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Abstract

Ž . q qHard amorphous carbon films produced using high-energy ca. 30 keV ion beam deposition of CH and CH on silicon3 4
Ž .wafers, have been investigated by Positron Annihilation Spectroscopy PAS , the results are correlated with Raman

Spectroscopy and Electrical Resistivity measurements. The microstructural modifications of the films as a function of the
annealing temperature in the 300–6008C range have been studied. The evolution of the fractions of sp2 and sp3 bonds is
described and related to the changes of the open volume defect distribution and the graphitization process. q 1999 Elsevier
Science B.V. All rights reserved.

PACS: 61.40.qb; 68.55.Jk; 78.70.Bj; 78.30.y j
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1. Introduction

Ž .Hard amorphous carbon a-C films are interest-
ing materials from the point of view of their physical
and chemical properties, which are close to those of
a diamond. These films can be obtained in a variety
of ways and their properties depend on the deposi-
tion method; many experimental techniques have
been applied in order to characterize the different
films so obtained.

) Corresponding author. Fax: q54-2293-444190; E-mail:
asomoza@exa.unicen.edu.ar

The nature of the bonding in this material is of
particular interest to understand the macroscopic
properties. Electron energy loss spectroscopy
Ž . Ž .EELS , Auger electron spectroscopy AES and X-

Ž .ray photoelectron spectroscopy XPS give informa-
tion about the nature of the local bonding of the
carbon films, i.e., the distribution of atoms among

3 2 w xsp and sp configurations 1 . Electron, X-ray and
neutron diffraction methods are used to evaluate

Žstructural information of amorphous carbon atomic
.distances and bond angles . The composition of these

films can be monitored using Rutherford backscatter-
Ž .ing spectroscopy RBS and the presence of hydro-
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Ž . w xgen by elastic recoil spectroscopy ERDA 2 . Ra-
man spectroscopy is probably the most common
technique to evaluate the amorphous character of

w xthese films 3 .
w xIn recent papers 4,5 we have characterized the

structure and thermal behavior of a-C films obtained
using high energy ion beam deposition methods by
means of EELS, AES, XPS, ERDA and Raman
spectroscopy. The microscopic structure consists of
an amorphous intricate network of sp2 and sp3 C–C
bonds. It is of particular interest to understand the
evolution of this structure with the temperature. Ra-
man spectra showed that graphitization starts at about

w x4508C 6 . In this work we follow the structural
change upon annealing heat treatments by means of

Ž .positron annihilation spectroscopy PAS , Raman
spectroscopy and electrical resistivity measurements.

PAS was demonstrated to be one of the most
powerful techniques in depth profiling of open vol-

Ž .ume defects from vacancies to voids in semicon-
w xductors 7 . Positrons, injected in a solid at kilo-elec-

tron-volts energies, slow down reaching thermal en-
ergies in few picoseconds; after thermalization they
diffuse and are efficiently trapped by open volume
defects, if present. Finally, they annihilate. The anni-
hilation gamma rays carry information about the
momentum of the positron-electron annihilating pair.

Only recently, this technique has been applied in
the study of amorphous thin films. In particular, the
distribution of point defects induced by nitrogen

w ximplantation in a-C:H films 8 , the distribution of
voids in amorphous hydrogenated carbon nitride films
w x w x9 and in a-SiC:H films 10,11 have been investi-
gated. This lack of experimental PAS measurements
is probably due to the difficulties in the interpreta-
tion of the data for the complexity of the amorphous
systems. PAS, on the other hand, permits a non-de-
structive analysis of films as a function of depth
from the first surface layer to the interface with the
substrate. Therefore, PAS can give a direct evidence
of the homogeneity of the films with regards to the
distribution of open volume defects. As the type of
open volume defects varies for the different carbon
based materials, we have also measured by PAS
samples of high oriented pyrolytic graphite, commer-
cial carbon and glassy carbon. These measurements
will be compared with the results obtained for the
amorphous carbon films.

2. Experimental

2.1. Film preparation

Ža-C films were obtained using high energy 30
. w xkeV ion beam deposition methods 12,13 on mirror

Ž .polished 001 silicon wafers, which were chemically
cleaned with trichlorethylene in an ultrasonic bath.
The ion beam is obtained from the decomposition of
99.99% pure methane in the ion source by means of
an electronic arc. The ions are accelerated through an
extracting electrode and then go through a magnetic
steerer in order to separate the Hq ions from the
remaining hydrocarbon ions. Finally, they arrive at a
stainless steel deposition chamber kept under a vac-
uum of 10y5 mbar, where the sample to be coated is
located; no external heating is provided.

Ž q q.When the ions mainly CH and CH arrive at3 4

the substrate surface they disintegrate giving carbon
Žand hydrogen ions with the same velocity which is a
.function of the initial accelerating voltage ; the C

atoms carry a kinetic energy 12 times greater than
the H atoms. At these energies, the carbon range in

Ž .silicon calculated with the TRIM code is about 60
nm, and the H range is only 10 nm. The Si substrate
is progressively C enriched, while the H atoms re-
main near the surface giving therefore a free hydro-
gen amorphous carbon film.

2.2. Film characterization

The films so obtained were analyzed using Raman
spectroscopy, PAS and electrical resistivity measure-
ments. These experiments were performed in as-
grown and annealed films. Samples were annealed in
a vacuum of 10y5 mbar, in 508C steps from 300 up
to 6008C for 20 min, in order to analyze their
thermal stability.

The Raman spectra were taken using an Ar laser
operating at 514.5 nm; the dispersed beam was
analyzed in a 908 geometry.

The electrical resistivity of the films was deter-
mined from I–V measurements. The thickness of the

Ž .layers about 450 nm was large compared with the
roughness of the substrate. The effect of the C–Si
junction and the Si substrate was taken into account.

PAS was performed by a slow electrostatic
w xpositron beam 14 coupled with a High Purity Ger-
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manium Detector. The Doppler-broadening of the
511 keV annihilation line was measured as a func-
tion of the positron implantation energy in the 0.06–
18 keV energy range. The shape of the 511 keV
annihilation line was characterized by the so-called S
parameter. The S parameter is calculated as the ratio

Ž <of the counts in the central area of the peak 511y
<E F0.85 keV, E is the energy of the annihilationg g

. Ž < <gamma ray and the total area of the peak 511yEg

.F4.25 keV . The Doppler-broadening of the 511
keV annihilation line D E is related to the electron-g

positron annihilating pair momentum component p ,z

in the detector direction, by the relationship D E sg

p cr2 where c is the light velocity. The S parameterz

reflects the fraction of positron annihilating with
electrons of low momentum. An increase of the S
parameter values with respect to a non-defected sam-
ple is an indication of positron annihilation in open
volume defects. In condition of trapping saturation,
the higher the S value, the larger the open volume

Ž .defects i.e., vacancy, divacancy, voids in which
positron annihilate. More details about PAS with
Doppler-broadening technique can be found in Refs.
w x15,16 .

3. Results

In previous papers, it has been established that
our as-grown a-C samples consist of an amorphous
network of sp2 and sp3 C–C bonds; from K-edge
EELS measurements it was shown that about 60% of
the atoms are in sp2 sites. A density of 2.1"0.1

3 Ž .grcm ;0.93 the density of graphite was esti-
mated from the plasmon peak at 25.6 eV in the

w xlow-loss region of the EELS spectrum 4 . In these
samples, the H content is less than 5%.

Raman spectra of these amorphous carbon films
present a broad band centered at about 1500–1520

y1 Ž . y1 Žcm G-peak with a shoulder at 1350 cm D-
.peak . The Raman spectrum of crystalline graphite

consists of a narrow band at 1580 cmy1. The spectra
of glassy carbon and microcrystalline graphite, on
the other hand, consist of two bands at 1580 and

y1 Ž1360 cm the latter is due to the lack of long range
.order whose width and relative intensity depend on

Ž .the grain size of the graphite microcrystals Fig. 1 .
When amorphous carbon samples are graphitized by

Fig. 1. Raman spectra of a-C film as-grown, annealed at 6008C
and the commercial microcrystalline graphite.

thermal effects, their Raman spectra resemble those
of glassy or microcrystalline carbon. For these
graphitized samples, the plasmon peak in the low-loss

Žregion of the EELS spectrum shifts to 26.6 eV the
corresponding graphite peak is at 26.5 eV and there-

.fore their densities are similar .
Fig. 2 shows the Raman spectra of the as-grown

and annealed films. The results of the fittings with
two Gaussian line shapes are shown in Table 1. As
the annealing temperature increases, the two peaks
become narrower and the G-peak shifts towards
higher frequencies. At 4508C the G and D peaks
reach the position characteristic of microcrystalline
graphite denoting the presence of graphitic islands in
the films. The I rI ratio of the graphitized samplesD G

provides information about the size andror number
w xof the graphitic islands 17–20 . Between 450 and

5508C the I rI ratio has a rather constant value ofD G

about 3.2 indicating that in this range of tempera-
tures the average size of the graphitic islands re-
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Ž .Fig. 2. Raman spectra of a-C films as-grown and annealed at different temperatures 300, 350, 400, 450, 500, 550 and 6008C samples.
Ž .Deconvolution with Gaussian line shape. Experimental data: solid line; Gaussian fitting curves: broken line .

mains constant. This should suggest that up to 5508C
there is a decrease in the bond angle disorder of the
sp2 bonded atoms that organize in graphitic islands.
At 6008C, however, this ratio grows reaching a value
of 3.9.

The results of the electrical resistivity measure-
ments as a function of the annealing temperature are
shown in Table 2. As can be seen the as-grown films

Ž 9 .have a high resistivity ;5=10 V cm , that falls
to about 20 V cm after annealing at 5508C, and
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Table 1
Experimental data taken from Raman measurements for the sam-
ples studied

Sample I r I Raman RamanD G

ratio G-peak D-peak
y1 y1Ž . Ž .cm cm

as 2.45 1531 1355
tt300 2.27 1563 1364
tt350 2.31 1557 1360
tt400 2.52 1556 1363
tt450 3.09 1575 1364
tt500 3.29 1573 1366
tt550 3.13 1569 1358
tt600 3.91 1573 1351

reaches a value of ;1.5 V cm after annealing at
6008C.

The positron annihilation measurements for the
as-grown sample and the samples annealed at 300,
400, 500, 550, 6008C, are shown in Fig. 3. The
measurements at 350 and 4508C are not shown for
the sake of clarity. The S parameter, normalized to
the silicon S bulk value, is reported as a function of
the mean positron stopping depth:

nzsAE rr , 1Ž .
Ž 2 n.where As3.5 mgrcm keV , r is the density

3 Ž 3expressed in grcm rs2.1y2.2 grcm , in our
.samples , ns1.7. The positron implantation energy

w xE is expressed in keV 16 .
The variation of the mean positron depth, due to

Ž 3.the increase of density from 2.1 to 2.2 grcm
going from the as grown to the 6008C annealed
sample, is of the order of the size of the points
reported in Fig. 3.

First, we will describe the behavior of the S
parameter with reference to the as-grown sample
denoted by the star symbol in Fig. 3. The S parame-

Ž .ter starts from a surface S value S s0.917 , thens

rapidly increases to reach the bulk S value typical of
Ž .the as-grown film S s0.948 . The S value re-b b

Žmains constant up to the interface with Si shown
.with an arrow in Fig. 3 at about 450 nm. The reason

for which the S curve rises monotonically between
the S and the S value is that the fraction ofs b

positron diffusing back to the surface after thermal-
ization decreases progressively with the increase of
the implantation energy. On the other hand, the S

parameter can be expressed as a linear combination
Ssp S qp S where p and p are the fractionss s b b s b

of positron annihilating in a surface state or in a bulk
w xstate, respectively 16 . Thus, a rough estimation of

the positron diffusion length L can be made look-q
ing at the depth corresponding to the S parameter at
which the probability for a positron annihilation in a
surface state or in a bulk state is the same: p sp ss b

Ž0.5. From Fig. 3 we obtain L around 10 nm aq
.more accurate value will be given below . This is a

very low value for the positron diffusion length if
compared, for example, with the L value corre-q

Ž .sponding to the crystalline silicon L (250 nmq
w x21 . A low diffusion length means that positrons are
efficiently trapped by open volume defects. Finally,
for higher positron implantation energy S increases
again and reaches the reference S bulk value of
silicon.

In the heat-treated samples and from Fig. 3, it can
be observed that the film annealed at 3008C has the
same behavior than the as-grown one. The S parame-
ter of the annealed samples in the 350–5008C tem-
perature range differs from the previous curves only
in the first 20 nm and up to this depth the S
parameter is lower than the S parameter correspond-
ing to the as-grown and 3008C annealed samples. It
could be also observed that in these first 20 nm the S
parameter approaches the S value. At 5508C anneal-s

ing temperature we observe a sharp decrease in the

Table 2
Second column: experimental data taken from electrical resistivity
measurements for the samples studied. The associate error to these
experimental determinations is about 30%. Third column: S bulk
value for the measured sample, normalized to the S bulk value of
silicon. The error associated with S is"0.003b

Ž .Sample r V cm S rSb b

silicon
10As-grown ;5=10 0.948
9tt300 ;9=10 0.945
9tt350 ;9=10 0.946
9tt400 ;9=10 0.947
9tt450 ;2=10 0.945
8tt500 ;8=10 0.949

tt550 ;20 0.923
tt600 ;1.5 0.910
HPOG Graphite – 0.883
Glassy carbon – 0.952
Microcrystalline graphite – 0.919
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Ž .Fig. 3. Positron Annihilation Measurements. S parameter normalized to the S bulk value of silicon as a function of the mean positron
Ž .implantation depth for the a-C films as-grown and annealed at different temperatures 300, 400, 500, 550, 6008C . The measurements at 350

and 4508C are not shown for the sake of clarity. The arrow indicates the interface between the carbon film and the silicon substrate.

S value of the film: from 0.948 to 0.922. Finally,b

the S value, in the film thermally treated at 6008C,b

reaches the S value of the surface. At this tempera-s

ture, the film is completely homogeneous in all its
thickness but with a lower S value. This low valueb

of S in comparison with the other S values is, asb b

will be discussed, an indication of a distribution of
smaller open volume defects.

For the discussion of the PAS data it is useful to
know the behavior of positrons in carbon based
materials. For this purpose we have measured the S
parameter as a function of the positron implantation

Ž .energy in the following materials: a in highly ori-
Ž .ented pyrolytic graphite HOPG with the positron

Ž .beam in the direction of the c-axis; b in commer-
Ž .cial microcrystalline graphite; and c in glassy car-

bon. The PAS measurements are reported in Fig. 4
together with the S vs. E curve of the as-grown film
already shown in Fig. 3. All the S data are normal-
ized to the S value of silicon. To extract theb

positron diffusion length from the experimental data,
the PAS data were analyzed by best fitting the S vs.
E curves with the diffusion equation describing the

Žpositron motion in the steady state details about the
model and its application can be found in Refs.

w x.15,21 . The lines through the experimental points
are the results of the best fitting procedures.

All the measured S curves of the samples shown
in Fig. 4, start from an almost equal S values
Ž .;0.92 . On the contrary, the evolution of the S
parameter with respect to the mean implantation
positron depth for each material is very different.

The S curve corresponding to the HOPG reaches
Ž .smoothly a very low value in the bulk S s0.88 .b

As in this type of material, positrons are known to
localize between the closely packed planes of
graphite, this low S value can be related to theb

w xannihilation with the p electrons 22 . By using the
diffusion model, a positron diffusion length L sq
102"6 nm was estimated. Taking into account that

w xthe positron lifetime in graphite is ts212 ps 22 , a
positron diffusion constant D sL2 ty1 s0.49 cm2

q q
sy1 can be obtained. The high S value in ours

HOPG sample could be attributed to imperfections
existing in the first layer of the sample and conse-
quently to the positron trapping in surface defects
w x23 . In fact, it was stated by two-dimensional angu-
lar correlation of annihilation radiation measure-
ments on perfect surface, that the surface-bound
positrons in HOPG annihilate with electrons which
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Ž .Fig. 4. S parameter as a function of the mean positron implantation depth for high oriented pyrolytic graphite open squares , commercial
Ž . Ž . Ž .microcystalline graphite full circles , glassy carbon inverted open triangles and the as-grown a-C film full triangles . The lines through

the experimental point are the best fit with the diffusion equation; see text for details.

are very similar to those found between the closely
w xpacked planes 24 . In this last case one would

expect to measure the same S value for the surface
and the bulk positron state.

As can be seen, the S curve for the commercial
Žmicrocrystalline graphite is almost constant S sb

.0.92 . In this material, positrons are efficiently
trapped in the small open volume distributed through
the amorphous carbon. Due to the fact that the Ss

value is equal to the S value, we cannot evaluateb

the positron diffusion length in this case.
The evolution of S with the positron implantation

mean depth corresponding to glassy carbon shows a
Ž .very high S bulk value S (0.95 . It is worthb

noting that glassy carbon has a microstructure in
Žwhich a big open volume, such as voids from 1 to 4

w x.nm in diameter 23 , is surrounded by carbon layers,
Ž y3 .and that its density r(1.5 g cm is very low

compared with our carbon films or graphite. There-
fore, the high S value in glassy carbon could be
assigned to the positron annihilation in voids. The S
curve, in the case of our glassy carbon sample, does
not vary smoothly: after a slight decrease in the S
value in the first 20 nm, it sharply increases to a high
S value and finally a slight decrease is observed
again. In this case, the diffusion model fails in fitting

Ž .such a sharp increase see the dotted line in Fig. 4 ,
nevertheless, a rough estimation of the diffusion
length gives L (50–60 nm.q

Finally, the diffusion model applied to the S vs.
E data of the as-grown film gives a positron diffu-
sion length of L s7.5"1.5 nm. As can be ob-q
served in Fig. 4, the S value for the as-grown filmb

is a little lower than the S value found for theb

glassy carbon.
In Table 2 we have reported the S value normal-b

ized to the S silicon value for the amorphous carbonb

film and for the other carbon systems. The S isb

constant in the a-C films as-grown and annealed in
the 350–5008C temperature range, its value is slightly
lower than the S value obtained for the glassyb

carbon. For annealing heat treatments at 550 and
6008C, the S value of the a-C films shows anb

important decrease; these values are close to that of
commercial microcrystalline graphite.

4. Discussion

The as-grown a-C samples show a typical Raman
spectrum characteristic of amorphous carbon films,
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Ž 10with a high electrical resistivity value ;10 V

.cm . From PAS measurements, the constancy of Sb

means that the film is homogeneous and that the
open volume defects have a homogeneous distribu-
tion through the film.

To discuss the evolution of the films with the heat
treatments, the experimental results have been di-
vided, according to the annealing temperature range.

Ž .a Films annealed up 4008C show no significant
changes in the Raman spectra and in the electrical
resistivity. On the other hand, a uniform distribution
of open volume defects has been detected by PAS in
the as-grown film and in the films annealed at 300
and 3508C. Probably these open volume defects can

Ž .reach large sizes ;1 nm . It can be guessed from
the high S value, very near to the S value ofb b

w xglassy carbon 23 . From the positron point of view,
the microstructural modification of the films starts
from the surface at the annealing temperature of
4008C. This last finding is unique and it is possible
thanks to the capability of the positron technique to
probe different layers in a non-destructive way.

Ž .b In the annealing heat treatments from 4008C
Raman spectra show that the graphitization process
starts in the films at about 400–4508C. This process
is also reflected in a change of the electrical resistiv-
ity: it becomes about five times lower than the high
value found in the as-grown film, but it is still far
from the corresponding resistivity of a graphitic ma-
terial. This could be an indication that sp2 clusters
are organizing but the existing sp3 bonds remain
stable.

Ž .c In the annealing heat treatments from 500 to
5508C, an abrupt change in the resistivity value is
observed: it falls from 8=108 to 20 V cm. Finally,
at 6008C it falls to 1.5 V cm, somewhat higher than
the resistivity of commercial microcrystalline

Ž .graphite with a grain size of ;7 nm 0.2 V cm .
For the same annealing temperature, the Raman
I rI ratio increases; this fact, together with theD G

abrupt change in the electrical resistivity would sug-
gest that the sp3 bonded carbons begin to organize in
sp2 clusters. An I rI ratio about 3.9 means thatD G

w xthe size of the graphitic clusters is about 1.2 nm 25 .
From PAS measurements, we can affirm that most
probably the open volume defects decrease in size.
The defects seen by PAS change abruptly at 5508C,
in coincidence with the large decrease in the resistiv-

ity. At 6008C the defective structure is changed
definitively, and resembles that monitored in the
commercial microcrystalline graphite. The decrease
in size of the open volume defects is also in agree-
ment with the increase in the density of the annealed
carbon films, similar to that of microcrystalline
graphite.

5. Concluding remarks

On the basis of the information obtained by means
of the experimental techniques used in the present
work, it seems possible to find out a fine picture of
the microstructural modification of the as-grown film
as a function of the annealing temperature. The
modification of the material seems to involve sepa-
rately the two fractions of sp2 and sp3 carbon bonds.

w xAs stated in Ref. 4 , the microscopic structure of
the as-grown film is an amorphous sp3 matrix in
which graphitic clusters are embedded. Positrons
have a very large mobility in carbon structures like

w xgraphite, as seen before, and diamond 26 . So, the
large open volume defects in which they are effi-
ciently trapped are probably localized in the sp3

matrix and at the interface of the sp2 clusters and the
sp3 matrix.

At 4008C the a-C film starts to graphitize, accord-
ing to Raman measurements, but PAS only sees a
change in the first 20 nm of the film and the
resistivity does not change considerably. This behav-
ior can be related to a modification of the sp2

clusters that begin to organize, while the sp3 bonds
and the amorphous sp3 matrix do not change. The
fact that only the sp2 clusters seem to be involved in
the graphitization process in the 400–5008C tempera-
ture range, supports the idea that the large open
volume defects are mainly confined in the sp3 ma-
trix.

When increasing again the annealing temperature,
the sp2 clusters continue to order and the sp3 frac-
tion begins to graphitize. At 5508C the large open
volume defects start to disappear and the resistivity
decreases abruptly. The defects, as seen by PAS, are
now a fine distribution of inter-cluster vacancy-like
defects.

In this work, PAS has demonstrated to give valid
complementary information to Raman spectroscopy
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in the study and characterization of amorphous car-
bon films. The knowledge of the void distributions is
of fundamental importance to understand the mi-
crostructural evolution during thermal treatments. In
fact, a complete picture of the rearrangement process
of this type of material cannot be abstracted from the
void distribution. Moreover, open volume defects
can influence the mechanical as well as the electrical
properties of the films. In future, this non-destructive
technique can be successfully applied in the study of
thin films, and the results correlated to other comple-
mentary techniques.
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