Advanced Materials 93, T/ B: Magnetic, Fullerene, Dielectric, Ferroelectric,

Diamond and Related Materials, edited by M. Homma et al.

Trans. Mat. Res. Soc. Jpn,, Volume 14B
© 1994 Elsevier Science B.V. All rights reserved.

The stability of diamond—like carbon films

during thermal annealing in air

T.M. Wang, W.J. Wang,Z. Y. Chenand J. J. Wu

1591

Department of Materials Science, Lanzhou University

Lanzhou, 730001, China

Diamond—like carbon films, deposited by dual—ion beam sputtering on glass substrates, were
anncaled in air at 300C . The annealing time was 1.5hrs and 3.0hrs, respectively. Property
measurement and structural characterization showed that the annealing caused a reduction of the
film layer and increases of both film resistivity and infra—red transmittance of the specimens. The
influence of the annealing process depended only on annealing temperature, not on annealing
time. The anncaling at 300C could not lcad to breaking of the C—H bonds in films. The aging ef-
fect of the annealed films in air was also observed. The transformation mechanism of
diamond—like carbon films under this condition is briefly discussed.

1.INTRODUCTION

Diamond-like carbon (DLC) films have
received considerable attention in the past
few years because of their unique physical,
chemical and mechanical properties [1]. It is
believed that the films have potential applica-
tions in the ficlds of protective coatings or
anti—reflective coatings for optics, hcat sinks
in electrical devices, as well as protcctive
coatings of some devices used in space and
nuclear reactions [1,2]. However, comparcd
with preparation investigations [3,4], only a
few studies have been done on the stability
behavior of the films under different
post—trcatment conditions [5—7].

We have studicd the stability behavior of
DLC films undcr high energy hydrogen ion
(H") and carbon ion (C) irradiations [8—10].
As a continuation of this work, we have rc-
cently annealed the films in air. In the present
paper, we report some preliminary cxperi-
mental results and briefly discuss the trans-
formation mechanism of DLC films.

2. EXPERIMENT

The DLC films were deposited by the
dual—ion beam sputtering mcthod on glass
substratcs of size of 70 X 20X 1.0 mm. The de-
tails of the deposition process can be found

clsewhere [11]. The film thickness was about
2000 A. The as—deposited substrates were
cut into small specimens with a size of 20x 10
mm and were then isothermally anncaled in
flowing air for 1.5 and 3.0 hrs, respectively.
The annealing processes for both specimens
are shown in Fig. 1. During the annealings,
the square resistivity Ry of the films [11]
were measured in situ. Before and after an-
nealing, the square resistivities, the Raman
spectra and the infra—red (IR) transmittances
of specimens were used to characterize the
films. The aging cffects of film resistivitics af-
ter annealing were also studied in air.
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Figure 1. The two isothermal annealing
processes at 300C (FC—furnace cooling,
AC-air cooling).
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3. RESULTS AND DISCUSSIONS

The square resistivity Ry of the DLC

films vs. annealing time at 300C and subse-
quent furnace cooling and air cooling timc
curves are illustrated in Fig. 2 (I-3.0hrs,
II-1.5hrs). The aging cffects of Ry at room
temperature after isothermal anncaling are
shown in Fig. 3. It is clear that the variations
of Ry for both films are similar although
their annealing times were different, that is:
(1). The R reduced about one order of
magnitude guickly when the spccimens were
put into the furnace at 300TC ; (2). With the
increase of annealed time, the R increased
gradually and exceeded the original value.
One hour later, the R of both specimens
tended to stable values. Both valucs are ncar-
ly the same; (3). During the furnace cooling
from 300C down to 200, the R increased
again; whilc during the air cooling from
200C down to room temperature, thc RO
increased about 2.5 orders of magnitude
rapidly and then decreased about 2 orders of
magnitude sharply. After then, the Ry of the
two specimens increased again with the in-
crcasc of time at room temperature and, in
the end, reached approximately the same sta-
ble values. Thc stable value is about
10* times the as—deposited value.
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Figure 2. R4 vs. time curves

J 4

a 10” A —]] ® A A

4

<

E 1010 Lo

[7¢]

4]

~ ®

o 4

%100 1 a 4

o]

Q e Ly
0 1 3 6 25 50 100

TIME (hr)

Figure 3. The aging effects of Ry at
room temperature.

The IR transmittances of specimens be-
fore and after annealing are shown in Fig. 4.
In order to eliminate the influence of the glass
substrate, the relative IR transmittances of
the film layers were obtained by using a com-
puter, as shown in Fig. 5. It can be seen that:
(1). In comparison with the as—deposited val-
uc, the IR transmittances of the annealed
specimens were increased; (2). The annealed
films displayed apparent sp>’C—H absorption
peaks at about 2920cm™! and 2850cm™.
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Figure 4. The IR transmittances of spec-
imens.
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Figure 5. The relative IR transmittances
of film layers.

It was reported that the DLC films an-
ncaled in vacuum displayed graphite—~like
propertics, such as the decrcase of the
resistivity and the IR transmittance, as well as
the reduction of the sp’C—H peak intensitics
[7]. But the present results are not in agree-
ment. This implies that the thermal anncaling
effect of DLC films in air is different from
that in vacuum.

We know that the bond energy of C—H
is higher than that of C—C, and the bond en-
ergy of O—H is larger than that of C-O.
Thercfore we can deduce that, compared with
C-H bonds, th¢ C—C bonds (including
sp’ C—C bonds) in films could be broken
more casily at 300C annealing in air; the
broken carbon atoms would combine with
the active oxide atoms in air (forming CO, or
CO, for example ) and then released into the
air. As a result, the Ry of both films was in-
creased at the initial stage of annecaling. On
the other hand, the amount of C—C bonds
which would be broken was constant at a giv-
en temperature, thus, the Ry of both speci-
mens tcnded to stable values after ncarly the
same annealing time. In other words, the in-
fluence of the annealing on the DLC films in
air depended only on the annealing tempcra-
ture and not on the annealing time.

Based on the explanations above, it can
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be concluded that the breaking of C—C bonds
and the release of C—O components from film
layers should lead to the reduction of film
layers and both specimens (I and II) should
have almost the same thickness, This is in
agreement with our IR transmittance results,
as shown in Fig. 4. This figure indicates that
the IR transmittances of the annecaled speci-
mens are much higher than those of as—de-
posited ones and the annealing time had
hardly any influence on the transmittance.
This phenomenon implies that both films
have nearly the same thickness and
structures. In  addition, the sp’C—H
absorption peaks in Fig. 5 mean that the
C—H bonds had not yet been broken at 300T
and there were still relatively more C—H
bonds in the films after annealing.

The breaking of C—C bonds and the re-
duction of film layers could also be observed
in the Raman spectra, as shown in Fig. 6. It
can be seen that the as—deposited film dis-
plays a single line at about 1530 cm Y(the G
line) and another linc at about 1350cm (the
D line) [12], but the annealed films has no
such lines. This means that the annealed films
contained none of or very few C—C bonds.
On the contrary, an apparent scattering peak
of the glass substrate at about 1100cm™ can
be observed in anncaled specimens. This gives
further evidence for the reduction of film lay-
ETSs.
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Fig. 6. The Raman spectra of film layers.
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As to the decreases of the Ry of two
specimens during the period in the furnace
and their increase on cooling, we believe that
they were caused by the negative temperature
cocfficient of resistivity of the film layer, We
find that the Ry decreased again after being
taken out of the furnace. This might be
caused by the absorbed impuritics (such as
H,0) on the surface of the film layers. How-
ever, the further increase of the Ry with ag-
ing might be induced by new bonds formed in
air[13] or the cracking of film layers. The di-
rect cvidence for this should be investigated
further.

4. CONCLUSIONS

(1). The isothermal annealing of DLC
films in air at 300C caused the breaking of
C—C bonds, and thc oxidation and the release
of carbon atoms. However, the degree of
breaking depended only on anncaling tem-
peraturc and not on annealing time.

(2). The annecaling at 300C could not
lead to the breaking of C—H bonds in DLC
films,

(3). The bond changes and the film
thickness reductions caused by annealing led
to the increases of both R4 and IR
transmittance of specimens.

(4). The aging effecct of film resistivity
occurrcd at room temperature after
annealing,
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