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Tetrahedral amorphous carbon (ta-C) is a dense form of amorphous carbon with a structure consisting
of a highly tetrahedral bonding network. Approximately 20% of the atoms in ta-C are sp hybridized
and the presence of these sites plays an important role in the electrical and optical properties of the ma-
terial. In the present investigation, we use 50 keV C+ and 200 keV Xe+ ion implantation to damage the
structure in a controlled manner. The structure of the ta-C following ion irradiation is monitored using
the dose dependence of the electrical conductivity, Raman spectroscopy, electron diA'raction, and elec-
tron energy-loss spectroscopy. It is shown that the damage is predominantly rejected in an increased
concentration of sp -bonded sites. With increasing dose, the structure is observed to change from an
essentially tetrahedral network containing sp sites as "defects" to an essentially sp -bonded structure in
which there is a high degree of in-plane disorder combined with a regular stacking of the planes.

I. INTRODUCTIQN

It is well established that a dense form of amorphous
carbon can be produced by condensation of carbon ions
from a Altered vacuum cathodic arc onto various sub-
strates. ' The material has a density of approximately
2.90 g/cc and a structure which has been described as a
highly tetrahedral network. ' We will refer to this ma-
terial as tetrahedral amorphous carbon (ta-C). Approxi-
mately 20% of the atoms in ta-C are sp hybridized with
a threefold symmetry with the remainder being sp hybri-
dized with a tetrahedral bonding arrangement. Ta-C
has the electronic properties of a wide band-gap amor-
phous semiconductor and is able to accept n-type
dopants. It also shows photoconductivity and has been
used to make rectifying junctions. The band gap is ap-
proximately 2.5 eV (Ref. 8) and is considerably smaller
than that of diamond. The 20% of sp sites are therefore
considered to play an important role in providing a
significant density of states inside the wider band gap of
the sp -bonded structure. These sp -derived states may
provide the conduction states in the material.

In this paper we use high-energy ion implantation to
damage the structure of ta-C and to study the effects of
this damage on the electrical and optical properties of
ta-C. We show that this damage is predominantly
rejected in an increased concentration of sp -bonded
sites. Two incident ion species, C+ and Xe+ are used in
this study in order to provide information on the way in
which the damage scales with the mass of the bombard-
ing species. At high sp concentrations, the nature of the

network is radically altered and the structural changes
which take place are studied using Raman spectroscopy,
electron diffraction, and electron energy-loss techniques.

The study of ion damage effects in ta-C provides the
groundwork for the possible use of ion implantation to
dope this material. An understanding of the effects of
ion-beam damage on the electrical behavior of ta-C is an
essential prerequisite for such doping studies. In addi-
tion, this investigation provides some preliminary data on
the expected radiation hardness of devices fabricated
from ta-C.

Another motivation for this study is the recent finding
that diamond, when bombarded with high-energy ions at
or below room temperature, transforms into an amor-
phous sp -bonded state at a critical ion does (D, ). '
This transformation is believed to be analogous to the
formation of a-Si in response to the ion implantation of
crystalline Si. The amorphous sp structure formed in
ion implanted diamond is thought to be similar in its
properties and microstructure to ta-C. In the case of dia-
mond, if the ion dose is increased beyond D„the sp
bonds in the amorphous structure gradually transform
into sp bonds with a concomitant rise in the measured
electrical conductivity. Below D„thermal or laser an-
nealing can remove most of the radiation damage, with
the undamaged diamond acting as a template for the re-
crystallization of the damaged material. "' In diamond,
it is thought that the conversion from sp - to sp -bonded
C is inhibited until the damaged layer amorphizes ' '
and hence no increase in the conductivity is observed un-
til the dose exceeds D, . The reason for this may be that a
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large decrease in density accompanies the sp to sp bond
conversion and that prior to amorphization, the diamond
lattice is rigid enough to prevent bond conversion from
occurring. By contrast, for ta-C, no crystalline template
exists, and hence there is nothing to inhibit the sp to sp
bond conversion, and there is no reason to expect a criti-
cal dose D, at which a sharp increase in the electrical
conductivity should start to be observed. Hence one
would expect the electrical conductivity to rise for much
lower doses than the typical values for D, observed in di-
arnond. In this work we experimentally test these expec-
tations.

II. EXPERIMENTAL

to minimize beam heating during irradiation. The im-
plantation temperature was 493 K. This elevated sub-
strate temperature was chosen because the base line con-
ductivity of the ta-C was higher, allowing the measure-
rnents to be accomplished more easily.

Both the 200 keV Xe+ and 50 keV C+ ions have pre-
dicted ranges much greater than the thickness of the ta-C
film. ' The effect of Xe implantation on the electrical
and optical properties of fused silica has been shown to
be negligible' and therefore changes in the structural,
electrical and optical properties of the ta-C films follow-
ing ion bombardment are primarily due to ion beam dam-
age of the ta-C films and not changes in the properties of
the silica substrates.

A. Sample preparation

A film of ta-C of approximate thickness 20 nm was
prepared on a substrate of fused silica using a filtered
cathodic arc deposition system of a type discussed previ-
ously. ' The graphite source material was Ringsdorff
graphite of purity 99.995%. The film was prepared at
room temperature without electrical bias of the substrate
holder, so that growth took place from ions of approxi-
mately 22 eV energy. '

B. Ion implantation and in situ resistance measurements

The electrical resistance was measured in situ during
ion implantation for both 200 keV Xe+ and 50 keV C+
ions on specimens provided with electrical contacts con-
sisting of two thick silver strips separated by 0.5 rnrn. '

The two point electrical resistance was monitored during
implantation. The dose range was 10' to 2. 5X10'
ions/cm for Xe+ ions and 10' to 10' ions/cm for C+.
As will be shown below from the comparison of the dose
dependence of resistance for Xe and C implants, the dom-
inant factor controlling the transformation is the energy
deposited in direct knockon collisions in the collision cas-
cade. Hence, for additional ex situ structural studies it
was not necessary to investigate both Xe and C implanted
samples and only Xe implanted samples were subjected to
optical, electrical and electron-diffraction studies. The
doses of these Xe implanted specimens are shown in
Table I. All specimens were implanted in a DANFYSIK
ion implantation system in a vacuum below 10 Torr.
Beam currents on the samples were limited to 1 mA/cm

TABLE I. Properties ta-C 61ms implanted with 200 keV Xe+
ions at 470 K.

C. Optical measurements

The transmittance T of the specimens was measured
over the wavelength range 180 to 700 nm. The absorp-
tion coeKcient a was calculated by neglecting reflectance
losses and using the formula

1a = ——ln( T),
X

where x is the thickness of the film.
Raman spectra were acquired in a Dilor XY micro-

Raman spectrometer using the Ar line at 488 nm, a laser
power of 30 mW and a 2 rnm spot size. No evidence of
laser beam damage was found in any of the specimens.
Raman shifts over the range 1000—1800 cm ' were col-
lected with a resolution of 5 cm '. The absorption
coefficient a is sufficiently small at a wavelength of 488
nm that the laser probes the entire thickness of the ta-C
film.

D. Electron energy-loss spectroscopy

Electron energy-loss spectra were acquired at a resolu-
tion of 1.3 eV using a CSATAN 666 parallel electron
energy-loss spectrometer attached to a Philips EM430
electron microscope operating at 200 keV. Specimens
were prepared by dissolving the fused silica substrate in
70% HF and mounting the unsupported films on electron
microscope grids. The low loss region up to 100 eV was
used to determine the plasrnon energy, while the region
in the vicinity of the K-shell core loss feature at 285 eV
was used to determine the fraction of sp -bonded carbon.
Electron-beam bombardment at 200 keV is not expected
to result in detectable damage to ta-C since it has been
shown that high dose 300 keV exposure produces only a
small change in plasmon energy. '

Ion dose
(cm )

0
1x10"
2X 10'
1x10"
2x10"
1x10"

Carrier

Optical
gap, Eg

(eV)

n-type
n-type
n-type
n-type

p-type (Ref. 22) 2.5 (Ref. 8)
2.3
2.1

1.6
1.2
0.7

Plasmon
energy

(eV)

30.5
29.9
29.6
27.5
26.7
24.8

sp
fraction

(%)

26
27
31
46
48
82

E. Electron diffraction

In order to provide further information on the
structural changes which occur in ta-C following ion im-
plantation, energy filtered electron diffraction data were
collected at 300 keV using the techniques described by
Cockayne, McKenzie, and Muller. ' Diffracted intensity
was collected in the region around the unscattered beam
to a suSciently large scattering angle to include the posi-
tion of the graphite I 110) rejections.
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III. RESULTS

A. Electrical resistivity 10

is1x10 'cm

Figure 1 shows the dose dependence of the resistivity
measured in situ during ion implantation for both Xe+
and C+ ions. The resistivity decreases even for the
lowest doses employed and shows a steady decrease from
the initial value followed by a very rapid decrease and
then finally, the resistivity saturates to a highly conduct-
ing state. The form of the curve is the same for both im-
planting species. If the carbon dose is rescaled by a fac-
tor of approximately 18, the curves overlay closely as
shown in Fig. 1. TREM calculations' predict that the ra-
tio of the nuclear stopping powers in ta-C for 200 keV
Xe and 50 keV C ions is 30:1. The corresponding ra-
tio for electronic stopping powers is 5:1.Thus a ratio of
18 suggests that displacements following nuclear col-
lisions form the most significant part of the damage in
implanted ta-C.

The temperature dependence of the resistivity was
measured ex situ using a linear four-point probe arrange-
ment in a helium cryostat. This was performed on an un-
damaged specimen and the four highest Xe+ dosed sam-
ples as shown in Fig. 2. There are three principal
methods of interpreting the temperature dependence of
the conductivity of amorphous semiconductors. These
are (a) activated conduction via extended states in the
conduction band, (b) nearest-neighbor hopping between
localized states, and (c) variable-range hopping between
localized states. Activated conduction and nearest-
neighbor hopping gives rise to a exponential T ' depen-
dence, while variable range hopping has an exponential
T dependence. ' The experimental data shown in

—1/4 20, 21

Fig. 2 is not well described by either of the above temper-
ature dependencies over the entire temperature range
measured. The general trend apparent in Fig. 2 is to-
wards a weak temperature dependence as the implanta-
tion dose and electrical conductivity increase. This indi-
cates a change from semiconductorlike behavior at low
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FIG. 2. The resistivity of ta-C implanted with various doses
of 200 keV Xe+ ions as a function of reciprocal temperature in
Kelvin.

8. optical measurements

doses to a metalliclike conduction at high doses, con-
sistent with the formation of a sp -bonded layered struc-
ture in the high dose material.

The carrier type of the foor highest dose samples was
measured using the Seebeck ("hot point") technique. It
has been shown that the carrier type in as-grown ta-C is
p-type. It was found that after 200 keV Xe implanta-
tion of ta-C at doses above 1X10'"' ion/cm, the carrier
type changes to n-type. The carrier type in diamond irra-
diated at temperatures of 470 K has also been shown to
be n-type believed to result from the presence of ag-
glomerated defects contributing to the conductivity. ' A
similar process may be occurring in ion implanted ta-C.

1O",

C+ Ion Dose (ions/cm }
1p13 1p14 1p15 1p16

The optical gap of an amorphous semiconductor may
be found from the wavelength dependence of the absorp-
tion coefIicient. We determined the absorption coefFicient
a(co) from transmittance measurements of the samples as
a function of photon energy and used the relation

1p10-

8-10
V

1P6-
M

Pn 1P

1 '-

4 20

1p11 1oia 1p13 1014 1015
Xe+ Ion Dose (ions/cm )

FIG. 1. The dose dependence of the electrical resistance of
ta-C measured in situ during (A) 50 keV C+ (top axis) and ()
200 keV Xe+ (bottom axis) implantation at 470 K. Also shown
for comparison is the dose dependence of the electrical resis-
tance for crystalline diamond implanted with 320 keV Xe+ ions
at 470 K (solid line) (Ref. 10).

irio~a(co) =const(A'co —Eo )

to define the optical gap, Eo. Davis and Mott observed
that this relation applies to materials in which "chains or
planes of strongly bonded atoms are present. " The linear
relation for iiicoa in Eq. (2) applies to a limited range
above the Urbach edge which shows an exponential
dependence. We fitted this linear region to obtain an esti-
mate for the optical gap, Eo. Figure 3 shows plots of
iricoa(co) as a function of photon energy for five of the Xe
implanted specimens. The optical gap Eo is plotted as a
function of dose in Fig. 4 and shows a general decrease
with dose, with a large decrease at doses in the dose re-
gion around 10' cm

The Raman intensity is shown in Fig. 5 for all speci-
mens including, for comparison, a sample of glassy car-
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bon (heat treated at 2500'C). The unimplanted ta C-
shows a single asymmetrical peak with a maximum lying
between the D (disorder peak) and G (graphite peak)
peaks of glassy carbon. The Raman spectra reAect the
single phonon vibrational density of states since the k-
selection rules do not apply in these amorphous struc-
tures. The 6 peak also occurs in crystalline graphite
while the D peak occurs in many disordered graphitic
materials. The peak in unimplanted ta-C is similar to
that observed in other amorphous carbons. The lower
position of this peak relative to the 6 peak in glassy car-
bon has been ascribed either to a bond angle disorder in
sheetlike sp -bonded carbons or to the presence of some

~-5 ttM Undamaged ta-C

0.5

10 10
Xe' ion Dose (cm )

I

1O15

FIC'r. 3. Quantity A'boa is plotted against photon energy %co for
the ta-C specimens implanted to the doses shown in Table I.
The horizontal intercept of the straight line fitted above the Ur-
bach edge approximates the optical gap.
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FIG. S. The effect of 200 keV Xe ion implantation on the Ra-
man spectrum of ta-C implanted to the doses shown. Also
shown for comparison is the Raman spectrum glassy carbon.
The G and D refer to the graphite and disorder peaks, respec-
tively.

tetrahedral bonding. It is important to stress that the
Raman spectrum is predominantly sensitive to in-plane
modes in sp -bonded materials and in particular the
scattering above approximately 1400 cm ' cannot be due
to sp -bonded material according to density of states cal-
culations. Therefore the Raman spectrum provides in-25

formation on the bonding within the sp fraction of the
ta-C film.

A sudden qualitative change in the Raman spectrum
appears at a dose of 10' ions/cm: a pronounced D peak
emerges concurrent with the development of a 6 peak.
The D peak corresponds to a feature in the vibrational
density of states of layered sp structures such as graph-

26ite. The 6 peak corresponds to the zone center E2 Ra-
26

2g
man active mode of graphite. These spectra therefore
imply that a structural change occurs at a dose of 10'
ions/cm from a highly disordered material to one which
contains a significant fraction of sp -bonded material
with good in-plane ordering.

At higher doses than 10' ions/cm, both the D and 6
peaks become broadened and less well defined. A
phenomenon similar to this has already been observed in
implanted graphite and glassy carbon, where it has
been attributed to increasing in-plane disorder within the
graphite layers.

C. Electron energy-loss spectroscopy

FIG. 4. The optical gap plotted as a function of ion dose for
ta-C implanted with 200 keV Xe+ to the doses shown.

Energy-loss spectra of carbon films in the vicinity of
the E edge are useful indicators of the density of states of
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D. Electron difFraction IV. DISCUSSION

glassy
carbon

0.2 0.4 o.e o.e
s (A-')

1 x10

2 x10

1 x 10

2 x10

1% 10
nimplanted

ta-C

1.0 1.2

FICx. 9. Energy filtered electron-diffraction intensities from
the ta-C specimens implanted with 200 keV Xe+ ions to the
doses shown. Also shown for comparison, is the diffraction pat-
tern from glassy carbon.

Electron diffraction provides further insights into the
structural changes discussed above. The region around
the undiffracted beam contains information on the
longer-range spatial correlations in the specimen. Figure
9 shows the energy filtered elastic electron-diffraction in-
tensity for all specimens and for glassy carbon. The
diffraction pattern for ta-C has been described in the
literature and contains very little intensity near the
undiffracted beam, indicating a homogeneous network
without inhomogenities on a scale larger than about 0.35
nm. Beam damage up to a dose of 2X10' ions/cm pro-
duces a general enhancement of scattering near the cen-
tral beam indicating inhomogenities over a large range of
sizes. This increase in small angle scattering can probably
be attributed to cracks or void spaces resulting from
damage. At a dose of 1X 10' ions/cm the small-angle
scattering again decreases indicating an increase in
homogeneity.

Also evident in Fig. 9 is the formation of a peak in the
position of the graphite [002I reflections for a dose of
10' ions/cm . The emergence of [002 I refiections indi-
cates the presence of layers separated by the distance be-
tween layers in graphite (0.334 nm). This peak continues
to increase in intensity and decrease in breadth, indicat-
ing an increasing tendency towards larger and more per-
fectly spaced layers. The in-plane ordering, however, of
the graphitelike layers as indicated by the intensity of the
peaks at the graphite [ 100I and [ 110j positions, reaches
a maximum at 10' ions/cm but decreases with further
dose, in agreement with the Raman observations. This
interpretation is made by comparing the difFraction pat-
terns of the specimens with that of glassy carbon which
gives the expected relative intensity of the [002I and the
[100I and [110j refiections for well ordered graphitelike
layers containing six-membered rings. '

The dose dependence of the conductivity of ion-
irradiated ta-C shown in Fig. 1 is different to that shown
by other forms of carbon including hydrogenated amor-
phous carbon, ' type-II natural diamond, CVD dia-
mond, and C6o fullerene, which all show a well-
defined threshold dose before the resistivity begins to de-
crease. For the specific case of diamond irradiated with
320 keV Xe+ at 490 K there is a transition at a critical
dose, D, (see Fig. 1 which compares the data for ta-C to
that of natural diamond). For doses (D, the gradual in-
crease in conductivity is believed to be due to hopping
conductivity between islands of highly conducting graph-
itelike material. "' At D, these islands overlap to form
a continuous electrical pathway through the irradiated
volume leading to a very rapid decrease in the resistance.
For ta-C this clearly does not occur; there is no critical
dose where a sudden decrease in resistance is observed, or
a dose where a sudden change in the band gap or activa-
tion energies occurs. This suggests that the origin of the
conductivity in ion implanted ta-C is different to that in
ion implanted diamond. We offer the following tentative
explanation.

Unirradiated ta-C contains sp sites at a concentration
of about 20% and these sites form midgap impurity
states. Density of electronic states calculations of model
structures by a number of authors ' show a decreasing
gap with increasing sp fraction. We suppose that the
passage of each ion creates further sp -bonded material,
which can contribute to the conductivity by acting as n-

type dopants. The presence of a greater proportion of
sp -bonded material also narrows the gap between the
conduction or valance mobility edges which leads to a
gradual increase in the conductivity and the decrease in
the optical gap.

The sudden structural transformations observed by
electron difFraction and Raman spectroscopy which
occur at a Xe dose of about 10' ions/cm are not accom-
panied by sharp changes in the electrical behavior. A
possible explanation for this may be as follows. As the
dose is increased, the probability of sp sites clustering
into isolated graphitic islands increases. As long as these
sp clusters are isolated from each other, they will not
contribute significantly to the conductivity (or rather
their contribution will be small as compared to that from
the sp sites within the sp matrix). The Raman and TEM
measurements are sensitive to the ordering within these
graphitic islands, and it is clear that this ordering in-
creases dramatically at a dose of about 10' ions/cm .
When the sp -bonded zones overlap, the conductivity is
expected to saturate and indeed this does occur at a dose
of about 10' ions/cm . These results suggest that the
electrical properties of the virgin material are primarily
due to the presence of defect states caused by local devia-
tions from sp bonding.

As discussed above, Raman spectroscopy and electron
diffraction are sensitive to different aspects of the im-
planted ta-C structure. Raman spectroscopy is primarily
sensitive to the in-plane order of the sp fraction of the ir-
radiated ta-C, whereas the electron diffraction provides
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information on the entire (three-dimensional) structure.
In order to assist the reader in understanding the
structural changes which occur during the ion implanta-
tion of ta-C, Fig. 10 shows a schematic impression of
"snapshots" in the evolution of the amorphous
tetrahedral structure when viewed from two directions
perpendicular to one another (plan view and side view).
The unimplanted ta-C (represented by dark grey in the
figure) is isotropic and contains a majority of fourfold-
coordinated sp -bonded sites. As ion implantation
proceeds, the ion produces damage in the form sp-
bonded carbon atoms and at a dose of approximately 10'
Xe/cm the structure consists of a considerable fraction
of sp -bonded carbon (approximately 50%%uo) in the form of
isolated graphitic regions (six-membered rings, white in
the diagram) surrounded by undamaged ta-C material.
As shown in the plan view of Fig. 10(b), these isolated is-
lands form sp -rich nuclei and have a considerable degree
of in-plane order, that is, a predominance of hexagonal
six membered rings as indicated by the Raman analysis.
The broad I002I refiection in the diffraction pattern at
this dose indicates, however, that the c-axis stacking of
these nuclei is poor as shown in the right-hand side of

Fig. 10(b). As the implantation continues to doses above
10' Xe/cm, and the sp fraction increases, the in-plane
bonding becomes increasingly disordered as indicated by
a broadening of the Raman peaks. This implies that, in
the implanted ta-C sheet structures, a variety of ring
sizes, that is, many five- and seven-membered rings are
present [light grey in Fig. 10(c)] along with six-membered
rings. At the same time, the stacking of the sp -bonded
regions becomes increasingly ordered, as indicated by a
narrowing of the [002] refiection in the diffraction pat-
tern. Figure 10(c) illustrates this microstructure
at a dose of about 10' ions/cm where the structure has
become almost entirely sp bonded. Large regions of
conducting material have been formed, as indicated by a
dose saturation of the resistance at a low value. The con-
duction mechanism at this dose is essentially metallic as
in graphite.

The appearance and subsequent disappearance of in-
plane order within the implanted ta-C structure requires
some discussion. It has been shown that C interstitials
are mobile for implantation temperatures of 500 K in ion
implanted glassy carbon, and that above this tempera-
ture, defect mobilities are sufficient so that the glassy car-
bon structure is retained even after high ion doses.
Therefore for an implantation temperature of 470 K, de-
fect mobilities in the ion-beam-modified ta-C are prob-
ably suKciently high to allow knockon carbon atoms gen-
erated in the collision cascade to reorganize into islands
of sp -bonded carbon with a considerable degree of in-
plane order [see Fig. 10(b)]. At even higher doses, the
size of these sp -bonded regions increases, but on the oth-
er hand the ion beam introduces considerable damage, so
that the in-plane order is degraded [see Fig. 10(c)].

.~ i I'III M

Ilail

z '- iii ii ~ fi
I I Ill I Sr

lltll ~ I
I

I I 111%%' $1

II(I ' 15 'I RII I illi

jii-

I g iiiaieehjiiiiiiii I
"5iia I

a gPI I I I1%lh i)

~Rii f/'

%II IlI" Ii

bQ

QJ

QJ'a

(c)
tl

V
Six—membered

rings Tetrahedral
bonding

Five Ez: seven
membered rings

FIG. 10. Sketches to illustrate the evolution of the ta-C into
a disordered sp structure with increasing Xe ion dose when
viewed from two directions perpendicular to one another. (a) il-
lustrates the structure of virgin ta-C, while (b) and {c)show the
structure following 200 keV Xe implantation at 470 K to doses
of approximately 10' ions/cm and 10" ions/cm, respectively.
The dark grey regions are undamaged ta-C, the white regions
represent graphitelike six-membered rings, while light grey
represents regions containing five- and seven-membered rings.

V. CONCLUSIONS

The effect of ion implantation on the structure and
electrical behavior of ta-C has been investigated. Unlike
other insulating forms of carbon, no critical dose for the
onset of conductivity was observed. Rather, the resis-
tance and optical band gap decrease as a gradual function
of ion dose. By contrast, the Raman and diffraction
measurements show a sudden change in structure at a
Xe+ dose of about 10' ions/cm where a high fraction of
well-ordered sp -bonded carbon atoms in graphitelike nu-
clei is observed. Further ion bombardment increases the
sp fraction, concurrent with a disruption of the in-plane
sp order. The resulting material contains a high degree
of layerlike stacking with poor in-plane order. Since the
addition of sp sites by ion damage has an immediate
e8'ect on the conductivity of ta-C, the central role of these
sites in conduction is confirmed. The results suggest that
the conductivity of as grown ta-C is dominated by the
presence of sp defect sites distributed throughout the
network.

The results also show that highly conducting pathways
can be "written" into ta-C by selecting the appropriate
dose and energy using an ion beam. The results therefore
give the necessary para. meters for the construction of
electrical contacts or conducting pathways useful in fa-
bricating possible devices from ta-C.
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