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Observation of graphitic and amorphous structures on the surface of hard carbon films
by scanning tunneling microscopy
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The atomic structure of the surface of amorphous hard carbon films, prepared by dc magnetron
sputtering, has been studied by scanning tunneling microscopy. Small graphitic domains of ~ 15 A
have been observed. In many disordered areas, five-membered carbon rings were often detected.
Other ordered domains are observed which could be interpreted as due to small diamondlike clus-

ters.

Carbon exists in a variety of forms, both crystalline
and amorphous. The two ordered forms, graphite and di-
amond, are characterized by the exclusive presence of a
single type of bonding: delocalized sp? and sp?, respec-
tively. The graphitic bond lies between the double and
single bonds, with a bond order value of 1.67.! More
disordered materials such as pyrolytic and glassy carbons
are generally characterized by a single sp2-to-sp > ratio, al-
though it would be more accurate to describe them as a
continuous distribution of bonds, with orders between 1
and 2.

Over the last decade, interest in the properties of thin,
hard carbon films has increased considerably. Their ex-
treme hardness, chemical inertness, and good optical
properties make them important technological materials
for applications such as optical coatings and protective
layers against corrosion and wear. They can be grown by
a variety of methods such as plasma decomposition of hy-
drocarbons, ion beam deposition and plating, and dc or rf
sputtering from solid graphite targets.? In the so-called
hydrogenated amorphous carbons (a-C:H), hydrogen ter-
mination of dangling bonds favors sp> bonding, allowing
the growth of more transparent films and also helping the
formation of diamond crystallites. On the other hand,
carbon films prepared by dc sputtering (a-C) do not con-
tain hydrogen, and they are more disordered. They do
not show long-range order, and the question of whether
or not graphitic and/or diamondlike microdomains are
present remains open.>”7 A fundamental understanding
of the structure of these materials has, in fact, been ham-
pered by the lack of techniques that can reveal the local
atomic configuration and electronic properties of the car-
bon atoms.

In this paper, we present the first observations by scan-
ning tunneling microscopy® (STM) of the atomic arrange-
ment of carbon atoms on the surface of a-C. We will
show that small, graphitic-type domains are present. We
will show evidence for the existence of irregular arrange-
ments of carbon atoms including five-membered carbon
rings and others. Finally, structures that suggest the pos-
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sible presence of 1X1 and 1X2 reconstructed diamond
(111) surface domains will be shown.

Our STM operates in air and has been described ear-
lier.’ Images composed of 256><256 pixels taken in the
current (constant-height) mode!° were recorded with tip
velocities between 3600 and 4820 A/s. With such scan
rates, thermal drift was found to be insignificant. Al-
though piezo calibration was checked on a graphite crys-
tal, absolute distances are reliable only within +10%, due
to the hysteresis of the piezoelectric ceramics. Typical
tunneling conditions were 10 nA and +20 mV for tunnel-
ing current and sample bias, respectively. These values
were found to give optimum results. The corresponding
gap resistance for these conditions, 2 X 10° Q, is low com-
pared to the 10% Q value typically used. Also, due to the
high resistivity of these materials,? a significant fraction
of the measured gap resistance may correspond to the
spreading resistance of the film. In these conditions,
therefore, the tip could be close to atomic contact. No
evidence of surface damage has been observed, however.

Local barrier-height (LBH) measurements®!! were ob-
tained by modulating the tip-surface distance at a
frequency of 30 kHz with a peak-to-peak amplitude of 1.6
A. Tip velocities of 490 A/s were typically employed.
The barrier-height values obtained in this manner were of
approximately 1.6 eV and below. According to Lang,!?
such small values indicate close proximity of the tip to
the surface that leads to the collapse of the tunneling bar-
rier. In the jellium model, distances below 3.5 A lead to
barrier-height values of less than 1 eV.!2 These observa-
tions, therefore, are consistent with the small value of the
gap resistance discussed above.

The samples utilized in these studies were carbon films
of 100-300 A thickness deposited at a temperature of
~100°C on a metallic substrate by dc magnetron Ar*
sputtering. ! 3 No significant variations in our results were
noticed for different samples.

Some STM images did not show any resolvable
features. This might reflect contaminated areas or
domains of poor conductivity. Others, although showing
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neither medium- nor long-range order, displayed disor-
dered bright spots and filamentary structures reminiscent
of zig-zag chains.'* In other cases better recognizable
patterns could be observed. Such an area is shown in the
image of Fig. 1(a), taken in the current mode. On this
28X 12-A2 area, two well-resolved structures can be
seen. On the right-hand side of the image, a pattern con-
sisting of interconnected six- and five-membered rings is
observed. This area is magnified in Fig. 1(c). Measured
bond distances are in the range 1.3-1.6 A i.e., they are
consistent with carbon-carbon distances from single to
double bonds. The limited accuracy in the position of the
carbon atoms on a given STM spot (£0.15 A), prevents
us from giving a more precise description of the
structure’s bond order. Several five-membered rings can
be observed with bond lengths around 1.4 A. Other
nonhexagonal rings are also observed. Cjs rings have been
observed in other images as well and seem to be an intrin-
sic feature of this type of material. Carbon clusters con-
taining five-membered rings have been proposed in the
literature to account for the existence of specific lines
(magic numbers) in the mass spectrum obtained after
laser-pulse ablation of a graphite target.!> Extended
Hiickel calculations have shown that these species are
quite stable, 15 and they may form during argon sputter-
ing as well. Such species could condense on the surface
of the film to form the observed patterns. It is worth no-
ticing also that pentagonal rings in sputtered carbon films
have been predicted in 1973 by Nelson, !¢ based on the
fact that eclipsed sp® bonds are energetically favored
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compared to staggered ones on the film surface during
growth, as they involve fewer dangling bonds. Planar
pentagonal rings can then be formed whose 108° angles
are close to the tetrahedral 109.47°. Also, Weissmantel
et al. have suggested the presence of Cs and C; on sput-
tered films based on electron diffraction. !’

The left-hand side of Fig. 1(a) is magnified and shown
in Fig. 1(b). It shows a distorted honeycomb pattern, in-
dicating the presence of a graphitic domain of approxi-
mately 15 A. Such domains have been predicted in the
literature.” In contrast to the case of the infinite crystal
of graphite in an AB-layer stacking, where only every
other atom of the basal plane is imaged by STM, *!° our
observation is consistent with a structure with localized 7
bonds in a Kékulé arrangement. Such a localization of 7
bonds has been documented for small polycyclic aromatic
hydrocarbons, '?® and is basically due to edge effects.
The possibility of Moiré-type patterns arising from multi-
ple tip imaging, as invoked by some authors to account
for the various images observed in graphite?"?? is very
unlikely in our case, because of the lack of long-range or-
der. Also, the possibility of multiple tip imaging is
enhanced in graphite, due to its ease of deformation (in
contrast to the extreme hardness of these films) which
helps bring secondary tips in tunnel range with the sur-
face. Although we have observed such a phenomenon oc-
casionally on metal surfaces, no evidence for such artifact
has been observed here. The bright STM spots will there-
fore be assigned to the w-electron cloud involved in a

FIG. 1.
atoms (crystal bias +20 mV).

(a) 28X 12 A2 STM image of a-C film taken in the current mode showing graphitic and pentagonal arrangements of C
(b) Magnified left-hand and (c) right-hand parts of the image.
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FIG. 2. 40X40 A2 STM image of a-C film taken in the
barrier-height mode (crystal bias +20 mV).

double bond, since the corresponding energy levels in the
local density of states (LDOS) are closest to the Fermi
level.”

Another way of imaging is to perform LBH experi-
ments by modulating the tip-to-surface distance, with

lock-in detection of the tunneling current.® Such a tech-

nique has been proven to yield atomic resolution as well,
and with a better signal to noise ratio than m the topo-
graphic mode. !! Figure 2 shows a 40X40- A2 STM im-
age recorded in this mode. As in Fig. 1, regions showmg
a honeycomb-type lattice can be observed. Their size
does not exceed 15 A. Another interesting feature is the
presence of two bright domains showing hexagonal sym-
metry (middle- rlght and top). The interatomic distance
in these domains is approximately 2.5 A, which corre-
sponds to the (111) surface of diamond (2.52 A), but
which may also originate from the atoms of type A ob-
served on the graphite (0001) basal plane (2.46 A).'81°
As discussed above, small graphitic domains show mostly
quasilocalized 7 bonding with most of the honeycomb
hexagon visible. Therefore, we will prefer the former in-
terpretation of these features as diamondlike carbon clus-
ters. The fact that they appear stable in an atmospheric
environment can be explained through termination of the
dangling p, orbitals by hydrogen, which is a major con-
taminant in the sputtering system.

Another type of structure that is observed in this a-C
film is shown in the current image of Fig. 3(a), obtained
at a negative sample bias of 20 mV. On this image, a
short-range translational symmetry can be visualized, and
it is best shown by looking at its two-dimensional Fourier
transform [Fig. 3(b)]. In the spatial frequency space, the
bright spots correspond to the spatial periodicity. The
size of the unit cell formed in this manner is approx1-
mately 2.7X4.5 A% The diamond (111) surface that is
not terminated by hydrogen atoms is known to recon-
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FIG. 3. (a) 24X28 A2 STM image of a-C film taken in the
current mode (crystal bias —20 mV). (b) Corresponding two-
dimensional Fourier-transform pattern indicating translational
symmetry.

struct in a 1X2 pattern with lattice constants of 2.5 and
4.4 A.?* Within the precision of our piezo calibration,
this is consistent with the measured distances. The
reconstruction lowers the surface energy by saturating
the dangling bonds. Among the existing models, the -
chain model proposed by Pandey?* seems to be the most
probable.?>?® The bright and oblong maxima in the tun-
neling probability could then be due to localized 7 bonds
alternating in the chains along the short axis of the unit
cell. On the basis of this sole experimental evidence,
however, we cannot make a definite identification of this
structure.

In conclusion, we have used the STM to unravel the
structure of amorphous a-C surfaces with atomic resolu-
tion. To our knowledge, this is the first time that an
amorphous structure is resolved at the atomic level with
such detail. We were able to prove the existence of small
(~15 A) graphitic domains with localized 7 bonding.
We have also shown the presence of areas with five-
membered C rings and other aperiodic structures that
have been hypothesized in many previous studies. Our
results suggest the possible presence of small, nonrecon-
structed, as well as 1X2 reconstructed, diamond (111)
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clusters. None of the ordered structures show a correla-
tion length greater than 20 A. This study should provide
impetus for further investigations of such amorphous ma-
terials by STM. For example, the effect of annealing and
growth conditions on the surface structure should be
studied to establish correlations with the mechanical and
electronic properties of these films. This is particularly
relevant in view of the growing interest in these techno-
logically important materials.
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FIG. 1. (a) 28X12 A2 STM image of @-C film taken in the current mode showing graphitic and pentagonal arrangements of C
atoms (crystal bias +20 mV). (b) Magnified left-hand and (c) right-hand parts of the image.



FIG. 2. 40X40 A2 STM image of a-C film taken in the
barrier-height mode (crystal bias +20 mV).



FIG. 3. (a) 24X28 A? STM image of a-C film taken in the
current mode (crystal bias —20 mV). (b) Corresponding two-
dimensional Fourier-transform pattern indicating translational
symmetry.



