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Effect of graphitic inclusions on the optical gap of tetrahedral amorphous
carbon films

K. B. K. Teo,a) S. E. Rodil, J. T. H. Tsai, A. C. Ferrari, J. Robertson, and W. I. Milne
Engineering Department, University of Cambridge, Trumpington Street, Cambridge
CB2 1PZ United Kingdom

~Received 6 November 2000; accepted for publication 2 January 2001!

High sp3 fraction tetrahedral amorphous carbon (ta-C) films can be prepared using the filtered
cathodic vacuum arc~FCVA!. A by-product of the deposition process are small micrometer sized
graphitic particles which are also incorporated into the film. The particle coverage of FCVA films
is typically,5%, and thus the effect of these graphite inclusions have been largely ignored in earlier
optical gap measurements ofta-C. By incorporating a better filter design~e.g., S-bend filter!, the
particle coverage can be reduced to 0.1%. In this article, we show that the effect of these graphitic
inclusions is to scatter or absorb light which significantly affects the optical gap measurement and
hence reduces the ‘‘apparent’’ optical gap of theta-C film. By comparing twota-C films with
different particle coverage but the samesp3 content of 85%, we show that we can correct for the
effect of these inclusions. Our results confirm that theE04 gap of a 85%sp3ta-C matrix is 3.6 eV.
The importance of considering these micro particles is emphasized as we find that for every 1% of
area covered by particles, there is a 3–4 fold percentage difference between the corrected optical
gap and measured gap of the film. ©2001 American Institute of Physics.
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I. INTRODUCTION

Diamond-like carbon~DLC! is defined as a form o
amorphous carbon or hydrogenated amorphous carbon
taining a high fraction ofsp3 bonds.1 These DLC films are
technologically interesting because they are relatively ea
deposited at room temperature and possess some of th
ceptional properties of diamond such as chemical inertn
mechanical hardness and semiconducting properties. T
hedral amorphous carbon (ta-C), a form of DLC with no
hydrogen and up to 85%sp3 bonding, is commonly depos
ited using a filtered cathodic vacuum arc~FCVA!.2 The
deposition mechanism and characterization of these fi
have been reviewed elsewhere.3,4 This article concentrates o
the optical gap properties ofta-C films deposited by FCVA.

The electronic structure of amorphous carbon is de
mined by itssp3 andsp2 bonding. Robertson and O’Reilly5

showed that amorphous carbon is a two-phase mat
where thes bonds ofsp3 and sp2 sites give rise to thes
valence ands* conduction band states. Theses and s*
states are separated by a wide band gap~5.5 eV! as in dia-
mond. Thesp2 sites in theta-C matrix introducep valence
andp* conduction states within thes –s* gap. These state
form inner band edges and control the optical gap. Thep
states are stabilized by forming parallel oriented pairs
gain further energy by fusing into clusters of aromatic rin
These general results led to the cluster model of amorph
carbon, which proposed thatsp2 and sp3 sites segregated
into sp2 clusters embedded in asp3 bonded matrix. The
cluster model was initially proposed to explain the small g

a!Author to whom correspondence should be addressed; electronic
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~1–2 eV! observed ina-C:H films, since big clusters of aro
matics rings were believed to be the only units able to
count for such small gap. Early measurements of;85% sp3

bondedta-C material prepared by FCVA have determin
the optical gap to be between 2–2.5 eV.3,6 It is questionable,
however, if the cluster model could be extended to expl
the rather low measured optical gap ofta-C prepared by
FCVA. The rate of energy gain by clustering is much low
than the disorder introduced by the deposition conditio
used for theseta-C films.7 Thus, thesp2 sites are unlikely to
form large clusters, as noted by molecular dynam
calculations.8–10 The lack a D peak in the Raman spectra
as depositedta-C films11 also confirms experimentally tha
large clusters do not exist inta-C. Leeet al.12 showed that
the band gap could be controlled by the distortion of sm
rings or chains, instead of the size of the clusters. It has
been shown empirically that the band gap of all forms ofa-C
anda-C:H depend on thesp2 fraction. Generally, the band
gap decreases as thesp2 fraction increases:7,11,13,14We thus
do not expect 85%sp3 bondedta-C prepared by FCVA to
exhibit such a low optical gap of 2–2.5 eV.

In this article, we present another parameter which ha
strong effect on the measured optical gap ofta-C films de-
posited by the FCVA technique. In a vacuum arc dischar
particles are ejected from the arc source together with i
and electrons15 which form the plasma for deposition. Th
implementation of a 90° magnetic filter16 can remove much
of the macro-sized particles from the plasma. However,
pending on the filter efficiency, it is still possible to fin
micron and submicron sized particles arriving at the s
strate. To improve the filtering of these micron and subm
cron particles, double bend filters have been develope17

The carbon films deposited by FCVA are thus a composite
il:
6 © 2001 American Institute of Physics
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micron sized graphitic particles dispersed in an amorph
ta-C matrix. In areas which do not have graphitic inclusio
the ta-C matrix is in fact extremely smooth. Recent me
surements with a scanning tunneling-microscopy ove
400 nm3400 nm area have shown that the rms roughnes
only 1.3 Å ~peak to peak 8 Å!.18

The effect of micrometer-sized graphitic inclusions
the measured optical gap is clearly illustrated in Fig. 1~a!.
Column A presents data obtained from ata-C film deposited
with a 90°-bend FCVA system. The optical gap ranges fr
2 to 2.5 eV for films with 85%sp3. Column B presents dat
from another 90°-bend FCVA but with a better filter desig
The band gap obtained for 85%sp3 is from 3–3.2 eV. Fi-
nally, column C corresponds to data obtained from ata-C
film produced by an S-bend filter. Thesp3 content in these
film is again 85%, however, the band gap for the correspo
ing film is 3.6 eV. The three films shown in Fig. 1 have
different optical gap despite having the samesp3 fraction.
The visible micro-Raman spectra of the matrix of the th
films, as shown in Fig. 1~b!, can be fitted with a Breit–
Wigner–Fano line without a D peak.11 This verifies that
there is no clustering in the matrix.11

It must be noted that in order to determine thesp3 frac-
tion, transmission electron energy loss spectroscopy~EELS!
is performed using a submicron probe to avoid the microp
ticles. Therefore, thesp3 content corresponds to theta-C
matrix. Similarly, Raman spectroscopy is performed

FIG. 1. ~a! ta-C films produced from FCVAs with different filters can hav
the samesp3 content in the matrix but different measured opticalE04 gaps.
~b! Raman spectroscopy shows that there is little or no clustering~lack of D
peak! in the ta-C matrix. It is clear that the microparticle inclusions affe
the optical gap measurement since theta-C matrix in all three cases is
essentially the same.
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micro-Raman in a clean area of the sample. However, w
optical measurements are carried out, a much larger are
usually being examined and this area ranges from 0.1 t
mm in diameter depending on the beam size of the li
source/laser in the measurement instrument. In this m
larger area, the effects of light absorption or scattering fr
the graphitic inclusions become significant in determini
the optical absorption properties of theta-C matrix.

II. EXPERIMENTAL METHOD

ta-C films of ;30 nm were deposited on quartz su
strates from two FCVA systems with different types of fi
ters. One FCVA deposition system utilized a 90°-bend fil
whereas the other system had an S-bend~off plane double
bend type! filter. The ta-C films were prepared under con
ditions which yielded the samesp3 content in both systems
Transmission EELS was performed using a 400 nm prob
confirm thesp3 fraction of theta-C matrix.

For optical absorption measurements, an UV-visib
spectrometer with a light beam area of 2 mm2 normally in-
cident to the substrate was used. The transmitta
(Texperiment) and reflectance (Rexperiment) spectra of theta-C
film on the quartz substrate were measured. For the cas
homogeneous materials with smooth surfaces in which s
tering losses are negligible, traditional expressions for tra
mittance (Tcalculated) and reflectance (Rcalculated) for a thin
film on a thick nonabsorbing substrate can be obtained
relating the refractive index~n! and extinction coefficient~k!
with the Fresnel transmission and reflection coefficientsn
and k are determined by solving iteratively the system
equations

Tcalculated~n,k,l!2Texperiment~l!50, ~1!

Rcalculated~n,k,l!2Rexperiment~l!50, ~2!

whereTcalculatedandRcalculatedare calculated values over th
parameter space forn, k, andl. Multiple solutions forn and
k are a usual problem in this type of calculation. Howev
whenRexperimentandTexperimentare measured under the sam
conditions, the multiple solutions fork do not deviate con-
siderably from the true values, so that the problem is mai
restricted to the refractive index. For this, we determine thn
of a sample deposited simultaneously on Si by a sepa
technique, namely fixed wavelength ellipsometry at 63
nm. This complementary data forn assists us in choosing th
correctn solution.

The absorption coefficient,a, was then obtained using
the dispersion relation

a5
4pk

l
, ~3!

wherel is the wavelength in nanometers.
The optical gap of an amorphous semiconductor is c

ventionally defined as the energy (E04) at which the absorp-
tion coefficient,a5104 cm21.

The films were also examined under a high resolut
optical microscope~up to 10003! fitted with a high-
resolution charge coupled device camera (128031024 pix-
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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els!. Optical micrographs of the films were obtained a
these were processed digitally to determine statistics for
in-film particles such as the area coverage and size distr
tions. The algorithm used scanned each pixel of the mic
graph and compared the gray-scale value of the pixel w
the background gray scale of the film. If the pixel was dar
than the film, it was considered as a particle and its surrou
ing pixels were also examined to determine if it belonged
a group of pixels which constituted a larger particle. T
entire micrograph was scanned pixel by pixel in this way
capture all the particles and their respective areas/sizes.
film prepared by the 90°-bend filter was also examined un
a scanning electron microscope~SEM!.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The EELS measurements confirmed that thesp3 content
of the ta-C matrix of the films prepared from the 90°-ben
filter and the S-bend filter were both 85%.13 Assuming no
scattering effects from the particles, the optical absorpt
coefficient versus photon energy plot is given in Fig. 2. T
E04 gap of the films prepared by the 90°-bend filter and
S-bend filter are 3.15 and 3.6 eV, respectively. There i
clear reduction in the gap of the film prepared by the 9
bend filter although theta-C matrix of both films is essen
tially the same.

Figures 3~a! and 3~b! are optical micrographs of th
films. Although both films appear to be smooth and transp
ent to the naked eye, black micrometer-sized particles
clearly visible when examined under the microscope. It
evident that the film prepared by the 90°-bend filter ha
much higher microparticle density than the film prepared
the S bend. A larger area was examined for the S-bend fi
film in order to deliberately capture more particles and obt
‘‘worst case’’ particle statistics. The particle size distrib
tions for both films are illustrated in Fig. 4~a! and the aver-
age size of the particles found on the films is 1mm. The
particle area coverage of the film produced by the 90°-b
filter and the S-bend filter are 3.22% and 0.01%, resp

FIG. 2. The optical absorption coefficient~a! is plotted against photon
energy for the 90°-bend filter film and the S-bend filter film.
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tively. The SEM image of the film produced by the 90°-be
filter @Fig. 4~b!# clearly shows the micrometer-sized particl
at higher magnification.

We note that the microparticles appear dark in contr
to theta-C matrix which is ‘‘semitransparent.’’ If light were
transmitted by the microparticles, the microparticles wou
have appeared transparent. If light were reflected, the
ticles would have appeared shiny. Thus, to a first approxim
tion, we can assume that no light has been transmitted
reflected wherever a black graphite particle is found on
film. The SEM image of the film shows that the particles a
multifaceted flakes that are randomly oriented. Hence, in
dent light will be scattered in random directions due to t
random orientation of faces of the particles when these p
ticles are illuminated. The particles appear bright in the SE
as secondary electrons can easily escape from the ed
faces of the particles.

As a first approximation to the problem, the effect
light absorption or scattering from these particles can be
counted for by adjusting theTexperimentandRexperimentspectra
accordingly. We assume that that the light incident on
randomly oriented microparticles is completely lost. This
duces the measuredTexperiment and Rexperiment spectra, and
hence, both have to be scaled by an amount according to

FIG. 3. Optical micrographs of the 90°-bend filter film and the S-bend fi
film are shown in~a! and ~b!, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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percentage of the area~P! covered by the microparticles. W
now define

Tcorrected5TexperimentS 1

12PD ,

and

Rcorrected5RexperimentS 1

12PD . ~4!

These corrections~4,5! were applied to the original ex
perimental transmittance and reflectance spectra of the
bend film for values of area coverage from 1% to 5%. T
absorption spectra were then rederived using the method
tailed in Sec. II and the resultant spectra are plotted in Fig
The correctedE04 gap increases with the particle area co
erage as expected because the real gap should be highe
the measured gap if the particles are causing unwanted
of the detected light signal. At a particle area coverage
3.22%, the corrected gap is 3.57 eV which corresponds w
to the 3.6 eV gap obtained with the ‘‘clean’’ film produce
by the S-bend filter. The particle area coverage of 0.01%
the S-bend filter film does not affect the optical gap of t
film significantly.

The error between the measured and corrected op
gap is plotted against the particle coverage in Fig. 6.
every 1% of area covered by particles, there is a 3–4 f

FIG. 4. ~a! The particle size distribution histogram shown here is genera
using the micrographs of Fig. 3.~b! The SEM image of the film prepared
from the 90°-bend filter.
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percentage difference between the corrected optical gap
measured optical gap of the film. This shows that the opt
gap measurement is sensitive to small coverages of parti
which can only be reliably detected and characterized un
a microscope.

Our correction method based on optical image analy
of the film is effective because the gap lies near the visi
photon energy range. At other energies, the correction m
not be effective because there will be an energy depende
absorption from the particles which will not correspond d
rectly with the optical micrograph obtained in the visib
energy range. It is also noted that the correction meth
might not be effective for high particle densities/area cov
age because the particles, now spaced a few microns a
form a randomly spaced diffraction grid which causes ev
more light loss.

IV. CONCLUSIONS

We have highlighted the importance of consideri
the scattering effects of micrometer-sized particles wh

d

FIG. 5. ~a! Corrected optical absorption coefficient~a! vs energy plots are
derived for the 90°-bend filter film by taking into account various partic
area coverages~1%–5%!. ~b! TheE04 gap is plotted against the particle are
coverage. For 3.22%, which is the particle area coverage of the 90°-b
filter film, the corrected gap of 3.57 eV corresponds well to the gap of
clean S-bend filter film of 3.6 eV.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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measuring the optical gap ofta-C films prepared by FCVA
by photometric methods. Twota-C films prepared from dif-
ferent filters can have the samesp3 content but seemingly
different optical gaps if the particle area coverage is not c
sidered. The optical gap is shown to be similar for both fil
when the particle area coverage, computed directly from
tical micrographs of the film, is used to correct the optic
gap. This work can be extended tota-C films prepared by
pulsed laser deposition where micrometer-sized particles
also generated during deposition. The effect of these
ticles should also be considered in any optical measurem
technique in which the probing area is large enough to ‘‘c
ture’’ the particles from the deposition process. We have a
shown that theE04 gap of 85%sp3 bondedta-C is 3.6 eV.

FIG. 6. The error in the measured optical gap is plotted against the pa
area coverage. For every 1% of particle area coverage, there is a 3–4
error in theE04 gap measurement.
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