot block.

The specimen temperature was monitored and controlled

via two thermocouples; one mounted beneath the sample

and the other on the sample’s surface. During the high

temperature experiments an autonomous heating control

system was utilized for the indenter to minimize heat

transfer between the sample and indenter ensuring iso-

thermal contact [28].

An indentation maximum load of 12.5 mN was utilized

to ensure that the indentation depths remain below 10 % of

the film thickness, to avoid the substrate effect, and hence,

the calculated hardness and modulus values can be con-

sidered film-dominated properties even at elevated tem-

peratures. Both the loading and unloading rates were set to

0.625 mN/s and the dwell period at maximum load was set

to 10 s. At least ten indentations were performed at each

temperature.

Besides nanoindentation, nanocreep experiments with

prolonged dwell period of 1200 s at peak load of 30 mN

were carried out. Samples were annealed at each test

temperature for approx. 5.5 h. After cooling down, nano-

indentation measurements were repeated at room temper-

ature to evaluate the post-annealing mechanical properties.

The most crucial issue of measurements at elevated

temperatures is the thermal drift. In order to improve the

stability of the sample/indenter contact, the indenter was

held in contact with the sample surface for 120 s prior to

starting the indentation. The thermal drift of the system

was monitored during the 60 and 90 s lasting period at

90 % unloading for indentation and creep experiments,

respectively. The thermal drift correction was calculated

from this data and applied during the raw data analysis.

Standard analysis was used to determine the hardness

and reduced elastic modulus (Er) from at least 10 inde-

pendent indentations curves [40]. The reduced indentation

modulus Er that takes into account also the elastic defor-

mation of the indenter is defined as

1

Er

¼ 1� m2

E
þ 1� m2

i

Ei

; ð1Þ

where E and m, and Ei = 879 GPa and mi = 0.12, describe

the room temperature Young’s modulus and Poisson’s ratio

of the sample and the c-BN indenter, respectively [41, 42].Fig. 1 Schematic of the NanoTest hot stage setup
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The effective modulus E* (also referred to as the elastic

modulus) characterizes the sample properties only and is

calculated as

E� ¼ E

1� m2
: ð2Þ

The effective modulus is calculated after quantifying the

c-BN indenter contribution in Eq. (1) and will be consid-

ered in this study. It should be noted that the effective

modulus is the only valid parameter to correctly compare

elastic moduli obtained with different indenters.

Additional short time annealing experiments were also

performed in order to discuss the effect of time exposure at

elevated temperatures. As-deposited samples were annealed

at 700 �C for 30 min under Ar.

Results

Composition

The thickness and composition of the as-deposited films

are summarized in Table 1. The variation in the films

thicknesses stems primarily from the different sputtering

rate that increases with the increase of the (N2/Ar) ratio

[30]. The tested films possess different nitrogen contents

ranging from 0 to 40 at.%, with corresponding Si/C ratios

increasing from 0.85 to 1.00. The oxygen content in the

films is consistent and is less than 2 at.% and is not indi-

cated in the table. The films compositions depend only on

the implemented deposition conditions since the amor-

phous nature did not force the growing film to develop a

specific stoichiometry. It should be noted that SiCN does

not have a nature analog; there is no single crystal of SiCN

in nature.

Mechanical properties

Representative nanoindentation load–displacement hyster-

esis for a-SiC and a-SiCN film deposited at N2/Ar = 0.48

at different testing temperatures are plotted in Fig. 2. The

figures indicate an increase in the indentation depth and

also greater plasticity (greater area between the loading and

unloading curves) as a result of increasing the test tem-

perature. Both effects are more pronounced for the a-SiCN

film compared to the a-SiC film. The hardness and elastic

modulus results for all the nanoindentation tests at peak

load of 12.5 mN are summarized in Fig. 3.

Since the elastic properties of the c-BN indenter change

with temperature, it was necessary to use an appropriate

value of its elastic modulus in Eq. (1) in order to accurately

extract the sample properties at particular temperature [41,

42]. Poisson’s ratio for the c-BN also changes with tem-

perature, however the amount of this change and its effect

on indentation results were found to be almost negligible

and within the deviation of the measurement [39]. A 50 %

change in indenter Poisson’s ratio results in less than 1 %

change in elastic modulus in this work. Therefore, the

Poisson’s ratio for the c-BN indenter was assumed to be

constant over the range of temperatures reported.

The data in Table 1 and Fig. 3 clearly show that the

hardness and elastic modulus of the as-deposited a-SiCxNy

films reduce with the increase of nitrogen concentration.

The hardness declines from 21.7 GPa for a-SiC1.17 film to

18.9 GPa for the film with 40 at.% of nitrogen, while the

elastic modulus decreases from approx. 295–241 GPa.

Nanoindentation experiments performed at 300 �C

revealed a pronounced decrease in hardness to approx. 77 %

of the corresponding room temperature value for the a-SiC

and the a-SiCxNy films comprising up to 27 at.% of nitrogen.

Further increase of nitrogen concentration to 40 at.% is

accompanied with a slightly higher drop in hardness from 18.9

to 13.1 GPa corresponding to 69 % of the room temperature

value. The elastic modulus measured at 300 �C trails identical

trend like the hardness and its values reach approx. 90 % of

corresponding room temperature values for each film.

Increasing the temperature from 300 to 500 �C yielded

further decrease of both the hardness and the elastic

modulus. Ramping the temperature to 650 �C leads to

further minor reduction in hardness. However, unlike the

hardness, the elastic modulus gradually decreases when the

temperature increases up to 500 �C. Further heating up to

650 �C leads to increasing the modulus to values that are

comparable to those obtained at room temperature; prob-

ably due to gradual improvement of the short-range order

taking place beyond 500 �C. The hardness of the a-SiC film

drops at an identical rate for the 6H-polytype SiC single

crystal up to 300 �C [35]. At higher temperatures the single

crystal hardness decreases monotonously at the same rate,

while for the a-SiC film hardness reduction rate declines. It

should be noted that the softening rate of SiC single crystal

was reported considerably lower than for other refractory

materials like TiC, W2C, TiB2, ZrB2 Al2O3 [35, 43, 44].

Only the a-SiCN film with the highest nitrogen content

exhibits more pronounced drop in hardness down to 10 GPa at

Table 1 Thickness and composition of the investigated a-SiCxNy

thin films

N2/Ar (–) Thickness (lm) Composition

Si (at.%) C (at.%) N (at.%)

0 2.9 46 54 0

0.04 3.2 41 46 14

0.16 3.3 35 38 27

0.48 3.5 30 30 40
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650 �C. The elastic modulus of this film remains practically

identical to that measured at 500 �C. The stronger softening

for this particular film, deposited at the N2/Ar = 0.48, can be

attributed to the presence of triple bonds between N and C

atoms observed in IR transmission spectra [30]. This strong

C:N bond terminates one possible bond with nitrogen as it

prevents its further networking with the surrounding atoms.

Consequently, development of a strong 3D random network is

hindered and the ability of the material to support load and

hence hardness are reduced.

Results of nanoindentation tests performed on post-

annealed samples; after high temperature experiments, are

also shown in Fig. 3. One can notice a significant rise in

hardness for all the investigated films; this can be attributed

to the improvement of interatomic bonds in the films dur-

ing high temperature exposure. The extent of this increase

reduces with increasing the nitrogen content. The hardness

of the post-annealed a-SiC was found to be 33 % higher

than that for the as-deposited film, while for the a-SiCN

film comprising the maximum N2/Ar ratio, the post-

annealing hardness was only 12 % higher than the as-

deposited value. In general, the elastic moduli of the post-

annealed films are *10 % higher than the as-deposited

ones except for the film with the highest nitrogen content.

For this particular a-SiCN film, the post-annealing elastic

modulus was found to be identical to that for the as-

deposited film. The enhancement of the mechanical

properties in the binary Si–C system can be attributed to

the much easier organization in SiC clusters in comparison

to the ternary Si–C–N system where the N atoms hinders

the diffusion of Si and C atoms. It is well known that the

hardness and modulus of sputtered a-SiC film increase after

annealing due to the short-range ordering followed by

partial crystallization at higher temperatures [31].

In order to discuss the effect of the annealing duration

associated with the utilized experimental setup the films

were also annealed at 700 �C for 30 min in Ar. Both the

hardness and elastic modulus values after 30 min annealing

are almost identical to those post high temperature inden-

tation experiments lasting approx. 5.5 h at each tempera-

ture. Air annealing at the same conditions gives very

similar values of mechanical properties [30]. This suggests

that the processes leading to the atomic short-range

ordering are relatively fast and are concluded during 30

min under the implemented experimental conditions. This

leads to the conclusion that longer treatment at tempera-

tures around 675 �C does not promote, at least noticeable,

further structural ordering of a-SiCxNy thin films.

Raman spectra

The degree of structure ordering of the films pre and post

the high temperature experiments was investigated using

the micro-Raman spectroscopy. In particular, this

Fig. 2 Representative load–displacement curves for a a-SiC and b a-SiCN films measured in situ at different temperatures up to 650 �C

Fig. 3 Mechanical properties of a-SiCxNy thin films measured at

various temperatures up to 650 �C (samples were exposed at each

temperature for approx. 5.5 h); a hardness and b elastic modulus.

Room temperature data for the post-annealed films after the high

temperature experiments (RT after experiments) and the Ar annealing

for 30 min at 700 �C are added for comparison
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scattering technique is suitable for identifying carbon

polymorphs and carries the advantage of high special res-

olution of approx. 1 lm. Raman spectra of all the as-

deposited films and films after high temperature nanoin-

dentation experiments are shown in Fig. 4. Since all the

spectra were measured under the same conditions; their

intensities can be compared directly as there is no offset of

the curves in the figures.

The typical Raman spectrum for SiC film exhibits broad

bands around 500 cm-1 (Si–Si bonds), below 800 cm-1

(Si–C bonds), and above 1400 cm-1 (C–C bonds) as shown

in Fig. 4a. The band around 245 cm-1 can be ascribed to

the Si–C vibration in the acoustic phonon region. The

presence of these bands manifests the coexistence of C-rich

and Si-rich amorphous domains together with clusters of

amorphous SiC in these films [31]. It should be noted that

the film deposited at N2/Ar = 0 possesses a small excess of

carbon (Si0.47C0.53). The higher intensity of carbon band in

comparison to Si–Si and Si–C is a result of the higher

Raman polarizability of the C–C bond [45].

The introduction of nitrogen to the SiC film results

inevitably in the creation of C–N and Si–N bonds. Particu-

larly, Si–N bonds are chemically more favorable due to the

higher difference in their electronegativities. The increasing

nitrogen content in the films leads to the rise of the overall

intensity of scattered light that corresponds to the decrease

of extinction coefficient (elipsometrical data are not pre-

sented). This effect is especially strong for the carbon band

that also slightly shifts to higher frequencies with growth of

nitrogen concentration due to the increasing presence of C–N

bonds, see Fig. 4b. No traces of C=N (about 1600 cm-1)

and C:N (about 2000 cm-1) related vibration modes were

observed in the Raman spectra in lieu to those present in the

IR spectra [30]. The absence of these multiple bonds indi-

cates the good interatomic linking that is reflected in the

high values of mechanical properties. The intensities of

a-SiNx features in Raman spectra are generally weak as can

be seen from the weak bands centered at about 400 and 1000

cm-1 [46], especially for the film with the highest nitrogen

content. The Si–C related features are very weak or vanished

as supported by the IR spectrum [30]. The band about 700

cm-1 is considered as a weak feature of pure a-C charac-

teristic especially for sputtered films [47, 48]. Its intensity is

considerably enhanced in the presence of nitrogen [49].

Figure 4c shows the Raman spectra of the films post the

high temperature nanoindentation experiments performed

up to 650 �C in Ar. The general character of the spectra

remains identical to the as-deposited samples. There is a

considerable increase in scattering intensity due to the

increase of scattering volume yielding from the improve-

ment of atomic bonding and decrease of the absorption of

the incident laser beam. Moreover, some characteristic

bands are enhanced around 450, 700, and 1000 cm-1.

There is also noticeable upshift of the carbon G-band and

gradual broadening especially for the films with higher

nitrogen content. In the case of the film with the highest

nitrogen content the low-frequency shoulder on the carbon

band indicates the onset of its splitting. Our previous work

suggests that this spectrum resembles the one for a film

annealed at 900 �C in vacuum for 1 h [30]. No traces of

crystalline phase were observed in the post-annealed films.

Discussion

Experimental parameters influence

Our previous study [30] revealed the pronounced effects of

annealing the films under atmospheric air on the mechan-

ical properties. In particular, we observed the susceptibility

Fig. 4 Raman spectra of the a a-SiC films before and after high

temperature experiments, and a-SiCxNy thin films b as-deposited at

various N2/Ar ratios (0–0.48) and c after high temperature nanoin-

dentation experiments up to 650 �C in Ar
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of a-SiCxNy films to oxidation under atmospheric air at

temperatures above 700 �C and, hence, the current nano-

indentation experiments were carried out in inert Ar

atmosphere. To delineate the effect of the testing envi-

ronment, the a-SiC film was also investigated in air up to

700 �C. The post-experiment inspection of the c-BN

indenter revealed a heavy contamination on its very tip

after conducting a nanoindentation test at 700 �C under

atmospheric environment. Figure 5 shows a SEM image of

the tip with visible adhered contamination. The energy-

dispersive X-ray spectroscopy (EDS) analysis of the con-

tamination (not presented here) revealed strong silicon and

oxygen peaks; indicating the formation of SiOx. This could

be linked to the chemical reactivity between the c-BN tip

and SiC film under atmospheric air. The tip contamination

was not observed for the experiments carried out under Ar

environment. As a precaution, the indenter was inspected,

cleaned if necessary, and calibrated after each measure-

ment cycle performed on each film sample.

The hardness and elastic modulus values of the a-SiC

film measured at 300 �C under air and Ar are almost

identical suggesting no or negligible effect of oxidation. At

higher temperatures the effect of the Ar and air environ-

ments becomes more apparent, especially at shallow

indentation depths due to formation of the oxide layer

under air environment. This difference reduces with the

increase of indentation depth. The formation of relatively

soft SiOx surface layer decreases the rate of further oxi-

dation but does not provide any mechanical support for the

underlying layers. On the hardness scale, SiOx is much

softer than Al, Ti, and Cr oxides that are usually employed

as tribolayers on the surface of cutting tools [50].

Generally speaking, there are two possible approaches to

how to carry out hot stage indentations at various tempera-

tures, namely: one sample can be tested at all temperatures or

individual sample tested at each specific temperature. Both

approaches possess advantages and disadvantages. In the first

approach only one sample is needed. On the other hand,

extended annealing, which might change the microstructure,

can occur specially for long-duration experiments. Conse-

quently, the measured mechanical properties can be influ-

enced by the extended heat treating history. Long lasting

experiments are also more vulnerable to surface oxidation

when tests are performed in atmospheric air environment.

This becomes crucial especially at shallow indentation depths.

In principle, the one sample per temperature approach can

partially surpass the structural changes. But one should bear in

mind that the heating and stabilizing procedures prior to the

indentation could take several hours and, therefore, both the

structural changes and oxidation will still occur.

In this work, one sample was heated and measured step-

wise at RT, 300, 500, and 650 �C, while the heating rate was

set to 2 �C/min using the NanoTest system thermal controls.

It took roughly 5 h to reach and stabilize the nanoindenter/

sample temperatures at 300 and 500 �C and 6 h to reach a

stable thermal contact at 650 �C. To justify our approach we

compared the post-annealed values of the hardness and

elastic modulus with those obtained after 30 min annealing

at 700 �C in Ar. Figure 3 clearly shows that these values are

almost identical. Moreover, our previous work suggests that

annealing in air environment at the same experimental

condition leads to the same values of hardness and reduced

modulus [30]. From this direct comparison it can be con-

cluded that the structural short-range ordering proceeds

relatively rapidly during the earliest stages of annealing. The

fact that there is no difference in mechanical properties upon

30 min or 360 min annealing duration suggests that the

studied a-SiCxNy films can be considered structurally and

mechanically stable at temperatures below 700 �C.

Creep

We limited the creep testing to the samples with most

distinctive results; a-SiC and a-SiCN sample with the

Fig. 5 SEM images of the c-BN Berkovich indenter after experiment at 700 �C in air with developed oxide layer
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highest nitrogen content (N2/Ar = 0.48). The isothermal

creep curves for these films measured at different temper-

atures up to 650 �C are shown in Fig. 6. The secondary

steady-state creep dominates all the creep curves for both

samples at all temperatures. The creep rate increases for

both samples with the measurement temperature, while it is

always smaller for the a-SiC than the a-SiCN film. This is

very pronounced at 650 �C where secondary creep rate for

the a-SiC is half of that for the a-SiCN film. Literature data

for bulk SiC at higher temperatures also show the higher

creep resistivity for crystalline SiC than for Si(B)CN

materials [51].

In order to quantify the tendency of the films to deform

under the constant load indentation the parameter P intro-

duced by Goodall and Clyne was used [52]. It is defined as

the product of the slope of the steady-state part of the creep

curve, in our case 60–1200 s, and the increase in depth at

the end of the constant load period. The higher P value the

higher the deformation is expected to occur during the

constant load creep. The calculated values of parameter

P are presented in Table 2. It can be clearly seen that it

monotonously increases with the experiment temperature,

while it is lower for a-SiC than a-SiCN.

Indentation work and hardness/elastic modulus ratio

Besides the hardness (H) and the effective elastic modulus

(E*), the ratio H/E* and plasticity index (defined later) are

equally useful and should be evaluated from the high

temperature nanoindentation data [53–55]. The H/E* ratio

has been proven to be a more reliable parameter for con-

trolling the wear of the material in lieu of the hardness

alone and has been of considerable interest in tribology

[56]. Moreover, the H/E* ratio is related to the elastic strain

to failure and appears in many fracture toughness equations

[57, 58]. It should be noted that not only high hardness but

also sufficient level of toughness are of particular impor-

tance in several engineering applications [59, 60]. The

importance of toughness and plasticity of the material

increases with the severity of the contact [53]. According

to Zhang et al. [60], the plasticity of a material can be used

as a rough indication of how tough the material is.

The plasticity index (Wp/Wt) is defined as a ratio of

irreversible plastic work Wp = Wt–We to total work Wt

done during indentation, where elastic work We and Wt are

defined as the areas under the unloading and the loading

curve, respectively. The difference between these two

areas, the area enclosed in-between the loading and

unloading parts of the load–displacement curve, defines the

irreversible plastic work Wp, i.e., work consumed during

plastic deformation. Beake et al. [53] showed that there is a

correlation between the plasticity index and tool life for

hard coatings.

The gradual decrease of the hardness with increasing the

temperature (see Fig. 3) is accompanied by simultaneous

increase of Wp/Wt (or decrease of H/E*) as can be seen in

Fig. 7. This indicates the increase of material plasticity at

higher temperatures and reflects the role of thermally

activated deformation mechanism like atomic diffusion

within the film. The Wp/Wt ratio at 650 �C reaches

*145 % of its room temperature value regardless of the

film composition. On the other hand, the decrease of

plasticity below the level of as-deposited films is observed

back at room temperature after the annealing due to the

improvement of the films’ structure; see Raman spectra in

Fig. 4b, c.

The resistance of the tested material against plastic

deformation at elevated temperatures is governed by two

mechanisms acting against each other. During the inden-

tation test the plastic deformation is enabled by the ther-

mally activated diffusion processes leading to softening of

Fig. 6 Creep curves for a SiC and b SiCN (N2/Ar = 0.48) films measured at constant load of 30 mN for 1200 s at room temperature (RT), 300,

500, and 650 �C

Table 2 Calculated values of parameter P quantifying the steady-

state creep

Sample Parameter P (nm2/s)

RT 300 �C 500 �C 650 �C

SiC 1.5 2.3 13.1 38.2

SiCN 7.3 15.0 20.6 163.7
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the material. On the other hand, the atomic short-range

ordering takes place and cause the improvement of

microstructure and, hence, mechanical properties. Which

of these two effects prevail depends on the temperature,

material structure, and its thermal stability. It should be

noted that diffusion also partially promotes microstructural

ordering to more thermodynamically stable arrangement.

However, during nanoindentation experiment the diffusion

is activated by both the high temperature, and high strain

and stress gradients beneath the indenter. Moreover, there

can also be a different effect on elastic and plastic prop-

erties. This can clearly be deduced from Fig. 3, where the

hardness gradually decreases up to 650 �C, while the

elastic modulus starts to increase above 500 �C. This can

be understood in light of the fact that the hardness and

elastic modulus are two different characteristics describing

different aspect of material behavior [61]. The elastic

modulus is an intrinsic material property and its nature is

directly related to the atomic bonding. On the other hand,

the hardness is associated with plastic deformation

mechanics and reflects both the material structure and

deformation mechanisms during the test.

Employing finite element modeling (FEM) of elasto-

plastic solids with different work hardening, Marx [62] and

later Cheng and Cheng in combination with dimensionless

analysis [54, 55] formulated a linear relationship between

H/E* and the Wp/Wt ratios over a wide range of H/E* values

Wp

Wt

¼ 1� x
H

E�
: ð3Þ

The material independent constant x = 5 for both

Vickers and Berkovich indenter and their representative

cone with half-included angle of 70.3� was established

predominantly by numerical calculations for the wide

range of bulk materials [54, 62–64]. Experimental results

reported by Beake et al. [53] proposed that x = 6–7 for

bulk materials over a wide range of indentation peak for-

ces. The same authors reported an x value around 6.4 for

hard coatings. Malzbender and de With also suggested the

linear relationship for thin films and coatings [65].

Calculated Wp/Wt versus H/E* data are shown in Fig. 8.

Applying Eq. (3) to our data gives x = 7 for all the

a-SiCxNy films regardless of the measurement temperature.

This indicates that the linear relationship between Wp/Wt

versus H/E* is applicable even for high temperature nan-

oindentation measurement of thin films. To support the

applicability of x = 7 data for various SiC films [31] and

N- and O-doped Ti films [66] broadening the range of Wp/

Wt and H/E* are presented. Using Eq. (3) and x = 7 for

nanocrystalline TiC/amorphous carbon composite films

also agrees well with values reported by Voevodin [67].

Since the extreme limits of Wp/Wt are 0 for pure elastic

response and 1 for rigid plastic deformation, one can

estimate the theoretical limit of H/E* around 0.143

extrapolating linear relationship (3) provided x = 7.

It should be noted that in the case of thin films and

coatings the values appearing in Eq. (3) are generally load-

dependent. The higher the indentation load the greater the

substrate influence especially on the elastic modulus. On

the other hand, too low loads can inhibit full plastic

development and consequently yield lower hardness. The

applicability of Eq. (3) to thin films on substrates is limited

only to cases where energy dissipation is not affected by

fracture and delamination events [65].

Fig. 7 Plasticity index (Wp/Wt) and H/E* ratio for the a-SiCxNy films measured at RT, 300, 500, and 650 �C in Ar

Fig. 8 Universal relationship between Wp/Wt and H/E* for the

a-SiCxNy thin films measured at temperatures up to 650 �C. SiC

films sputtered at various temperatures and biases [31], and N and O

doped Ti films [66] are presented to cover wider range of H/E*
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An important implication of the gained knowledge of

the interrelationship between Wp/Wt and H/E* is that the

hardness H and reduced modulus Er can be obtained

without the knowledge of the contact area A. Equation (3)

together with second independent equation derived from

the hardness definition H = Pmax/A and equation for initial

unloading slope S = 2Er(A/p)1/2 in the form of

H

E�2
¼ 4

p
Pmax

S2
; ð4Þ

can be solved for H and Er, using Eq. (1) provided that the

initial unloading slope S calculated at maximum load Pmax

is known. The ratio H/Er
2 is suggested as the indication of

the material’s resistance to plastic deformation [68]. The

fact that the prior knowledge of the contact area is not

necessary for hardness and elastic modulus assessment is

beneficial especially for indentations accompanied by

material pile-up around the contact impression, where the

actual contact area is underestimated by standard Oliver-

Pharr procedure [40, 69].

Conclusions

Isothermal nanoindentation tests performed at elevated

temperatures up to 650 �C were employed to investigate

the stability of mechanical properties of various magnetron

sputtered amorphous SiC and SiCxNy thin films with

nitrogen content up to 40 at.%. One sample, of each con-

figuration, was measured stepwise at all temperatures via

c-BN indenter. As the indenter was contaminated with SiOx

after the experiment on a-SiC film in air at 700 �C, all the

experiments were carried out in argon environment to

prevent samples’ oxidation.

The room temperature hardness and elastic modulus

decrease with the increase of nitrogen content. All the films

show softening at elevated temperatures. Measurements for

a-SiC and a-SiCN with the highest nitrogen content at

300 �C revealed a drop in hardness to 77 and 69 % of

corresponding room temperature values, respectively.

Increasing the test temperature to 500 �C was accompanied

by further slight reduction of both hardness and elastic

modulus. Unlike the hardness, the elastic modulus gradu-

ally decreased by increasing the temperature up to 500 �C;

further heating up to 650 �C leads to similar modulus

values to those obtained at room temperature. This

behavior is likely due to the gradual improvement of short-

range order taking place beyond 500 �C.

The comparison of the mechanical properties of the

a-SiCxNy films after high temperature measurements

(300 min at 300 and 500 �C and 360 min at 650 �C) and

films annealing at 700 �C for 30 min in Ar constituted the

validity of the adopted experimental approach for high

temperature nanoindentation as the values of hardness and

elastic modulus are almost identical. This also indicates the

good long-time stability of the mechanical properties of

a-SiCN at temperatures below 700 �C. The amorphous

structure of all the films remains unchanged after annealing

during the hot stage experiments; only short-range ordering

was observed. No traces of crystalline phase were observed

in the post-annealed films.

Gradual decrease of the hardness with increasing the

temperature is accompanied by simultaneous increase of

the ratio of the plastic to the total indentation works indi-

cating the growth of material plasticity and highlighting the

role of thermally activated deformation mechanism like

atomic diffusion within the films. The Wp/Wt ratio at

650 �C reaches *145 % of its room temperature value

regardless of the film composition. On the other hand, the

decrease of plasticity below the level of the as-deposited

films is observed back at room temperature after the

annealing due to the improvement of the microstructure.

The value of the universal constant x = 7 relating the

Wp/Wt and H/E* was established and its applicability was

demonstrated even at elevated temperatures up to 650 �C.

Nanoindentation creep tests performed for 1200 s up to

650 �C revealed that a-SiC films possess better creep

resistance than the a-SiCN films. The steady-state creep

rate increases with the measurement temperature, while it

is always smaller for a-SiC than for a-SiCN film.

The results of this study demonstrate the validity and

usefulness of high temperature nanoindentation measure-

ments for exploring the thermal stability of the mechanical

properties of a-SiCN thin films, as the post-annealing

characteristics do not reflect the actual high temperature

behavior at the operating high temperatures.
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