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Results are reported of the porosity and the microstructure of amorphous hydrogenated carbon 
films produced by direct current (d.c.) sputtering. The as-deposited films were initially slightly 
mesoporous. Heating the material in a vacuum, however, produced a highly porous material. 
The amount of porosity and the pore size distribution were directly related to the quantity of 
material which was outgassed during heating. The dependence on the baking temperature of 
the degree of sp 2 hybridization in the films had the same form as the dependence of the 
porosity and of the quantity of outgassing. The plasmon-energy data for the films was related 
to the process of morphology and composition reconstruction during the heating. The 
outgassing quantity was strongly dependent on the oxygen content of the as-prepared 
material. The morphology changes in the material can be regarded as a carbon-activation 
process involving the incorporation of oxygen in the film during deposition, followed by the 
outgassing of carbon-oxygen compounds during heating in vacuum. Many of the properties 
of the hydrogenated amorphous carbon (a-C:H) film were very similar to those exhibited by 
conventional activated carbons, and it is therefore concluded that the porous baked a-C: H 
film is a form of activated carbon. 

1. Introduction 
Hydrogenated amorphous carbon (a-C:H) prepared 
by reactive sputtering has a number of applications 
including in optical and wear-resistant coatings. The 
physical properties of this material were extensively 
studied in the 1980s [1-3]. One of the important 
properties of these films is their morphology, which 
can vary from being very dense to being rather porous, 
depending on the deposition conditions and on the 
subsequent treatments 1-4, 5]. Many techniques, such 
as scanning electron microscopy (SEM), small-angle 
X-ray scattering and gas adsorption, can be used to 
investigate these morphology properties. The gas- 
adsorption method, in particular, can provide detailed 
information on the morphology of porous materials, 
especially for pores of molecular dimensions. This 
method was used in this work to study the morpho- 
logy of a-C:H films produced by direct current (d.c) 
sputtering. 

Until recently, little attention has been paid to the 
mechanism of the porosity formation in a-C: H mater- 
ials. Previous papers 1-6, 7] have presented some res- 
ults on the porosity and the annealing behaviour of 
the films. This paper provides detailed information on 
the formation of the porosity in a-C:H films and the 
way in which the porosity of heat-treated films de- 
pends on the outgassing quantity and on the oxygen 
content in the films. The oxygen content was mea- 
sured using Rutherford backscattering spectroscopy 
(RBS). The electron-energy-loss technique was used to 

.provide information on the microstructure of the 
films. A model is proposed to explain the mechanism 

of the morphology reconstruction of the films during 
heating. It is argued that the process of porosity 
formation is similar to the process involved in the 
production of conventional active carbons, and that 
the baked a-C:H films are, indeed, a form of active 
carbon. 

2. Experimental procedure 
Amorphous hydrogenated carbon films can be depos- 
ited by d.c. magnetron sputtering decomposition of 
acetylene in a cylindrical sputtering apparatus. The 
cathode of the sputtering apparatus used was a 40 mm 
diameter stainless-steel, water-cooled tube, aligned 
parallel to a 0.03 T magnetic filed I-8, 9]. In this 
process, carbon is deposited onto all the surfaces in the 
chamber, including the cathode. Some of the carbon 
reaching the substrate is therefore deposited directly 
from the discharge, and some is sputtered from the 
cathode. If the concentration of the reactive gas is 
sufficiently high, the deposition rate onto the cathode 
is greater than the rate of removal by sputtering. 
Under these conditions, the cathode becomes com- 
pletely covered with carbon. The material deposited, 
when the cathode is completely covered, is a form of 
hydrogenated carbon; it is called a-C:H-R film in this 
paper. Another form of hydrogenated carbon, called 
a-C:H-S film in this paper, can be obtained by 
sputtering the fully covered cathode in pure argon gas. 

A quartz-crystal microbalance (QCM) technique 
was used to measure the porosity of the films in this 
study. The QCM apparatus which was used has been 
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reported in detail elsewhere [6, 7]. This technique was 
shown recently to be capable of generating useful 
information on the morphology of porous or rough 
surfaces of thin films [7, 10, 11]. The mass of the 
deposited films, and the amount of adsorbed gas on 
the films, can be determined using [12]. 

N / f ~  = - Am~ran (1) 

where Am and mq are the areal mass densities of the 
deposited film (or adsorbed gases) and of the quartz 
crystal, respectively, and Af  and fq are the change of 
frequency and the frequency of the quartz crystal, 
respectively. 

Following deposition, the coated quartz crystal was 
placed in an ion-pumped ultrahigh vacuum (UHV) 
system and evacuated to a pressure of less than 
1 x 10-6 Pa. All the measurements and the heat treat- 
ments were performed in this system. The adsorption 
quantity, or porosity, of the heated films was meas- 
ured after baking without exposing the specimens in 
air, because heated films can chemisorb or trap signi- 
ficant numbers of molecules from air. The mass of 
each film was determined by measuring the frequency 
of the quartz crystal before and after deposition of the 
film. The quantity of material which was outgasssed 
from the a-C:H film due to heating in vacuum was 
also determined using this method by measuring the 
change of frequency of a quartz crystal due to the 
baking process. Benzene was used as the adsorbate in 
all the isothermal adsorption experiments and it was 
purified by a freeze-thaw method. All the isotherms 
were measured at room temperature. A point-by-point 
measurement method was used for obtaining adsorp- 
tion isotherms to ensure that equilibrium was reached 
under all conditions, because the adsorption rate was 
very low at low-cowerage, especially for low-porosity 
microporous films ['7]. 

Four  classes of a-C: H films were prepared in order 
to study the effect of oxygen on the outgassing, and 
therefore on the porosity: reactively sputtered films 
(150Pa l s  -1) with acetylene (167Pa l s - i ) ;  films of 
a-C:H-S sputtered in pure argon (150 Pa l s -1 )  from a 
fully covered cathode; and a-C:H-10, and a-C:H-30 
films, sputtered under similar conditions to those for 
the reactively sputtered film except that argon gas was 
mixed with 10% and 30% oxygen, respectively. The 
oxygen content in the deposited a-C:H films was 
determined by using RBS. This technique is well- 
suited to the non-destructive determination of the 
elemental composition of compounds without the 
need for reference standards, if the atomic ratio of the 
elemental composition is not less than a few per cent. 
The oxygen content in the a-C:H films was measured 
in the RBS experiment using 2.0 MeV He ions with a 
normal incident anglLe and a 165 ~ scattering angle. 

The RBS data was confirmed qualitatively by 
measuring the infrared (i.r.) absorption spectrum for 
the films. In the i.r. spectra, absorption near 
1700cm -1 increased with increases in the oxygen 
content (as determined by the RBS technique). 
Absorption near 1700 cm-  1 indicated the presence of 
C = O bonds [5], since this absorption is present as a 

strong band in many ketones and aldehydes contain- 
ing oxygen. 

Electron-energy-loss spectroscopy (EELS) using a 
Gatan 666 Peels system attached to a Philips EM 430 
electron microscope, was used to determine the plas- 
mon-energy and the shape of the carbon K-edge-shell- 
core loss feature. The plasmon-energy gives a useful 
measure of the atomic density of the network via the 
relationship 

n e  2 
2 mp (2) 

gO m 

where % is the plasmon frequency, n is the number of 
the free electrons per unit volume and m is the elec- 
tronic mass [13]. This formula works well for a wide 
range of materials if n is taken to be the number of 
valence electrons per unit volume. The sp 2 fraction 
was determined from the normalized intensity of the 
n* feature of the carbon K-edge in the manner de- 
scribed by Berger et al. [14]. The result for the sp 2 
fraction was calibrated using a spectrum obtained 
from a C6o film. It is known that C6o films contain 
100% sp 2 bonds. 

3. Results 
3.1. General adsorpt ion data 
Typical adsorption isotherms of benzene for the 
a-C:H-R films baked at different temperatures are 
shown in Fig. 1. The relative pressure is defined, in this 
case, as the pressure, P, of benzene vapour divided 
by the saturated vapour pressure of this material, Po. 
These data were obtained for a reactively sputtered a- 
C:H-R film which was approximately 0.5 ~tm thick. 
The film was deposited onto both sides of a qua'rtz 
crystal. The slope of the isotherms of all the a-C:H 
films are found to be essentially identical for films 
measured in the thickness range 50nm to about 
1.0 gin. We therefore conclude that the adsorption 
capacity of the film is proportional to the mass of a 
sample. This result implies that a-C: H films produced 
in this way, both as-prepared and after baking, are 
uniformly porous, and that the pore size distribution 
is not affected by the thickness. In addition, the 
adsorption of benzene onto the external surface of the 
films is negligible in this thickness range. We define the 
volume of the internal pores of the films as the amount 
of gas adsorbed at a relative pressure of P/Po = 0.9. 
The pore volume in the a-C:H-R films was found to 
be approximately 0.1, 0.2 and 0.4 for films in the as- 
prepared state, and baked at 350 and at 450~ re- 
spectively. 

The isotherms of the as-prepared films shown in 
Fig. 1 can be classified as type II, whilst the isotherms 
of the 350 ~ baked films are more typical of type I, 
where types I and II are defined in [15]. However, 
following baking at 450~ the isotherms become 
pseudotype II with a large contribution from the 
microporosity. The open knee near P/Po = 0.1, and 
the significant mesopore adsorption occurring in the 
range P/Po > 0.2, indicate that a wide range of pore 
sizes exists in the films baked at 450 ~ Upon increas- 
ing the baking temperature to 500 ~ the isotherms 
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Figure 1 Isothermal adsorption data for benzene on the a-C: H-R 
films prepared by reactive decomposition of acetylene in a d.c. 
magnetron discharge: (o) as-prepared; ( + ) baked at 350 ~ for 1 h, 
(A) baked at 450~ for 1 h; (0) baked at 500~ for 1 h, and (O) 
baked at 500 ~ for 21 h. 

again approached type I. It is interesting that the films 
baked at 500~ had a smaller adsorption capacity 
than that of the films baked at 450 ~ This effect can 
be understood in terms of a collapse in the films 
during baking at 500~ which is consistent with 
previous SEM observations of a reduction in the 
thickness of the a - C : H  films due to the extended 
heating of the film at 500 ~ [5]. 

3.2.  O u t g a s s i n g  e f f ec t s  
Outgassing occurred when the samples were heated. 
This mass loss due to the outgassing was found to be 
proportional  to the mass of an as-prepared film. The 
proportionality of outgassing to the mass of an as- 
prepared film indicates that the outgassing plays an 
important  role in the formation of porosity during the 
heating process. The typical dependence of the 
Brunauer -Emmet t -Tel le r  (BET) surface area and 
porosity on the outgassing fraction for the films is 
given in Fig. 2. The BET surface area was derived 
using a method described by, for example, Gregg and 
Sing [15]. The BET area is in units of m 2 for the per 
gram mass of the heat-treated material and it is as- 
sumed that the molecular area of benzene is 0.36 nm2; 
the porosity is defined as the volume of benzene liquid 
adsorbed at a relative pressure of P/P�9 = 0.9 per gram 
of the heat-treated material. The outgassing fraction is 
defined as the ratio of the mass loss to the initial mass 
of the film. The data were obtained from a -C:H-R 
films which were sequentially baked at 350, 450 and 
500 ~ and which were then baked for an extended 
period at 500 ~ 

The BET area rapidly increased with the outgassing 
fraction up to 35%, and then it increased only slightly 
for larger values of mass loss. The porosity was meas- 
ured as 0.45 for a mass loss of 35%. Heating the film at 
500 ~ resulted in further outgassing of the material to 
over 50%, while the porosity remained almost con- 
stant. However, the total adsorption quantity de- 
creased during this process, as shown in Fig. 1. This 
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Figure 2 The effect of the outgassing due to baking on (�9 the 
porosity and ( �9 ) on the adsorption capacity of the a- C: H-R films. 

can be interpreted as a collapse effect, in which the 
thickness of the film decreased with the heating at 
500 ~ but its porosity effectively remained constant. 
In this high-mass-loss range, the increase in the BET 
area and the maintenance of the porosity indicated 
that heating the films at 500 ~ resulted in a reduction 
of the amount  of rues�9 in the films, since the 
micropores will have a larger surface are than that of 
the same volume of mesopores. 

The result above indicates that the morphology of 
the baked a -C :H  films directly depends on the 
amount  of outgassing. Information about  the mech- 
anism of morphology reconstruction can thus be ob- 
tained by considering the effect of outgassing on the 
pore size distribution of the films. In the following 
discussion, we will use the fractal Frenkel-Halsey-Hill 
(FHH) equation [16] as a mechanism to characterize 
the pore size distribution for the films studied in the 
relative pressure range 0.3-0.95. The fractal dimension 
is in the range of 2-3. Smaller values of the fractal 
dimension indicate the existence of larger mesoporosi- 
ties in a film; an ideal micropore adsorption isotherm 
exhibits a horizontal plateau in the mesopore adsorp- 
tion range; thus its fractal dimension is near to 3. The 
fractal dimension therefore provides a parameter  
which assists in the discussion of the dependence of the 
pore size distribution on the mass loss from the a-C: H 
films. 

The dependence of the fractal dimension on the 
outgassing for the films is shown in Fig. 3. For small 
values of outgassing ( < 10%), the fractal dimension 
rapidly increased from about 2.45 up to approxim- 
ately 2.95. This indicates that the outgassing first 
opened the micropores, but not the mesopores, in the 
films. Further outgassing, to about  30%, led to a 
decrease of the fractal dimension to 2.85. This decrease 
in the fractal dimension can be interpreted as a relative 
increase in the rues�9 in the film. Since the overall 
porosity of the films baked at 450 ~ increased due to 
this outgassing, this indicated that both micropores 
and mesopores were created, and that the volume of 
the mesopores exceeded the volume of the micropores. 
For  further outgassing, up to about  50%, the fractal 
dimension increased again and it approached 2.95. As 
stated above, we believe that this is due to the collapse 
of the films with the mesopores having been preferen- 
tially removed during this reconstruction. 
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Figure 3 The fractal dimension of the a-C: H - R  films as a function 
of the outgassing fraction. 

3.3. T h e  e f fec t  of  o x y g e n  
Previous studies using a thermomanometr ic  technique 
[9, 17] have qualitatively shown that the outgassing 
materials from the a -C :H  film consist mainly of CO 
and a small amount  of CO2. The oxygen which is 
incorporated into the a-C: H films is presumed to exist 
as a remnant gas in the deposition chamber, or as an 
impurity in acetylene and argon. The origin of the 
porosity of our baked hydrogenated amorphous car- 
bon films is therefore thought to arise from the 
outgassing of carbon-oxygen structures. In order to 
confirm the assumption that oxygen evolution from 
a -C :H  films dominates the outgassing process during 
heating, we prepared a group of a-C:H-R,  a-C:H-S,  
a-C:H-10 and a-C:H-30 films using gas mixtures of 
argon and acetylene containing different amounts of 
oxygen, as defined above. All these films were approx- 
imately 0.5 gm thick. 

The ratios of oxygen to carbon in these films, as 
determined using the RBS method, are given in Table 
I. Table I also presents previous pyrolysis (PY) data 
[17] on the oxygen-to-carbon ratio for a -C :H-R and 
a -C:H-S films. Good  agreement exists between these 
two measurements. 

These films were then baked in a vacuum in order to 
measure the amount  of material which was outgassed 
due to heating. Fig. 4 presents data of the proport ional  
mass loss, relative to the as-deposited mass, as a 
function of the baking temperature. The heating time 
was 1 h for all the specimens at the specified baking 
temperature. It is clear that significant outgassing 
occurred at baking temperatures above about  300 ~ 
for all the specimens. The outgassing increased signi- 

T A B L E  I T h e  r a t i o  o f  o x y g e n  t o  c a r b o n  i n  a - C : H  f i l m s  d e t e r -  
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Figure 5 The dependence of the sp 2 fraction of carbon on the 
baking temperature in: (O) the a-C:H-R film, and ( �9  the a-C: H- 
10 film. The sp 2 fraction was determined by integration of the n* 
peak on the carbon K edge in the EELS spectrum. 

ficantly with the oxygen-to-carbon ratio. This result is 
consistent with the assumption that the oxygen in the 
films plays an important  role in the outgassing pro- 
cess, and thus in the process of porosity formation. It 
would be interesting to determine whether the out- 
gassing under these baking temperatures is very small 
for films with a very low oxygen content. However, 
despite considerable effort in this study, we were 
unable to produce films with a very low oxygen 
content. It seems that even very small amounts of 
oxygen in the discharge are preferentially incorpor- 
ated into the film, presumably because of the very 
strong interaction between oxygen ions and carbon 
species. 

3.4. The sp 2 f rac t ion  and the p l a s m o n - e n e r g y  
The dependence of the sp = fraction in the films on the 
baking temperature is shown in Fig. 5 for the a-C : H-R 
and a-C:H-10 specimens. Both films had a similar 
behaviour. At baking temperatures below approxim- 
ately 350~ the change in the sp = fraction was 
relatively small. Above this temperature, however, a 
significant increase in the sp z fraction took place. This 
observation agreed with a previous result obtaine'd 
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using a nuclear magnetic resonance (NMR) technique 
[18]. This baking-temperature dependence is similar 
to that of the outgassing in the films; this probably 
indicates that a similar mechanism is responsible for 
all these effects. The low sp 2 fraction for the films 
baked at low temperatures implies that the carbon 
atoms in the films are present mainly in an aliphatic 
co-ordination [18]. The aliphatic structure can be due 
to the presence of either hydrogen or oxygen in the 
films. The increase in the sp 2 fraction for the films 
baked at higher temperatures indicates that the mater- 
ial becomes more and more aromatic during this 
process. 

Values for the plasmon energy of the a-C : H-R and 
a-C:H-10 films are given in Fig. 6 as a function of the 
baking temperature. If we assume that the number of 
valence electrons per carbon atom is equal to four for 
the films, irrespective of the bonding configuration, 
these data can be used to deduce the density of the 
films. The low plasmon energy for films baked at 
temperatures about 350-400 ~ may be interpreted as 
resulting from a reduction of the density due to the 
outgassing without significant collapse in the films. 
The slight increase in the plasmon energy for the films 
baked at 500 ~ may be due to two effects. Firstly, 
collapse may occur in the films during this baking. 
Secondly, the carbon-to-oxygen ratio in the films 
increased due to the outgassing of carbon-oxygen 
compounds, and each oxygen atom in the films pro- 
vided fewer free electrons than each carbon atom. 

4. Discussion 
An active carbon model is proposed as the mechanism 
of the morphology reconstruction of the a-C: H films 
during heating in vacuum. The activation process of 
the film consists of the incorporation of oxygen in the 
a-C:H films during deposition, followed by out 
gassing during heating in vacuum. The picture emerg- 
ing for the process is that the porosity of baked films 
essentially depends on the oxygen-to-carbon ratio in 
the as-prepared films. By varying the content of the 
oxygen in the as-prepared a-C: H film and the heating 
condition, active carbon films ean be obtained with a 
variety of morphologies and chemical structures. In 
addition, in a similar way to traditional activation 
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Figure 6 The plasmon energy obtained from the EELS spectrum as 
a function of the baking temperature for: (0 )  the a-C:I-I-R film, and 
(A) the a-C:H-10 film. 

processes, the films may be further activated by further 
outgassing after oxidation of the baked material. 

A comparison was made of the morphology re- 
construction and properties of the film and those of 
conventional active carbons. Many physical proper- 
ties of the film, and the processes which occur during 
the heat treatment, were shown to be very similar to 
those for conventional activated carbons. The mech- 
anism of activation presumably involves the removal 
of oxygen from the film in the form of carbon-oxygen 
compounds. 

The density of the as-deposited a-C:H film, or the 
raw material, used in this study was about 
1.2-1.6 g cm -3, depending on deposition conditions 
[5]. The as-prepared a-C:H films consisted mainly of 
carbon, oxygen and hydrogen. The carbon content 
and the density were very close to those of soft coal or 
to a semi-hard coal material, which is one of the most 
commonly used materials in the manufacture of activ- 
ated carbons [19]. This raw material shows some of 
the characteristics of polymer-like materials. We have 
shown using the electron-energy-loss technique that 
the as-deposited a-C: H film contained a large amount 
of aliphatic structures. This observation is consistent 
with previous i.r. and NMR spectroscopy studies [5, 
18]. The heat-treated films contained a substantial 
amount of carbon in threefold co-ordination; this 
arises from the presence of aromatic structures. These 
aromatic structures are a characteristic of a conven- 
tional activated carbon [19]. 

As in other traditional activation processes, out- 
gassing or evolution of volatiles occurs from the films 
during heating. The amount of outgassing is also an 
important parameter in traditional activation pro- 
cesses being related to the pore volume and the pore 
size distribution of active carbons. An extensive ther- 
momanometric study [17] showed that the outgassing 
materials in the film consist of mainly CO and of a 
small amount CO2. In the first stage of the heating 
process, the outgassing involves thermal decomposi- 
tion of the carbonaceous material, eliminating 
non-carbon species, such as Ar. The removal of the 
volatiles mostly occurs [17, 20] at baking temper- 
atures below 350 ~ This process is very similar to the 
carbonization process in the manufacture of conven- 
tional active carbons. These materials can be further 
activated by baking at temperatures over 350 ~ Heat 
treatment of the films at temperatures over 350~ 
causes significant outgassing, principally of CO. As 
the amount of outgassing progressively increases, the 
heat treatment first opens the micropores in the 
slightly mesoporous, or rough, raw material, and then 
it enlarges these micropores by burning off the walls 
between them; thus the number of mesopores is in- 
creased. With prolonged heating at high temperatures, 
further burning off occurs, resulting in the collapse of 
the films; this reduces the numbers of mesopores. This 
process of morphology reconstruction is similar to 
that which occurs in the manufacture of active car- 
bons [19]. 

In conventional active carbons, the activation tem- 
perature is usually in the range 400-800 ~ for chem- 
ical activation and it is in the range 800 1100 ~ for 
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physical activation. In contrast, the activation process 
of the a-C: H films occurs at quite low temperatures, 
and it arises from the carbon activation with oxygen. 
It is known that in the case of the traditional activa- 
tion of carbon material with oxygen both the reactions 

C -Jr- 02--~C0 2 -~- 386 kJ (3) 

2C + O2---*2CO + 225 kJ (4) 

are exothermic and that the reaction is difficult to 
control. In our case, the oxygen was incorporated into 
the films during the deposition at room temperature. 
These oxygen-carbon structures which formed during 
deposition can be removed by heating in a vacuum at 
relatively low temperatures. We ruled out the possibil- 
ity that the a-C: H films had been activated during the 
deposition process, and that other gases block up the 
pores in this material during exposure to air in the 
course of transfer from the deposition apparatus to the 
porosity-measurement system. We found that less 
than 2.0% of mass of the films arose from irreversible 
adsorption of air onto the films due to exposure to the 
atmospheric pressure of air after deposition. 

There is no doubt that volatiles other than 
carbon-oxygen compounds also contribute to out- 
gassing during heat treatment. We estimate, however, 
that about 60-70% of outgassing may directly arise 
from carbon-oxygen evolution. Argon and hydrogen, 
which were certainly observed in the previous thermo- 
manometric study, probably account for less than half 
of the missing volatiles. It is clear that outgassing from 
the a-C:H film also depends on the history of heat 
treatment because chemisorption of oxygen on baked 
carbon materials can easily occur. Significant chemi- 
sorption of oxygen on the baked a-C: H films has also 
been observed [21], even in ultra high vacuum sys- 
tems. The adsorbed oxygen cannot itself be outgassed, 
but it is emitted in the form of carbon-oxygen, and 
thus further mass loss occurs. 

It is possible that the outgassing of the rest of the 
missing volatiles, approximately 20% of the total mass 
loss, may arise from the release of hydrocarbons. Wild 
and Koidl have found qualitatively [22] that effusion 
of hydrocarbons from glow-discharge deposited 
a-C:H films can occur at heating temperatures lower 
than 500~ if the voltage of the negatively biased 
substrate onto which the film is deposited is smaller 
than about 300 V. They claimed that the increase in 
the degree of cross-linking and the decrease in the pore 
size in the material can reduce the evolution of hydro- 
carbons during heating. During the heat treatment in 
this study, a large amount of outgassing of 
carbon-oxygen species may have broken down the 
hydrocarbon network in this material thus forming 
some volatile hydrocarbon species at the baking tem- 
peratures. The total outgassing quantity decreased as 
the oxygen content in the films was reduced. This 
indicates that significant outgassing of hydrocarbon 
species will not occur without outgassing of 
carbon-oxygen compounds at these baking temper- 
atures. This secondary outgassing mechanism of hy- 
drocarbons is consistent with the result that the ratio 
of the missing volatiles is approximately independent 

of the ratio of oxygen to carbon in the film. The 
outgassed hydrocarbon species may condense on the 
walls of the chamber without reaching the mass- 
spectrometer analyser; this perhaps explains why no 
obvious hydrocarbon evolution from the films was 
found in a previous study [17]. Further experi- 
mental work should be undertaken in order to con- 
firm this idea. However, compared to the effect of 
oxygen, this secondary outgassing effect of hydrocar- 
bons should be less important for the material studied 
in this work. 

Commercial activated carbons (bulk materials) are 
excellent adsorbents. Because of their high adsorption 
capacity and their high degree of surface reactivity, 
they are used widely in applications such as purifica- 
tion, detoxication and catalysis. The activated carbon 
film studied here may also have many applications. 
The highly porous a-C:H film obtained in this labor- 
atory has been used [23] as a thermal switch in 
evacuated tubular solar thermal collectors: at low 
temperatures it adsorbs gases and increases the level 
of the vacuum in the collectors, resulting in low 
thermal losses from the collectors; and at high temper- 
atures it desorbs gases, resulting in an increase in the 
heat loss thus reducing the stagnation temperatures in 
the tubes. Recently, two of the authors also found [24] 
that this material can be prepared as an excellent 
molecular-sieve film, which may be used in some 
special circumstances. In addition, many unusual 
properties of activated carbons are associated with 
small amounts of other substances in the materials. 
The sputter deposition technique enables precise 
amounts of other substances to be incorporated into 
activated carbon films. Carbon films may thus be used 
to study further properties of activated-carbon com- 
pounds, and the modification of the surface properties 
of these materials. 

5. Conclusion 
Adsorption results were presented for benzene on 
a-C : H films deposited by a d.c. sputtering technique. 
Heating the films in a vacuum resulted in a significant 
increase in the porosity. The pore volume and the pore 
size distribution was strongly dependent on the heat- 
treatment conditions. This dependence can be under- 
stood in terms of the outgassing occurring during 
heating. The sp 2 hybridization in the films changed 
during baking in a similar way to the change in the 
mass of the outgassed material. The plasmon-energy 
data for the films led to estimates of the film density 
which are consistent with the process of the morpho- 
logy reconstruction and with the composition changes 
which occur during the heating. The amount of out- 
gassing is dependent on the oxygen-to-carbon ratio in 
the material. The mechanism of the morphology re- 
construction is therefore interpreted as an activation 
process consisting of the incorporation of oxygen in 
the a-C:H film during deposition, followed by out- 
gassing of carbon-oxygen compounds by heating in 
vacuum. It was shown that many of the properties of 
the a-C : H films are very similar to those exhibited by 
conventional activated carbons. We conclude that the 
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porous baked films are, indeed, a form of activated 
carbon, with the principal mechanism of activation 
being removal of oxygen from the films in the form of 
carbon-oxygen compounds. 
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