
Introduction

Hard amorphous carbon (a-C) films have wide applica-

tions in electrical, mechanical and biomedical areas

[1–3]. The films are normally prepared by techniques

like magnetron sputtering, ion-beam deposition, chemi-

cal vapor deposition and cathodic-arc deposition, in

which, magnetron sputtering is one of the most widely

used techniques. Most of the films can be described as

an amorphous matrix dispersed with graphitic

nano-domains cross-linked through sp3 bonds [4–8].

Kinetic energy of depositing species and reactive sput-

tering are the primary factors affecting the thermal be-

havior of the a-C films. These factors affect the bonding

ratio, bonding configurations and bonding energies of

the film structures [7–8]. There is high interest on ther-

mal decomposition and kinetics of a-C films.

Based on dynamic TG method, some models

have been proposed for acquiring kinetic parameters

of heterogeneous reactions [9–15]. The Kissinger

method [9] and Ozawa method [10] are two of the

typical ones used widely [15]. In this paper, we stud-

ied the thermal degradations of some sputtered a-C

films based on dynamic TG and DTG methods. The

obtained kinetic parameters were analyzed in correla-

tion to evolution products and the structure properties

of as-deposited films.

Experimental

Deposition of a-C films

a-C films of about 1�m thick were deposited on thin

Corning glass substrates (0.15 mm thickness) using a

DC magnetron sputtering system (INNOTEC D28) for

TG and TG-MS study. The same films of about 30 nm

thick were also deposited on Si-wafer substrate for

other characterizations. Detail deposition conditions

and substrate treatment method can be found from our

earlier publications [7–8]. Four sputtering pressures of

Ar, 0.91·10–3, 3·10–3, 7·10–3 and 16·10–3 Torr, corre-

sponding to Ar flow rate of 17, 19, 80, 165 sccm and

film deposition rate of 40, 25, 18, 12 nm min–1, respec-

tively, were employed. The obtained a-C films are de-

noted as Film-1, Film-3, Film-7 and Film-16, with the

postfix numbers representing the sputtering pressure in

1·10–3 Torr.

Film characterization

Structures of the films were characterized using X-ray

photoelectron spectroscopy (XPS, Physical Electronics

Quantum 2000) with 0.5 eV resolution and Raman spec-

troscopy (RENISHAW 1000) using 514.5 nm laser.

Dynamic TG measurements were performed at

seven heating rates, 0.8, 2, 5, 10, 15, 20 and 25°C min–1,

using a DuPont TGA 2950 analyzer with a 0.1 �g

mass sensitivity and �1°C temperature accuracy. A

film with substrate of about 20 mg was heated in a

platinum pan (0.02 g) under ambient gas flow of

60 cm3 min–1 for air and 100 cm3 min–1 for N2. The

samples were in broken pieces. They were placed in

the crucible in 2–3 pieces with no covering of one

with the others.

TG-MS analysis was performed for evolving

products using a TG analyzer (TA Instruments,

TGA 2050) interfaced to a mass spectroscopy (MS)
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detector (Balzer Instruments, Thermlstar) equipped

with a quadruple mass filter operating in a range of 1

to 175 atomic mass units (amu). The mass spectra

were captured for every 5°C increase.

Atomic force microscope (AFM, DI-nano-

scopy III), nano-indentator (Nanoindenter I, Nano-

instruments), and UV-Visible spectroscopy (Shi-

madzu UV-1601) were used for surface roughness,

nano-hardness and light absorbance (Ab) of the a-C

films. The hardness values were determined from the

unloading segment of a load-displacement loop.

Direct allowed optical band gaps of the films were ob-

tained from the intersect h� value by extrapolating the

linear portion of the (h��opt)
2~h� curve to the h� axis,

in which, h is the Plank constant, � the light frequency

and �opt the optical coefficient defined by

�opt=Ab(ln10)/tf, with tf the film thickness.

Results and discussion

As-deposited Films

Figure 1 shows the typical Raman spectra of the deposited

a-C films. Table 1 summarizes the characterization results

for film structures and properties. The relative sp3/sp2 val-

ues were determined from the XPS C1s spectrum from the

area ratio of the two deconvoluted binding-energy (Eb)

peaks representing sp3 bonds (Eb: ~284.3 eV) and sp2

bonds (Eb: ~285.1 eV), respectively [3]. In a Raman spec-

trum, the G-peak arises from the symmetric E2g vibrations

of graphite-like materials while the D-peak arises from the

disordered mode of graphitic vibrations, induced by

substitutional atoms, sp3 carbon, or other impurities

[16–17]. Thus the intensity of D-peak with respect to the

G-peak (Id/Ig) decreases as the graphitic grain size in-

creases. Thus, the decrease of sp3/sp2 values is also corre-

lated to increased Raman G-peak frequency and the Id/Ig

ratios [17]. A gradual Raman band broadening can be ob-

served from Film-16 to Film-1 (Fig. 2), which suggests

that the rich sp3 bonds in Film-1 break the long-range order

of the graphitic structure. From Raman and XPS measure-

ments, the graphitization of the a-C films increases in the

series: Film-1>Film-3>Film-7>Film-16. This is mainly be-

cause that the depositing carbon species at lower kinetic

energy or higher sputtering pressure tend to maintain their

lowest energy state that is sp2. This also correlates to the re-

duced nano-hardness and optical band gaps. Increased sur-

face roughness from Film-1 to Film-16 can be explained

from the existence of entrapped or weakly-bonded species

in the films, the amount of which increases with the sput-

tering pressure (Table 1).

Thermal degradation in air and N2 atmospheres

The glass substrate after treatment showed less than

0.07% of total mass changes from the dynamic TG

measurement to 650°C. Comparing to the film mass

changes of ~1%, the mass change due to substrate can

be neglected. Figure 2 shows some of the dynamic

mass loss curves (Fig. 2a) and their first order deriva-

tives (DTG) (Fig. 2b) for the a-C films in air atmo-

sphere at different heating rates. The same kind of

measurements in N2 (not shown) show that the onset

decomposition temperature is 100–150°C higher than

those in air. Both results indicate that the onset de-

composition temperature increases with the kinetic

energy of carbon species prior to film deposition, or

Film-16<Film-7<Film-3<Film-1. The increased amo-

unt of interstitial and weakly-bonded compositions in

a-C film sputtered at higher pressure can be attributed

to the lower thermal stability of the structure [7–8].

As discussed above, these structures tend to have

higher graphitization or lower sp3/sp2 bonding ratio.

The relative amount of interstitial and weakly-bonded

compositions in a-C film can be revealed from DTG

curves (Fig. 2b). These compositions can be released

at relatively lower temperatures due to their weaker
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Table 1 Some characterization parameters of the sputtered a-C films

Ra /nm
(1·1 �m)

Direct optical
band gap/eV

Hardness/GPa
Raman
G-peak

Raman
Id/Ig

sp3/sp2 ratio/
XPS

Film-1 0.245 1.20 18 1564 1.96 32.5

Film-3 0.365 0.89 16 1563 2.24 28.6

Film-7 0.393 0.83 15 1570 2.37 24.3

Film-16 0.803 0.80 13 1582 2.91 17.7

Fig. 1 Raman spectra of the as-deposited a-C films



bonding with surrounding structures, yielding a broad

DTG peak at lower temperatures prior to the peak for

dissociation of highly-bonded graphitic carbons.

From the DTG curves in Fig. 2b, Film-1 and

Film-3 show apparently single step decompositions in

contrasting to the two-step ones for Film-7 and

Film-16.The broad DTG humps at lower temperatures

for Film-7 and Film-16 correspond to the release of

interstitial and weakly-bonded molecules [7–8]. The

amount of these components in Film-1 and Film-3

might be too small to be visualized in the experiment.

The results suggest that as the sputtering pressure in-

creases the film structures become more weakly-

bonded or have lower bonding integrity, leading to mul-

tiple decomposition steps in dynamic TG analysis.

Comparing the TG and DTG results in air and in N2, the

broad DTG hump at lower temperatures corresponding

to decomposition of interstitial and weakly-bonded

compositions in air (Fig. 2b) is comparatively insignifi-

cant in N2 (not shown). The results suggest that decom-

position of the interstitial and weakly-bonded compo-

nents are mainly due to oxidation.

TG-MS analysis was applied to characterize the

evolved products of the a-C films during thermal de-

compositions. Typically, oxidation components such

as CO2 and H2O were seen in almost the full range

heating in either air or N2 environment. At lower tem-

peratures (<450°C), all the evolved components are

small fractions with m/e less than 50. Heavy compo-

nents with m/e of 73, 114, 117 appeared when the

temperature reached ~550– 600°C. These heavy com-

ponents are highly possible the fractions with gra-

phitic ring structures that have higher bonding ratio

and give heavier species once split.

From Fig. 2b, as the heating rate (q) increases

from 0.8 to 25°C, the widths of DTG peaks reduces

for Film-1 but increases for the rest three films. Gen-

erally, the DTG peak narrows at higher heating rates

because the reaction tends to be faster at higher tem-

peratures [18]. The gradual broadening of the DTG

peaks at higher heating rates for Film-3 to Film-16

might be due to the structure graphitization at lower

heating rates, resulting in more consolidated struc-

tures. The graphitization could be carried out easily

for the films with higher amount of pre-existing sp2

graphite nano-crystals. Graphitization of the a-C

films after heating can be observed from the Raman
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Fig. 2a Dynamic TG curves of the a-C films at heating rates of 0.8, 2, 5, 15, 20 and 25 °C min –1 in air



results (not shown) for better resolved G-peak and

D-peak and moving of G-peak to higher frequencies.

Thermal degradation kinetics

The kinetics of heterogeneous decompositions is tra-

ditionally described by the basic equation:

d

dt
k T f

�
�� ( ) ( ) (1)

where � represents the extent of reaction (�=0~1), t is

the reaction time, k(T) the rate constant related to tem-

perature T, and f(�) the mathematical expression de-

scribing the dependence of the reaction rate with the

extent of reaction. In most cases the temperature de-

pendence of k(T) can be satisfactorily described by

the Arrhenius equation k k� e
–E / RTa [19]. Its substitu-

tion into Eq. (1) yields
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where Ea is the activation energy and A the pre-expo-

nential factor.

To calculate Ea from dynamic TG results, the

Kissinger [9] method, which is based on a series of

Tmax values, is used. Since the maximum rate occurs

when da/dt=0, from Eq. (1) at f(�)=(1–�)n (nth order

reaction), we obtain [10]:
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where q is the heating rate, R the molar gas constant.

Kissinger has shown that n n( – )max

–1 11� � for different

heating rates. The logarithm expression of Eq. (3) is:
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Fig. 2b Dynamic DTG curves of the a-C films at heating rates of 0.8, 2, 5, 15, 20 and 25°C min –1 in air
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The slope of ln( / )maxq T 2 vs. 1/T has a slope of

–Ea/R.

Ozawa [10] can further deduce the rate of mass

loss by the equation:
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The logarithmic function of Eq. (5) gives:

log ( ) – log ( ) logg p x
AE

qR
� � a (6)

log(AEa/qR) is independent of temperature even

though log[g(�)] and log[p(x)] contain T. To a first

approximation log[p(x)] is a linear function of 1/T� if

x is sufficiently high, and log[g(�)] vs. 1/T� should be

linear. The Ozawa method is based on the following

expression,
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Using Doyle’s approximation for expressions of

log[p(Ea/RT)] in the case of 20<Ea/RT<60 and mathe-

matical expressions for log[g(�)] and log[p(x)],

Eq. (8) can be obtained by differentiating Eq. (7) at

constant conversion yields
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The apparent activation energy Ea can be ob-

tained from the Ozawa method by plotting log(q) vs.

1/T for � constants.

The Kissinger method needs a series Tmax values.

These values can be obtained from the highest DTG

peaks (Fig. 2b). For Film-1 and Film-3, there is only

one apparent DTG peak and the Tmax values are easily

obtained. For Film-7 and Film-16, the DTG curves

can be deconvoluted into multiple peaks representing

different reactions. Therefore, the Tmax values for the

specific reactions can be used for kinetic analysis

based on the Kissinger method. Using curve-fitting

technique, each DTG curve for Film-7 and Film-16

can be best deconvoluted into three Gaussian fits.

Figure 3 shows the typical fitting results. DTG-1,

DTG-2 and DTG-3 represent the release of free-

bonded compositions, weakly-bonded compositions

and highly-bonded graphitic compositions, respec-

tively. The assignments of these peaks are based on

the discussions above on TG and TG-MS data.

Kissinger method is simple. It yields average Ea

values for different reaction steps that is not available

using the Ozawa method. However, Ozawa method al-

lows calculating Ea values with the progress of reaction,

which is very important in interpreting reaction mecha-

nisms [9–10]. Figure 4 shows the Kissinger

ln(q/Tmax

2 ) vs. 1/T plots for the highly-bonded structures

for the four a-C films. For Film-7 and Film-16, the Tmax

values were obtained from the DTG-3 (Fig. 3). There-

fore, the Ea values obtained from the plots in Fig. 4 rep-

resent the decomposition of the highly-bonded struc-

tures in the a-C films. The very good linear correlations

(r2=~0.99) of the plots in Fig. 5 suggest good applica-

bility of the Kissinger method to the thermal decompo-

sition of the a-C films. For Film-7 and Film-16, the

Tmax values obtained from DTG-1 and DTG-2 (Fig. 3)

for the release of free-bonded and weakly-bonded

compositions also yielded good application of

Kissinger method (r2 >0.97). The Ea values obtained

from the Kissinger plots are listed in Table 2. The Ea

value corresponding to the decomposition of bonded

structure is the highest for Film-1 but close for the rest

three films. However, those corresponding to the re-

lease of free and weakly-bonded compositions are sig-

nificantly less than those for the bonded structure. The

results also indicate that the films become less stable in

air due to the oxidation effect that reduces the energy

barrier for the decomposition.

The Ozawa method allows the analysis of Ea in

the process of reaction. Typical plots of log(q) vs. 1/T
as a function of conversion are shown in Fig. 5 for

Film-1. The calculated Ea values following Eq. (8) are

summarized in Table 3. The results show that as the

reaction progressed, Ea gradual reduces for Film-1

and Film-3 but increases for Film-7 and Film-16. For
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Fig. 3 A typical DTG curve (Film-7, at 0.8ºC min–1 in air) that is re-

solved into three Gaussian fits representing the decomposi-

tions due to removal of unbonded (DTG-1), loosely-bonded

(DTG-2) and bonded compositions (DTG-3) in the a-C film



Film-1 and Film-3, this indicates gradual less stable

structures as the reaction progresses, for Film-7 and

Film-16, this might be due to the release of large

amount of free-bonded and weakly-bonded composi-

tions at early reactions.

Conclusions

The degradations of a-C films generally consisted of

dissociations of free-bonded, weakly-bonded amor-

phous compositions and graphitic structures. Using

Kissinger method and deconvolution technique for

DTG curves, the apparent activation energy (Ea) values

for could be obtained for the stages, which were about

101–108, 117–121 and 130–144 kJ mol–1, respectively.

Release of free-bonded and weakly-bonded composi-

tions was accelerated by oxidation. The difference in ac-

tivation energy can be interpreted from structure sp3/sp2

bonding ratios. The films with higher structure ordering

and bonding ratio (Film-1 and Film-3) showed reduced

Ea with the progress of reactions while those with larger

amount of free-bonded and weakly-bonded composi-

tions (Film-7 and Film-16) had Ea increased.
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Fig. 5 Typical Ozawa plots of Film-1 in dynamic air atmo-

spheric TG measurements

Table 2 Apparent activation energy Ea (kJ mol–1) values obtained from Kissinger method

Air N2

Free-bonded Weakly-bonded Bonded Bonded

Ea r2 Ea r2 Ea r2 Ea r2

Film-1 – – 144 0.99 –

Film-3 – – 137 0.99 147 0.93

Film-7 108 0.98 117 0.99 131 0.99 136 0.93

Film-16 101 0.98 121 0.98 130 0.97 134 0.96

Fig. 4 Kissinger plots for the bonded structure decomposition

of the a-C films in air

Table 3 Change of apparent activation energies (Ea) with extent of reaction in air calculated by Ozawa method

�*
Ea/kJ mol–1

Film-1 Film-3 Film-7 Film-16

70 156.1 126.5 108.9 –

60 149.9 129.8 119.3 105.4

50 144.8 128.4 124.5 118.5

40 135.8 122.5 128.8 131.3

30 133.2 114.5 130.6 140.2

20 132.5 106.3 132.2 143.6

10 131.7 96.2 129.0 140.0

*� represented the mass% of the residue film during TG measurements
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