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Compressive-Stress-Induced Formation of Thin-Film Tetrahedral Amorphous Carbon
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Thin tetrahedrally coordinated amorphous carbon (ta-C) films have been grown using a filtered vacu-
um arc. ta-C is a new allotrope of carbon whose existence was previously thought to be unlikely. A
model is proposed which accounts for the formation and structure of these films on the basis of the
compressive stress generated by the shallow implantation of carbon ions. An optimal range of beam en-
ergies between 15 and 70 eV, a high film stress, and a graphitic surface are predicted and confirmed by
experimental evidence. Computer simulation of the growth confirms that high compressive stress is gen-
erated by impact energies in this range.

PACS numbers: 81.30.—t, 34.90.+q, 61.14.Rq, 71.45.6m

Carbon exists in two major allotropic forms, graphite
and diamond. The diamond allotrope consists of four-
fold-coordinated carbon atoms (sp hybrids). In graph-
ite, the atoms are threefold coordinated as sp hybrids,
forming planes of six-member rings. For in-plane distor-
tions graphite has great strength but bonding between the
planes is solely due to van der Waals interactions, making
it both soft and a good lubricant. Graphite is thermo-
dynamically stable with respect to diamond at standard
temperature and pressure (STP). Perhaps the most com-
mon carbon structure is amorphous carbon (a-C), a
disordered form of graphite [1]. Experimental evidence
suggests that well over 80% of the atoms in a-C thin films
are sp hybrids [2,3]. Diamondlike hydrogenated car-
bons (a-C:H) have an increasing fraction of sp sites as
the hydrogen content increases but the fraction of
carbon-carbon sp bonds changes little and the hardness
of the film decreases as the hydrogen atoms interrupt the
carbon network [4,5].

An amorphous form of diamond, i.e., disordered tetra-
hedral carbon (ta-C), was previously thought to be un-

likely to exist [4] because of the bonding constraints im-

posed on the carbon network, although such a structure is

present in amorphous silicon and germanium. In addi-
tion, the sp hybrid has a lower energy configuration than
the sp at STP in carbon while the opposite is true for sil-
icon and germanium [6].

In this Letter we present evidence which confirms the
existence of this amorphous form of diamond which we
show is structurally similar to a-Ge and a-Si. This disor-
dered tetrahedral carbon is almost entirely sp bonded
and has a density, hardness, and electrical resistivity near
that of natural diamond. We present evidence for the
mechanism of formation of tetrahedral amorphous car-
bon being the high compressive stress generated during
deposition driving the eA'ective pressure and temperature
conditions to a point well inside the diamond stable zone
as defined by the Berman-Simon line [7].

Soviet groups (Aksenov, Belous, Padalka, and Khor-
oshikh [8]) were the first to produce hard carbon coatings
deposited from the filtered plasma stream of a vacuum
arc running on a graphite cathode. Our studies of the
small-angle electron scattering [9], electron-energy-loss

&~max I(s) —+G(r) =8tr s D(s)sin(2trsr)ds, (2)

where s =2(sin8)/k, 28 is the scattering angle, X is the de
Broglie wavelength of the electrons, f is the atomic
scattering factor of a single atom, and D(s) is a damping
function, in this case sine(s/s .,„). The resolution of the
data is determined by s,. „, where s,.„=4.2 A

The G(r) provides two independent means of distin-
guishing threefold-coordinated from fourfold-coordinated
carbon. First, the bond length is given by the nearest-
neighbor distance (1.42 A for graphite, 1.54 A for dia-
mond, and 1.53 ~0.01 A for ta-C). Second, the bond an-
gle can be obtained from the ratio of the first- and sec-
ond-neighbor distances as 9=2sin '(r2/2r) (109.47'
for diamond, 120' for graphite, and 110~0.5 for ta C). -

Similar results have been obtained from neutron scatter-
ing, although with a lower resolution (s .,„=2.4 A '),
giving a bond angle of 110.3 and a coordination number
of 3.7 [13,14]. Both the bond length and bond angle are
consistent with 92% sp hybridization in ta-C.

spectroscopy (EELS) [101, and radial distribution anal-
ysis [2,11] of such films showed an amorphous structure
in which the fraction of sp hybridized carbon atoms was
approximately 0.9. This material showed high densities
of approximately 2.9 g/cm as determined by a fiotation
method, and a high microhardness [6000-13000 Hv
(Vickers microhardness) compared with 12000 Hv for di-
amond] with an elastic recovery [12].

First, structural evidence is presented to confirm the
existence of ta-C. Structure in an amorphous material is
essentially of a short-range nature and is best described
by a radial distribution function which gives a measure of
the most probable distances between atoms. Here we use
the reduced density function:

G(r) =4trr [p(r) —pp], (I)
where p(r) is the average density at a distance r from an
atom center and po is the density averaged over the com-
plete specimen. G (r) is obtained by collecting an
energy-filtered electron-diA'raction pattern I(s) using
techniques described previously [1 ll and Fourier-sine
transformation:
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The structure of amorphous diamond is analogous to
that of amorphous silicon or germanium, both being well
described by random tetrahedral networks such as that of
Polk and Boudreaux [15]. In such a network any three-
fold-coordinated material could be regarded as an impur-
ity rather than a necessary component. Figure 1 shows
the G(r) for ta C -F.or comparison the G(r) for amor-
phous germanium is also shown, but with the distance
axis rescaled so that nearest-neighbor distances coincide.
Overall the agreement is excellent over the complete dis-
tance scale shown. Note in both cases the flat region be-
tween the second and third peaks which is characteristic
of all amorphous tetrahedrally bonded semiconductors
and is caused by a uniform distribution of the dihedral
angles. Small differences in the relative widths of the
first and second peaks between ta-C and amorphous ger-
manium are attributed to the greater bond-angle "stiff-
ness" in sp carbon than in sp germanium [2,9].

A study of the surface plasmon excitation shows that
the surface of the material is almost entirely sp carbon
as predicted. Since the overall fraction of sp sites in the
film is about 0.9 as determined by the G(r) and carbon
K-edge [10] analyses, this implies that the fraction of sp
sites in the interior of the film must be higher than 0.9 as
would be expected for a random tetrahedral network.

We consider the determination of G(r) the strongest
evidence for the tetrahedral nature of these films. Not
only does the G(r) provide a measure of the bond length
and bond angle but also a description of the microstruc-
ture, which is shown to be remarkably similar to that of
other amorphous semiconductors. The EELS, plasmon,
and density measurements show the films have a very
high fraction of sp -bonded material mixed with a very
small fraction of sp material in an unspecified way.

The C+-ion energy from our filtered arc source, de-
scribed in detail elsewhere, has a distribution peaking at
22 eV [12] and this energy was varied at the substrate [a
silicon (100) wafer] by biasing so that the most probable
energy could be varied from 0 to 1000 eV. Care was tak-
en to supply su%cient current to enable the voltage to be
maintained during operation of the vacuum arc. Typical-
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FIG. 1. The reduced density function for tetrahedral amor-
phous carbon compared with that for amorphous germanium.
The distance scale is obtained by dividing the actual distance by
the nearest-neighbor distance.
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ly a 40-nm film could be deposited in 1 min.
The intrinsic stress in the deposited film was measured

by determining the substrate curvature interferometrical-
ly using the method of Newton's rings. The intrinsic
stress is that left after the thermal stress (—0.7 GPa) has
been accounted for. If the radii of curvature of the sub-
strate before and after deposition are Ro and R, respec-
tively, then the film stress is given by

Y t,'
6(1 —v) t R Ro

where Y and v are the Young's modulus and Poisson's ra-
tio of the silicon substrate of thickness t, . The film thick-
ness t was measured using a stylus profilometer.

For each specimen we determined the plasmon energy
by means of electron-energy-loss spectroscopy. We found
that this energy correlates well with the fraction of sp
carbon as determined by the nearest-neighbor distances
and bond angles obtained from the G(r) function. High
plasmon energies (29.5 to 30.5 eV) coincided with almost
complete tetrahedral bonding of the carbon, as deduced
from the G(r) function. The plasmon energy also may be
used to measure film density using the standard free-
electron relation:

cop'
=ne '/q)m, (4)

(3)

where Ep =@co~ is the plasmon energy and n is the num-
ber of electrons per unit volume taking part in plasma os-
cillations (assumed to be 4.0 per atom). For low-sp-
fraction amorphous-carbon films E~ is typically 24-25 eV
while that of graphite is 27 eV. The calculated plasmon
energy of diamond, assuming a density of 3.51 g/cm, is
31 eV while the measured peak is at 33 eV. In diamond,
distortion of the plasmon peak resulting from selection
rules applying to a crystal produces a value higher than
expected. For both silicon and germanium, the plasmon
energy of the crystalline form is higher than that of the
amorphous form [16,17]. By comparison, evaporated
sp -rich amorphous carbon has a density about 80% that
of graphite (1.8-2.0 vs 2.26 g/cm ) [1,4] which is similar
to the ratio of densities between the tetrahedral amor-
phous carbon (2.9 g/cm ) and that of diamond (3.51
g/cm').

Figure 2 shows the dependence of both the film stress o.

and the plasmon energy on the most probable energy of
the C+ incident ions. The amorphous tetrahedral net-
work structure is produced for ion energies greater than
about 15 eV but beyond about 50 eV there is a progres-
sive reduction in plasmon energy and hence fraction of
sp carbon. Significantly, there is a close correlation be-
tween high plasmon energy and high compressive film
stress. The significance of this is best shown by plotting
the effective hydrostatic pressure I' resulting from the
film stress on the carbon P-T diagram (Fig. 3). The dia-
mond region is entered for energies greater than about 15
eV and is exited for energies greater than about 1000 eV,
in agreement with the observations of local structure.
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The eAective hydrostatic pressure is obtained using the
reduction of any deformation into a hydrostatic compres-
sion plus a shear distortion [18]. It is readily shown [18]
that the hydrostatic component P of a biaxial compressive
stress o, as applied to a thin film by the substrate when
the film is under compressive stress, is given by P = —,

' a,
where a is the value of the compressive stress as deter-
mined from the curvature of the substrate.

The upper surface of the film is a free surface and
stress there can be relieved by the movement of surface
atoms. The stress will drop from its bulk value inside the
film to zero at the surface over some characteristic
length, crossing the Berman-Simon line. Consequently,
graphite will be the stable phase on the immediate sur-
face and the model predicts a thin surface layer of sp
material even when the conditions inside the film are well
inside the diamond zone. Surface plasmon measurements
confirm this prediction.

In order to understand the origins of the compressive
stress, we carried out a molecular-dynamics (MD) study
of the film growth using a modified Stillinger-Weber po-
tential [19,20]. The interaction potential was based on
reparametrization of the Stillinger-Weber potential using
a Hartree-Fock energy calculation for small tetrahedrally
coordinated carbon clusters which has been discussed pre-
viously [19,20]. This potential was tested in a 512-atom
simulation which predicted a bulk modulus for diamond
at 500 K of 460 GPa, compared to the experimental value
of 442 GPa and an ab initio quantum calculation of 433
GPa [6]. The predicted liquid density (at 5400 K and 90
kbar) was 17% less than the solid, consistent with the re-
sults of Galli, Martin, Car, and Parrinello [21].

The initial nucleation of carbon on the silicon substrate
was assumed to have already taken place in the form of a
complete layer of cubic diamond 3X3 unit cells across,
having the (111) direction normal and being five atomic
layers deep. The base layer was rigidly fixed. The trajec-
tories of the incident atom and the 320 atoms on the sub-
strate with which it interacts were followed at time steps
of 0.027 fs. A spread of impact parameters was used to
give the eAect of a beam of neutralized ions. Energy was

FIG. 3. The P-T phase diagram for carbon showing the
Berman-Simon curve. The solid squares are obtained from the
measured compressive stresses in vacuum-arc-deposited films.
Also shown is the result for a dc-magnetron-sputtered film.

removed at the substrate interface in one of three ways.
First, the fourth subsurface layer was thermostated to the
substrate temperature T, by periodic rescaling of all its
atomic velocities modulated with a random phase, i.e. , a
random thermostat. Second, an adiabatic simulation
[22], in which all the energy released during an atomic
deposition was used to heat the substrate, produced quali-
tatively similar results to our model thermostats and so
confirmed that no artifacts were introduced. Finally, the
thermostated layer was maintained at 0 K, corresponding
to the fastest physically possible heat removal mechanism
(to a heat sink at absolute zero). This produced essen-
tially identical results to the random thermostat so that
the latter was adopted here. The atomic motions were
followed for 3-5 ps so that the heat extraction rate was
typically 10'' W/m which is substantially greater than
can be realized experimentally. This problem is shared
with MD simulations [23-25] of a-Si which nevertheless
predict structures which compare favorably with avail-
able experimental data.

The average compressive stress was calculated after the
incident energy had been almost completely dissipated
(within 1-5 ps) by evaluating the force acting across the
x-z and y-z planes in the deposited film. The dependence
of the compressive stress is presented in Fig. 4 and shows
the same form as the experimental data, that is, a rapid
rise at energies of approximately 20 eV and a slow de-
cline for energies above 60 eV.

By following the atom trajectories, an overall picture
could be obtained of the processes occurring in three en-
ergy bands. For energies less than about 20 eV, the in-
cident atom is reflected without any change to the struc-
ture of the deposited layers. For intermediate energies of
20-60 eV the incident atoms penetrate the subsurface
layer and induce local compression. At higher energies
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FIG. 4. The molecular-dynamics result for the compressive
stress developed in a thin diamond film as a function of the im-
pact energy. Results for two diferent impact parameters are
shown.

(80-100 eV), the incident atoms penetrate more deeply
and induce knockon collisions which displace underlying
atoms even deeper into the film. Variation of the impact
parameter does not have a significant eiTect on the results.

This behavior might be regarded as a "thermal spike"
[26,27] in which localized melting and rapid chilling of a
small region occurs, leaving it in a stressed state. With
increasing energy the impact creates a region large
enough to flow and thereby relieve stress.

Lifshitz, Kasi, and Raba]ais [28] have discussed an ad-
ditional mechanism for the promotion of sp bonding by
the preferential displacement of sp atoms by the impact
of incoming ions. We would also expect this mechanism
to lead to high compressive stresses developed from the
inwardly displaced sp atoms.

In vacuum-arc growth the tetrahedral structure of
amorphous carbon is formed under conditions in which
diamond is the stable phase and is therefore fundamental-
ly diAerent from the metastable growth of crystalline dia-
mond by chemical-vapor deposition under reduced pres-
sure. An important practical diAerence is the much
higher deposition rate for stable growth and a lower sub-
strate temperature. The model of the stress-induced
growth of tetrahedral amorphous carbon should also ap-

ply to any material having more than one phase in the
pressure ranges which can be accessed by the generation
of compressive stress. In particular, we predict that cubic
boron nitride could be produced under conditions which
lead to a high compressive stress. Filtered-vacuum-arc
deposition should prove to be a useful method of access-
ing high-compressive-stress regimes because of its narrow
and controllable energy distribution and high flux rates.

Valuable discussions with D. J. H. Cockayne and R. E.
Collins are gratefully acknowledged.
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