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The properties of amorphous carbon~a-C! deposited using a filtered cathodic vacuum arc as a
function of the ion energy and substrate temperature are reported. Thesp3 fraction was found to
strongly depend on the ion energy, giving a highlysp3 bondeda-C denoted as tetrahedral
amorphous carbon~ta-C! at ion energies around 100 eV. The optical band gap was found to follow
similar trends to other diamondlike carbon films, varying almost linearly withsp2 fraction. The
dependence of the electronic properties are discussed in terms of models of the electronic structure
of a-C. The structure of ta-C was also strongly dependent on the deposition temperature, changing
sharply tosp2 above a transition temperature,T1, of '200 °C. Furthermore,T1 was found to
decrease with increasing ion energy. Most film properties, such as compressive stress and plasmon
energy, were correlated to thesp3 fraction. However, the optical and electrical properties were
found to undergo a more gradual transition with the deposition temperature which we attribute to the
medium range order ofsp2 sites. We attribute the variation in film properties with the deposition
temperature to diffusion of interstitials to the surface aboveT1 due to thermal activation, leading to
the relaxation of density in context of a growth model. ©1997 American Institute of Physics.
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I. INTRODUCTION

There is currently a great deal of interest in the depo
tion of amorphous carbon films containing a sizable fract
of sp3 bonds. This so-called diamondlike carbon~DLC! has
a number of technologically valuable features such as h
hardness, low friction coefficient, chemical inertness, a
low electron affinity.1 It is now well established that tetrahe
dral sp3 bonding is promoted by deposition from mediu
energy carbon ions.2 A highly tetrahedral form of amorphou
carbon, referred to asta-C, containing up to 85%sp3 has
been prepared using filtered beams of carbon ions. The
tering removes particulates and neutrals and provides a
tively monoenergetic beam of singly charged ion spec
Several techniques such as mass selected ion b
~MSIB!,3,4 laser ablation of graphite,5–8 and filtered cathodic
vacuum are~FCVA!9–15 have been used to depositta-C. An

a!Electronic mail: muc@liv.ac.uk
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industrial or laboratory scale FCVA is particularly useful f
depositingta-C because it provides a highly ionized plasm
and high deposition rates of up to 3 nm s21.8–15

The bonding ofta-C deposited at room temperature h
been extensively studied. The density,sp3 fraction, compres-
sive stress, and resistivity were found to depend strongly
the ion energy and pass through a maximum at ion ener
ranging from 50 to 240 eV.10 The present paper extends th
work in two directions. First, we describe the electronic a
optical properties of FCVA depositeda-C as a function of
the ion energy and relate them to models of electro
structure.16–19We also report on the effect of deposition tem
perature on the structural characteristics of FCVA depos
a-C films with particular reference to the optical and ele
tronic properties. Related studies have been carried ou
a-C prepared by other methods.15,20–22 A sharp transition
from ta-C to sp2 bondeda-C was observed for films depos
ited above the transition temperature while the variation
1399/7/$10.00 © 1997 American Institute of Physics
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the electronic and optical properties was more gradual w
the deposition temperature. We place these results on
bulk electronic and optical properties in the context
changes in carbon bonding structure within the films. F
thermore, the transition temperature was found to decre
with ion energy. The transition is used to understand furt
details of the film growth mechanism known a
subplantation.3,4,23 In subplantation, incident ions with suffi
cient energy penetrate the atomic surface layer genera
sp3 bonding. However, ions with excess energy migrate
the surface decreasing the density to that ofsp2 bonded car-
bon.

II. EXPERIMENTAL DETAILS

The a-C films were deposited using a FCVA syste
where the carbon plasma is obtained from a graphite cath
of 99.999% purity. The arc is initiated by contacting t
cathode with a retractable graphite anode of similar pur
The carbon plasma is then transported around a 90° cu
magnetic solenoid filter to remove neutrals and particula
also generated by the arc.24 The solenoid, in our case, pro
duces an axial magnetic field of'25 mT which guides the
electrons around the bend creating an electrostatic pote
which causes the ions to follow the same curve. Theref
unlike the MSIB, the FCVA does not provide ion mass
charge selection. A base pressure of 1025 Pa was achieved
using two diffusion pumps which rose to 1023 Pa during
deposition.

The a-C films were deposited onn-type ~001! silicon
substrates clamped to a copper block. The incident energ
the carbon ions was varied by applying a dc voltage to
copper block. The total ion energy is therefore the sum of
incident ion energy and the applied voltage. The ion ene
was measured at the substrate position using a retarding
energy analyzer with a Faraday cup.25 The temperature of the
substrate was varied over 20–500 °C by a heater attache
the back of the copper block. Depositions below room te
perature~RT! were carried out by cryogenically cooling th
substrate holder. The temperature was measured by a
mocouple attached behind the silicon substrate. For dep
tions above RT, all samples were heated to 500 °C initia
and cooled to the deposition temperature where they w
held for 10–15 min before initiating the plasma.

The stress in the films was derived by measuring
radius of curvature of the substrate before and after dep
tion and applying Stoney’s equation.26 Films for optical and
electronic measurements were deposited on quartz
strates. The incident ion energy for this case was varied
applying rf voltage. The optical properties were determin
from the reflectance and transmittance data using a do
beam spectrometer in the 200–900 nm wavelength ra
The electrical conductivity of the films was measured
evaporating 5 mm30.5 mm Al electrode gap cells ontoa-C.
The surface roughness was determined using atomic f
microscopy~AFM! where the area roughnessRa is defined
as

Ra5S
uZi2Zaveu

N
, ~1!
140 J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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whereN is the number of height measurements,Zi is the
current surface height, andZave is the average height within
the given area.

The bonding ina-C was determined by electron energ
loss spectroscopy~EELS!10 using a Philips CM30 transmis
sion electron microscope~TEM! fitted with a Gatan 666 EEL
spectrometer. The films were prepared for EELS by disso
ing the silicon substrate in a dilute HF1HNO3 solution and
placing the freed film onto copper support grids. The TE
was operated at 100 kV and the EELS collection angle w
10 mrad. The fraction ofsp3 bonding was derived from the
carbonK edge, which consists of a peak at 285 eV due
1s–p* transitions from thesp2 sites and a step at 289 e
due to excitations into thes* states. Thesp2 fraction is
given by the ratio of the 285 eV peak to 289 eV step, n
malized to their ratio in graphitic carbon, which contai
100%sp2 bonding. The microscopic density of each film ca
be derived from the plasmon energy in the low energy E
spectrum.10

III. RESULTS

A. Ion beam characteristics

The 90° magnetic solenoid filter guides the plasm
around the bend, filters out the particulates and neutrals,
also focuses the plasma. The ion energy distribution~IED! of
the carbon plasma at the exit of the magnetic filter is sho
in Fig. 1. The initial ion energy was found to be'21 eV and
did not vary significantly with the filter current. The hig
initial ion energy is attributed to a ‘‘potential hump’’ arisin
above the cathode spot.27 The IED is clearly seen to be
Gaussian in shape and not Maxwellian as previou
proposed.28 The full width at half-maximum~FWHM! of the
IED was found to be 7–9 eV. The large FWHM is attribute
to multiply charged species which may be present in
plasma.28

FIG. 1. Ion energy distribution~IED! of the filtered plasma beam at
magnetic field strength of 25 mT. The full width at half-maximum of th
distribution was found to be 7–9 eV. The ion energy did not vary sign
cantly with the magnetic field strength.
Chhowalla et al.
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B. Properties of films deposited at ambient
temperature

The optical absorption spectrum ofta-C deposited at am
bient temperature on quartz at an ion energy of 90 eV
illustrated in Fig. 2. The plot is a combination of data fro
reflection-transmission and photothermal deflection spect
copy ~PDS! measurements. The optical gap of an amorph
semiconductor is conventionally defined as either the ene
~E04! at which the absorption coefficient,a, 5104 cm21 or as
the Tauc gap,Eg , found by fittinga to: aE5B(E2Eg)

2,
whereE is the photon energy (hn) andB is an empirical
constant. The variation of thesp3 fraction, E04 Tauc gap,
refractive index, and resistivity as a function of the ion e
ergy at ambient temperature is shown in Fig. 3. Thesp3

fraction, optical gap, and refractive index are seen to rea
maximum at an ion energy of'90 eV, indicating there is a
strong correlation among the properties. In Fig. 4, it can
seen that the optical gap ofta-C, although lower than for the
hydrogenated films, varies in a similar fashion with thesp2

fraction to other forms ofa-C:H29,30andta-C:H,31 indicating
that the gap primarily depends on thesp2 sites and only
weakly on the hydrogen content.

The dependence of the optical gap on thesp2 fraction
may be expected from the electronic structure ofa-C since
the band gap is determined by thep states of thesp2 sites,16

as these states lie closest to the Fermi level (EF). Therefore,
the fraction and arrangement of thesp2 sites are important in
influencing the optical and electronic properties of the film
It has been proposed16 that thesp2 sites pair up to formp
bonds and segregate into clusters within thesp3 matrix. The
formation of the clusters is opposed by disorder in the film17

If the disorder is low, the width of thep band depends on th
cluster size such that the optical gap varies inversely to
cluster size.18 However, it is now believed that anysp2 clus-
ters are relatively small,17 indicating the band gap depend
on both cluster size and local distortions of thep bonding
and that no simple relationship for the band gap exists.

FIG. 2. Absorption coefficient vs the photon energy. The plot is a com
nation of measurements using photothermal deflection spectroscopy~PDS!
and an UV spectrometer.
J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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The gradual change in the band gap with thesp2 content
in Fig. 4 suggests that thep bands become narrower and th
p–p* gap widens assp2 fraction decreases. The importanc
of p bonding is indicated by the steady increase in theEg

even when 20%sp2 sites remain inta-C. The similar varia-
tion of the gap ina-C:H andta-C ~from Fig. 4! is particularly
important at lowsp2 contents where thesp2 sites are embed
ded in a rigid matrix inta-C but a rather floppy matrix in
polymerica-C:H. This suggests that the gap and thep bond-
ing of thesp2 sites depend primarily on thesp2 fraction and
much less on the nature of the surrounding matrix or
hydrogen content, as originally thought.16

i-

FIG. 3. Graphs of~a! sp3 fraction, ~b! Tauc,E04 optical band gaps,~c!
refractive index, and~d! resistivity vs the ion energy. All properties ar
correlated to each other. The optical gap and the resistivity values are
to drop sharply at higher ion energies.

FIG. 4. Optical band gap vs thesp2 fraction of ta-C and different types of
hydrogenateda-C films for comparison. The gap is found to decrease l
early with thesp2 fraction.
141Chhowalla et al.
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The absorption edge forta-C is ~from Fig. 2! observed to
be much broader than in other semiconductors such
a-Si:H,32 indicating a high degree of disorder in the film
The lower part of the absorption edge in Fig. 2 follows on
an approximate exponential dependence required for the
bach tail. Nevertheless, the Urbach slope, determined
drawing a tangent to the log of the absorption coefficien
a523103 cm21 in Fig. 2, is found to be 300 meV which
similar toa-C:H1 andta-C:H31 and compares to 55 meV fo
a high qualitya-Si:H.32

The variation of the resistivity as a function of the io
energy at RT is plotted in Fig. 3~d!. The sharp decrease i
resistivity at higher ion energies is attributed to increase
disorder in the film due to energetic ion bombardment le
ing to a higher number of gap states. The electronic cond
tivity of ta-C as a function of inverse temperature is sho
in Fig. 5. It should be noted thatta-C differs from hydroge-
nateda-C in which the Arrhenius plot is curved.33 The acti-
vation energy (DE) from Fig. 5 was found to be'0.45 eV,
much less than half the band gap~2.3 eV!, indicating the
Fermi level lies away from the midgap. Measurements
ta-C/Si heterojunctions, nitrogen doping data, and rece
fabricated thin film transistors suggestEf lies below midgap
and that undopedta-C is p type.34–36Furthermore, electronic
calculations suggestEf is pinned below the midgap by defe
sites.

The singly occupied defect states atEf give rise to an
electronic spin resonance~ESR! signal. The defect density in
ta-C as a function of the ion energy has been found to
very high,37 approaching that of unhydrogenateda-Si. The
spin density in principle is controlled by two factors, diso
der and bonding. The large defect density observed inta-C
presumably arises due to ion induced disorder from the de
sition process. However, this is countered by the energy g
in p bonding which, according to calculations,18 tends to
reduce the defect densities at highsp3 contents.

The ESR signal linewidth as a function of thesp2 frac-
tion is shown in Fig. 6. It is presently unclear if the defects
ta-C arise from singlesp2 sites or clusters. Information o
the structure and chemistry for most materials can be der
from the ESRg factor, but this is less helpful in the case
ta-C because most defects lie atg52.0028, similar to all

FIG. 5. Plot of conductivity vs the temperature. Note the trend is a stra
line, in contrast to hydrogenateda-C which is curved.
142 J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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other forms of carbon. Therefore the linewidth is the ma
source of information inta-C. The linewidth can be attrib-
uted to disorder, dipolar broadening, exchange narrowing
the presence of numerous subsidiary lines. Unlikea-Si:H,
where the ESR line of dangling bonds is Gaussian due to
dominance of disorder broadening,32 the ta-C line is a
Lorentzian, eliminating disorder broadening as a fact
Also, the linewidth inta-C was found not to vary with the
microwave excitation frequency indicating the signal co
sists of a single line.38 Additionally, dipolar broadening
arises from interaction with hydrogen nuclei. Therefore,
absence of hydrogen makes the ESR data inta-C very infor-
mative. The linewidth ofta-C in Fig. 6 is seen to vary in a
similar fashion to other forms ofa-C:H containing H, thus
the linewidth is not due to dipolar broadening by H. Ther
fore, the linewidth is primarily attributed to exchange na
rowing, also suggested by others.39,40The linewidth will then
vary linearly with the localization of unpaired electron
inversely with the ‘‘cluster’’ size over which it is delocal
ized, accounting for the decrease in linewidth with thesp2

fraction for alla-C~:H! seen in Fig. 6.

C. Variation with deposition temperature

The variation of thesp3 fraction, plasmon energy com
pressive stress, and surface roughness as a function o
substrate temperature (Ts) for 90 and 130 eV ions is shown
in Fig. 7. Each property is found to be independent ofTs
initially but falls sharply at a transition temperature~T1! of
'200 and 140 °C for ion energies of 90 and 130 eV, resp
tively. Films appear to undergo a transition fromta-C to
essentiallysp2 bondeda-C aboveT1.

A similar trend was previously observed forta-C depos-
ited by MSIB,20,21laser initiated pulsed arc system15 and also
for ta-C:H deposited using a plasma beam source.22 TheT1
~'140 °C! in the 130 eV case is equivalent to that observ
for the MSIB system20,21but much lower than that observe
for ta-C:H.22 A similar decrease in the transition temperatu
with ion energy was found forta-C:H while MSIB deposited
films show an opposite trend. The reason for this discrepa
is presently unclear.

All films exhibited extremely smooth surfaces~Ra'0.2
nm! making them useful for high performance tribologic
applications. The roughness was found to remain cons

t

FIG. 6. Linewidth of the ESR signal vs thesp3 fraction. Note the unhydro-
genateda-C follows a similar trend to its hydrogenated counterparts.
Chhowalla et al.
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with the deposition temperature, in contrast to the films
posited using MSIB.20,21 The increase in surface roughne
with Ts in MSIB is attributed to the diffusion of shallowly
implanted ~subplanted! species to the surface. Howeve
since the deposition rates are significantly higher in
FCVA case, we infer that the arrival rate of an ion is of t
order of the diffusion rate.

The deposition rate was found to sharply increase atT1,
which is correlated to the drop in the plasmon energy~film
density! with Ts . We attribute the increase in growth rate
the predominance of the low densitysp2 phase aboveT1
leading to an increase in film thickness. Thea-C films de-
posited aboveT1 were also examined using a TEM and we
found to possess the~0002! interlayer diffraction peak char
acteristic of microcrystalline graphite suggesting that a ph
transition has occurred. However, the phase transition ca
be regarded in classical thermodynamic terms since it is
reversible. Furthermore, the presence of microcrystal
graphite suggests the film has somehow experienced
high local temperature during deposition.

The variation of optical gap, refractive index, activatio
energy, and resistivity withTs of films deposited on quartz i
plotted in Fig. 8. The properties are well correlated to ea
other and decline gradually withTs , in contrast to the
sharper drop insp3 fraction, compressive stress, and pla
mon energy. The possibility that the contrasting trends co
arise from the difference in the thermal conductivity
quartz and silicon was checked by measuring the refrac
index of the films on silicon by ellipsometry. The trend w

FIG. 7. Graphs of~a! sp3 fraction, ~b! plasmon energy,~c! compressive
stress, and~d! surface roughness as a function of the substrate temperatu
two ion energies. The sharp decrease in the properties correlates to a
sition from ta-C to a-C. The transition temperature for the higher ener
film is seen to decrease from'200 to 140 °C. Note the film roughness do
not change with deposition temperature, in contrast to films deposited u
MSIB ~Ref. 37!.
J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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found to be similar to the optical gap as seen in Fig. 8~b!,
suggesting that the difference in variation between thesp3

fraction and the optical and electronic properties is real. T
gap and resistivity are observed to continue rising with
creasingTs below room temperature. The gradual change
the optical and electrical properties well belowT1 suggests
that although thesp2 content is low in the most diamondlik
films, the optical and electronic properties are neverthe
controlled by the residualsp2 fraction. Therefore, there is no
‘‘critical’’ sp2 fraction at which sudden changes in the op
cal and electronic properties occur. Furthermore, the fal
the gap and resistivity with increasing temperature belowT1
suggests that thesp2 sites begin to show increasing ord
well below the transition temperature.

The resistivity and conductivity activation energy (DE)
also fall gradually with increasing substrate temperature
shown in Figs. 8~c! and 8~d!, consistent with the change i
the band gap. Again, the resistivity is seen to increase fur
for deposition below room temperature. TheDE is observed
to be less than half the optical gap becauseEf lies below
midgap, as previously noted.

IV. DEPOSITION MECHANISM

The formation ofta-C is generally described by the sub
plantation model3,4,10,23,41which is based on incident ene
getic ions penetrating the surface and providing subsurf
growth. The decline in density at higher ion energies is
tributed to implanted ions diffusing back to the surface,
ther by thermally activated diffusion during a thermal spi
stage of thermal dissipation after the cascade23,42 or due to
defect formation by radiation damage during cascade.3,4,43

The concept of thermal spike is contentious but has b

at
an-

ng

FIG. 8. Graphs of~a! Tauc gap,~b! refractive index,~c! activation energy,
and~d! resistivity vs the substrate temperature. Note that the decline in th
properties is more gradual than those plotted in Fig. 7.
143Chhowalla et al.
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supported by molecular dynamic simulations.44–46In context
of the thermal spike, the pronounced effect of deposit
temperature is rather surprising as it is difficult, at first sig
to understand how the substrate temperature of this ord
significant when energies well in excess of 104 K occur in
the thermal spike. Below, we offer a preliminary descripti
which shows that the effect of deposition temperature m
be significant in the later stages of the thermal spike. Us
the thermal spike model of relaxation, the incremental
crease in density can be expressed as:

Dr

r
5

f

12 f1b
, ~2!

where f is the ion penetration probability andb is the num-
ber of atomic hops per incident ion. Most analytic mod
assume that the thermal spike starts as a delta function
single site with an effective temperature equivalent to the
energy, and that the energy is dissipated by ther
diffusion.42 The temperature distribution in a thermal spi
from an ion of energyE at positionr after timet is

T~r ,t !5
E

c~4pDt !3/2
expS 2

r

4Dt2D , ~3!

wherec is the thermal capacity andD the thermal diffusiv-
ity. The increase in temperature causes thermally activa
diffusion so that the total number of atomic hops in one sp
is given by

b5E
r1

`

4pr 2drE
t1

`

n0n0 expS 2
E0

kT~ t,r ! Ddt, ~4!

wheren0 is the atomic density defined as~ 43pa
3!21, n0 the

phonon frequency, andE0 the activation energy for atomi
diffusion. It is convenient to express Eq.~4! in atomic units
by taking the heat capacity to be 3k, so c59k/4pa3 and
D5n0a

2. Expressingr 85r /a, t85t/n0 , then integrating
over t8 and using the reduced temperature,t5kT/E0, gives

b5E
t1

t2
t28/3 expS 2

1

t Ddt ~5!

so the total number of hops within the limitst1→0 and
t2→` is

b50.016pS EE0
D 5/3, ~6!

where p is a material parameter of order 1. This is theb
value used in Eq.~2! thus far. The main contribution tob can
be found from

db

dt
5t28/3 expS 2

1

t D . ~7!

Equation~7! is plotted in Fig. 9 which shows that the majo
ity of the hops occur when the reduced temperature at
spike center ist'3

8, or about 10
4 K for E053 eV, not at the

very high temperature in the initial stages of a spike. The
fore, the deposition temperature will be significant when i
a substantial part ofE0 rather than ofE. Indeed, some recen
molecular dynamic simulations suggest that the spike st
with a finite size and relatively low temperature.44–47 Thus,
144 J. Appl. Phys., Vol. 81, No. 1, 1 January 1997
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the deposition temperature is now a significant fraction of
spike temperature, explaining, at least qualitatively, why
low substrate temperature affects the relaxation rate.
though Eq.~4! does not give a quantitative description of th
temperature dependence, it does account for the decrea
T1 with ion energy. A decrease inT1 with ion energy is
consistent with thermally activated process during a ther
spike, with higher energies leading to further relaxation.

V. CONCLUSIONS

The variation of the optical band gap and electron
properties of carbon films deposited using a FCVA was st
ied as a function of the ion energy. The optical gap is cor
lated to thesp3 fraction, reaching a maximum of 2.3 eV a
85%, and varies linearly with thesp2 fraction. The bulk elec-
tronic and optical properties ofta-C are shown to be con
trolled by the residualsp2 fraction, even when thesp3 ‘‘dia-
mondlike’’ content is as high as 85%. Furthermore, t
observed decrease in ESR linewidth with increasing ion
ergy is consistent with an increase issp2 cluster size over
which defect states are localized. The effect of deposit
temperature on film properties at two ion energies was a
reported. The properties were found to sharply change w
substrate temperature. The temperature at which the tra
tion from ta-C to a-C occurs is'200 °C for 90 eV ions
which decreased to'140 °C when the ion energy was in
creased to 130 eV. The electronic and optical proper
however do not show any sharp transition, which is cons
tent with these properties always being controlled by thesp2

bonded carbon component. The gradual change in the e
tronic properties withTs suggests that ordering of thesp2

sites starts to occur well below the transition temperatu
The transition ofta-C to a-C with deposition temperature i
attributed to the diffusion of subplanted atoms to the surf
via activated thermal diffusion, leading to the relaxation
stress and quenched-in density increase. A preliminary
scription of the temperature dependence is offered in con
of the subplantation model, however a detailed mode
lacking.

FIG. 9. Graphical representation of Eq.~8! from the text, showing that
majority of atomic hops in one thermal spike due to temperature eleva
occur around 104 K.
Chhowalla et al.
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