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Abstract
The deposition and characterisation of tetrahedral amorphous carbon (ta-C) with an E04 optical gap of 3.5 eV and Tauc gap of
3 eV is presented. This is the highest optical gap reported in literature for ta-C and was directly measured using photothermal
deflection spectroscopy (PDS) and UV-Vis spectrophotometry. Independent PDS, UV-Vis and electron energy loss spectroscopy
(EELS) measurements confirmed the high gap. A large Urbach slope of 600 meV was measured, which indicated that there are
many tail states. Electron spin resonance (ESR) measurements confirmed that this material has a high spin density of 7.5=1020
spinsycm3. Post-deposition vacuum annealing of the samples to 500 8C resulted in a small increase of the optical gap, E04;3.6
eV, and a decrease of the defects to 2.7=1020 spinsycm3 . Post-deposition annealing at this temperature did not significantly
change the sp3 fraction, but caused a 2–3 order of magnitude increase of the conductivity and a significant reduction of the stress.
Thus, this is the first demonstration that we can engineer the defects in ta-C by increasing the electron delocalisation whilst
maintaining the high sp3 and optical gap of the material. 䊚 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The great versatility of carbon materials arises from
the strong dependence of their properties on the ratio of
sp2 (graphite-like) to sp3 (diamond-like) bonds in the
material. An amorphous carbon with a high fraction of
sp3 bonds is named diamond-like carbon (DLC). There
are many forms of sp2 bonded carbons with various
degrees of graphitic ordering, ranging from microcrystalline graphite to glassy carbon. In general, an amorphous carbon can have any mixture of sp3, sp2 and even
sp1 sites, with the possible presence of up to 60 at.%
hydrogen w1–3x. The hydrogenated amorphous carbons
(a-C:H) have a rather small C–C sp3 content. DLCs
with higher sp3 contents are termed tetrahedral amorphous carbon (ta-C) and their hydrogenated analogue,
ta-C:H. Ta-C can be grown by a number of deposition
techniques involving energetic ions or plasma beams,
such as filtered cathodic vacuum arc (FCVA) w4x, mass
selected ion beam (MSIB) w5x and pulsed laser deposi*Corresponding author. Tel.: q44-1223-765242; fax: q44-1223332662.
E-mail address: acf26@eng.cam.ac.uk (A.C. Ferrari).

tion (PLD) w6x. During the deposition process, energetic
carbon ions subplant in the growing film to form dense
and metastable sp3 bonding w4,5x.
The basic electronic structure of amorphous carbon
consists of strong s bonds of sp3 and sp2 sites forming
the occupied bonding (s) states in the valence band
and the empty antibonding (s*) states in the conduction
band, separated by a wide gap of ;5 eV w1–3x. The p
bonds of sp2 and sp1 sites give rise to occupied p and
unoccupied p* states which lie largely within the s–
s* gap and thus control the effective gap of the material.
Diamond has a band gap of 5.5 eV, room temperature
conductivity of 10y18 V cmy1, density of 3.515 gy
cm3 and an isotropic average Young’s modulus of 1144.6
GPa. It has been possible to deposit uniform ta-C films
with 88% sp3, 3.3 gycm3 density w7x and 760 GPa
Young’s modulus w8x, which directly correlate with the
mechanical properties of diamond when considering the
sp3 fraction of the ta-C film. In contrast, there is a large
spread in the electronic properties of the ta-C films
measured by various groups. Conductive (;4 V cmy1)
low band gap (;0 eV) w9x as well as resistive (10y7
to 10y11 V cmy1) high band gap (E04 up to 3 eV)
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w10–13x ta-C films have been reported, but with essentially the same sp3 content. Indeed, unlike the density
or Young’s modulus which reached 70% or more of the
corresponding property in diamond, the reported optical
gaps lie between ;40 and 55% of the diamond band
gap w4,5,12–14x, the typical Tauc gap being ;2.1–2.4
eV.
The electronic properties of ta-C mainly depend on
the local configuration of the sp2 sites rather than simply
the sp3 ysp2 fraction. Conductive low band gap high
sp3 ta-C films can be formed by annealing resistive high
band gap as-deposited ta-C films w12,13,15x. Theoretically, it has been shown that if the sp2 sites form
graphitic clusters in amorphous carbon, the band gap
will be significantly reduced w1–3x. However, the formation of large clusters in ta-C is opposed by disorder
due to the deposition process w16x, and molecular
dynamics simulations indicate that the sp2 sites are
unlikely to form large clusters in ta-C w17–19x. The
presence of graphitic inclusions from the deposition
process, as well as cross-sectional non-uniformity, can
reduce the effective gap of the material w20x.
Here we report on the deposition of ta-C films with
an E04 gap up to 3.5 eV and Tauc gap up to 3.0 eV.
This is the highest optical gap ta-C reported in literature
measured directly using photothermal deflection spectroscopy (PDS) and UV-Vis spectrophotometry.
Although the films exhibit a large optical gap, a large
number of defect states was found to fill the mid-gap
region. Annealing the samples at 500 8C reduced the
defect density and increased the optical gap. This annealing does not significantly change the sp3 fraction, but
gives a 2–3 order of magnitude increase of the conductivity and a significant reduction of the stress w12,13x.
This, in principle, shows that it is possible to improve
the electronic properties of ta-C.
2. Experiment
The ta-C films were deposited using a filtered cathodic vacuum arc system with an integrated off plane
double bend (S-bend) magnetic filter. Ta-C films with
particle area coverage of less than 0.01% and uniform
cross-section were consistently deposited using this sys˚
tem w7,20x. The deposition rate is 5 Ays
and the
thickness variation over a 60=60 mm substrate is
typically 7% in total. The deposition chamber was
evacuated to 1=10y8 torr using a turbo molecular
pump. From EELS, the sp3 fraction of the films was
;88% w7x and the plasmon energy was ;31.4 eV.
For the optical gap experiments, ta-C films of 30-nm
thickness were deposited on spectral-grade quartz and
polished silicon substrates. Independent UV-VIS spectrophotometry measurements, performed on two different
systems, and photothermal deflection spectroscopy
(PDS) measurements were used to probe the optical
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absorption of our samples in the l–6 eV photon energy
range. The calibration of the PDS measurements was
performed both by using the same PDS apparatus
operating at saturation conditions and by comparison
with the optical measurements.
Kramers–Kronig analysis of the low loss EELS spectrum w21x was also performed on free-standing ta-C
films prepared by etching the silicon substrates in
HF:HNO3 solution. Momentum resolved EELS measurements were taken at off-axis configuration in order
to reduce the contribution of surface losses. The EELS
measurement were carried out on a VG 501 scanning
transmission electron microscope equipped with a dedicated spectrometer and a McMullan parallel EELS
detection system. The energy dependence of the real
and imaginary parts (´1 and ´2) of the dielectric function
were calculated, together with other optical quantities
such as the absorption coefficient and the reflectivity
w21x. Although a typical energy loss spectrum has a
poorer energy resolution than spectrophotometry and
gives less reliable data for very low energies due to
difficulties in suppressing the zero loss, its energy range
is greater w21x and hence provides a better definition of
the Tauc gap.
A combination of Raman spectroscopy and electron
spin resonance (ESR) was used to further determine the
nature of the sp2 network. The Raman spectra of the taC film on silicon substrate were obtained using excitation at 514.5 and 229 nm. The spin density was
measured for films deposited on a quartz substrate. The
spin density was calibrated by a water diluted TEMPO
standard in a capillary tube. The deconvolution of the
overall signal into the two contributions was obtained
by standard numerical routines.
Temperature-dependent ESR measurements were performed using free-standing ta-C films obtained by etching the silicon substrates. The etching process is the
same used to prepare the EELS specimens w10x.
Although this is a lengthy procedure, it avoids any
inclusion of particles, which occurs if the powder was
prepared by performing a very long deposition in order
to let the sample delaminate w22x. Measurements on the
free-standing films, kept in a quartz tube under static
vacuum, were first performed at room temperature in
order to verify the results obtained for the quartz
deposited specimen.
Finally, one set of as-deposited samples was annealed
to 500 8C under vacuum conditions. This temperature
was specifically chosen as it is low enough not to
change the sp3 content, but high enough to influence
the configuration of the sp2 phase w12,13x. The optical
absorption and ESR measurements as described above
were thus repeated on these samples.
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determined to be ;600 meV, which is higher than what
is usually found in ta-C w15x. Thus, these high optical
ta-C films contained a high density of tail states.
Fig. 3 shows the comparison between the 514.5 nm
and 229 nm Raman spectra of the ta-C film. No D peak
was present and the dispersion of the G peak position
between visible and UV Raman was ;130 cmy1, the
highest amongst amorphous carbons w23,24x, thus confirming that aromatic clusters are absent in the matrix.
The very high G position in the UV Raman spectrum
can only be due to short C_C sp2 chains, if one
considers that the C_C stretching vibration in ethylene
is ;1630 cmy1.
The measured spin density of our films was 7.5
("2.5)=1020 spinsycm3, which is amongst the highest
values reported for ta-C w4,15x. In theoretical calculations of the electronic density of states of ta-C w25x,
electronic defect states were found to dominate at the
Fermi level. These are due to isolated sp2 units, sp2
pairs with strong dihedral distortions, and non-bonding
p states; all these contribute to the ESR signal. The
comparison of the signals linewidths recorded from 4 to
300 K is shown in Fig. 4. A line-width decrease with
increasing temperature can be observed. This is opposite
to the behaviour reported w22x previously for a ta-C
sample, obtained by using powders collected over a

Fig. 1. (a) Absorption coefficient, a, vs. photon energy and (b) Tauc
plot for the high gap ta-C film derived from a combination of PDS
and UV-Vis measurements. The E04 gap is ;3.5 eV and the Tauc gap
(fitted from 4 to 6 eV) is ;3 eV. An Urbach-like trend, is found at
low energies.

3. Results and discussion
The optical absorption characteristics of the as-deposited ta-C films are plotted in Fig. 1. Good agreement
was found between the measurements and it was possible to combine the PDS and UV-Vis data to provide a
complete picture of the absorption coefficient from l to
6 eV. The E04 gap, defined as the energy at which the
absorption coefficient as104 cmy1, was ;3.5 eV. The
Tauc gap, extracted from the Tauc plot of Fig. 1b, was
;3.0 eV. This result was consistently reproduced on
measurements made on a series of different samples
deposited under the same conditions. The results of the
Kramers–Kronig analysis of EELS data are shown in
Fig. 2a,b. Fig. 2a plots ´1 and ´2. Fig. 2b shows, over
a wider energy range, that the Tauc gap was ;3.5 eV.
Despite the large optical gap, Figs. 1a,b show that the
band tail only slowly decreases inside the gap and the
absorption coefficient exhibits an exponential decay
from 4 eV down to 1 eV. The Urbach slope was

Fig. 2. (a) Real and imaginary part (´1 and ´2) of the dielectric
function of a high gap ta-C film derived from a Kramers–Kronig
analysis of the low loss EELS spectrum. (b) Tauc plot from absorption
data derived by EELS. The Tauc gap is ;3.5 eV when fitted over
the wider energy range from 4 to 10 eV, which confirms the optical
data in Fig. 1.
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Fig. 4. Temperature dependence of the peak-to-peak line-width as
obtained by fitting the ESR spectra with Lorentzian shapes. The continuous line represents a guide for the eye. A trend of decrease in
line-width with increasing temperature can be observed, which is
opposite to previous measurements w22x.

Fig. 3. The 514.5 and 229 nm Raman spectra of a high gap ta-C film.
Unpolarised Raman spectra were acquired in backscattering geometry.
A Renishaw micro-Raman system modified for UV excitation was
used to record the spectrum at 229 nm. Another Renishaw system was
used for 514.5 nm. No D peak is present. The dispersion of the G
peak position between visible and UV Raman is ;130 cmy1.

long deposition time from a single bend FCVA. The
line-width is determined mainly by the spin–spin relaxation time w26x. The spin–spin interaction is an exchange
coupling, which does not dissipate energy. The energy
is dissipated by interactions with the lattice. If the
motion occurs by hopping from one site to the other, a
decrease of line-width with temperature is expected,
since the line-width is proportional to the inverse of the
mobility w27x and the mobility is thermally activated.
Thus, the mobility of carriers is thermally activated for
our samples and electrical conduction occurs by hopping, while it was previously reported w22x as being due
to extended or overlapping states (i.e. percolating
through the sample). The new result is consistent with
that expected for such high optical gap films. The
previous results w22x may be due to the presence of
graphite particles which were generated from the less
well filtered deposition process carried over long deposition times, and the presence of layers of different
density and higher sp2 clustering which are usually
present in these previous film w7x.
The challenge now is to reduce the number of defects,
whilst maintaining or even further widening the optical
gap. This could be achieved by increasing the delocalisation of the sp2 phase, but without increasing the sp2
content. This concept was demonstrated by annealing
the as-deposited samples at 500 8C in vacuum. Fig. 5
plots the optical absorption coefficient of the annealed

ta-C film with the previous low gap ta-C film for
comparison.
In a semi-logarithmic scale, we note that the absorption for previous low gap ta-C films have a parabolic
decay from 3 to 1 eV. However, the low energy absorption trend of our as-deposited high gap ta-C films was
exponential and Urbach-like (Fig. 1a). After annealing,
the low energy absorption trend of the high gap ta-C
film reverted to the parabolic-like decay similar to the
low gap ta-C film. There was also a slight increase of
0.l eV in the E04 of annealed high gap ta-C film, which
was consistently detected for other annealed samples.
The parabolic optical absorption spectra in the low
energy regime has been attributed w28–30x to p–p*
transitions between Gaussian-shaped distributions of

Fig. 5. Absorption coefficient, a, vs. photon energy plot for a low
gap ta-C film and an annealed high gap ta-C film. Both films exhibit
parabolic decay in the absorption coefficient at low energies, which
arise from p–p* transitions. After annealing, the high gap film has
lower absorption at low energies because of the parabolic decay compared with the Urbach-like decay of Fig. 1. This implies that less tail
states are present after annealing.
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localised p and p* states 1–3 eV above and below the
local atomic energy level. These transitions typically
exist in low gap ta-C and a-C:H films which thus exhibit
a parabolic decay in a semi-log plot of their absorption
coefficient for low photon energies.
In contrast, exponential optical absorption spectra
could be connected to transitions involving localised,
exponential tails of s-states. Thus, in the highly disordered as-deposited high gap ta-C film wNss
7.5("2)=1020 cmy3x, the transitions from the
band-tails of s-states dominate to give the exponential
decay of the absorption coefficient at low energies.
After annealing the high gap ta-C film, the band-tails
of s-states have less participation in the low energy
optical transitions and more p–p* transitions must be
occurring instead in order to give rise to the parabolic
shape in the aborption spectra. We thus attribute the
increase in p–p* transitions to more aligned sp2 pairs
(or chains) appearing in the film. ESR measurements
on the annealed ta-C show that the spin density has
been reduced by a factor of 3 to Nss2.5("2)=1020
cmy3. This confirms that less disorder is present after
annealing. Moreover, temperature-dependent ESR measurements also showed an order of magnitude increase
in the delocalisation of the spin carriers in the annealed
sample compared with the as-deposited sample w31x.

A.C.F. acknowledges funding from an E.U. Marie Curie
fellowship.
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4. Conclusions
Using the S-bend FCVA, we succeeded in depositing
very high optical gap ta-C films, with E04 values of
;70% of the minimum (indirect) band gap of diamond
and more than 1 eV in excess of the usually reported
optical gap of ta-C films. This high gap has been
confirmed by PDS, UV-Vis and EELS measurements.
These films are free of graphitic inclusions and have an
extremely uniform cross-section, in contrast to lower
gap ta-C samples w7,20x. The observed gap of ;3.5 eV
is close to the calculated limit for ta-C of high sp3
content w5,25x. This high optical gap material, however,
exhibits a high defect density. The defects are from
band-tails of s-states which give rise to an Urbach-like
absorption decay from l to 4 eV. For ta-C to be suitable
as an electronic material, the defects must be removed
whilst maintaining the high gap. This was demonstrated
by annealing the film under conditions which we previously found to increase its conductivity and retain its
sp3 content w12,13x. The defect density was decreased,
dihedral alignment of the p states increased and the
optical gap was maintained.
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