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ABSTRACT: The formation of covalent bonds to single-walled
carbon nanotube (SWNT) or graphene surfaces usually leads to
a decrease in the electrical conductivity and mobility as a result of
the structural rehybridization of the functionalized carbon atoms
from sp2 to sp3. In the present study, we explore the effect of
metal deposition on semiconducting (SC-) and metallic (MT-)
SWNT thin films in the vicinity of the percolation threshold and
we are able to clearly delineate the effects of weak physisorption,
ionic chemisorption with charge transfer, and covalent hexahapto
(η6) chemisorption on these percolating networks. The results support the idea that for those metals capable of forming bis-
hexahapto-bonds, the generation of covalent (η6-SWNT)M(η6-SWNT) interconnects provides a conducting pathway in the
SWNT films and establishes the transition metal bis-hexahapto organometallic bond as an electronically conjugating linkage
between graphene surfaces.
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T he interaction of metals with the benzenoid surfaces of
carbon nanotubes and graphene can significantly modify

their electronic and magnetic structure and plays an important
role in the realization of electrical contacts to carbon-based
electronic devices.1 Depending on the nature of the metal
atoms, their interaction with graphene surfaces is described by
three distinct behaviors: (a) weak physisorption, (b) chem-
isorption with ionic character (doping) and little rehybridiza-
tion, and (c) chemisorption with covalent bonding, in which
there is minimal charge transfer but strong rehybridization of
the carbon atoms from sp2 to sp3.2,3 We refer to this third
category as destructive rehybridization as it usually leads to a
loss of conductivity and a reduction in mobility of the graphene
nanostructures. Recently, we suggested a fourth category: (d)
chemisorption in which the covalent interaction leads to the
formation of an electronically conjugating, organometallic bis-
hexahapto-graphene junction while maintaining the electronic
structure of the individual graphene nanostructures; such bonds
involve minimal (structural) rehybridization and we have
referred to this process as constructive rehybridization.4

The extended, periodic π-electron graphitic structures are
narrow or zero band gap materials and, thus, the electron-donor
and electron-acceptor interactions between the highest
occupied molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) of the arene π-system, and the d-
orbitals of transition metals in hexahapto-metal bonds, are

strongly enhanced by the high lying valence band and low lying
conduction band of the graphitic surfaces.4,5 In analogy with
benzene, in which the e1g and e2u π-orbitals hybridize with the
metal d-orbitals to form the hexahapto-metal-bonds in (η6-
benzene)2Cr, the electronic structure of the graphitic π-electron
systems is ideally suited for the realization of organometallic
chemistry.4−7

As we show below, single walled carbon nanotube (SWNT)
networks offer a unique platform to study the effect of the
hexahapto-metal bond on the establishment of electrical
contact between graphitic surfaces. The electrical resistance of
thin films of SWNTs is known to be dominated by the
internanotube junctions,8 as confirmed in conductive tip atomic
force microscopy9−12 and cross junction electrical resistance
studies.13,14 Because the current flows easily along the
nanotubes before being forced to surmount the internanotube
junction resistance, it is apparent that the percolation in these
films is dominated by the nature of the internanotube contacts.
Thus, we reasoned that the transport in such SWNT films
particularly in the vicinity of the percolation thresholdwould
be particularly sensitive to the formation of (η6-SWNT)M(η6-
SWNT) interconnects because in this regime the conducting
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pathways become severely limited by the low density of
SWNTs. The use of transition metals to interconnect SWNT
surfaces represents the first attempt to use covalent bonding to
modulate the conductivity of SWNT thin film networks; prior
to this work, the covalent functionalization of graphene and
SWNT surfaces have led to a decrease in the conductivity and
mobility.15,16 Previous approaches to improve the conductivity
of SWNT thin film networks have relied on an increase in the
carrier concentration by use of electrochemical and solid state
gating or by exposure to dopants, which lead to ionic charge
transfer chemistry, and thus, we rely on this latter technique to
benchmark our use of hexahapto-metal SWNT interconnects.
The SWNT networks are of interest in their own right and

have been shown to provide a readily accessible platform for
device applications, including their use as diodes and
transistors,17,18 chemical and biosensors,19−21 and near-IR
detectors.22−24 The p-type semiconducting behavior of the
SWNT thin films in conjunction with their optical transparency
makes them suitable for transparent conductive coatings in
large area solar cells, light emitting diodes and displays,8,17,25−30

and as reconfigurable optical media.31

In the present manuscript we report the effect of the
deposition of suitably chosen metals on the conductivities of
metallic (MT-) and semiconducting (SC-) SWNT films of
nominal thickness (t), t = 0.5, 1, 2, 4, 8 nm. As we show below,
these thicknesses approach the critical thickness (tc) for
percolation and offer an ideal platform with which to
benchmark the ability of the covalent (η6-SWNT)M(η6-
SWNT) bond to enhance the connectivity of a SWNT
network. We chose metals to represent three of the limiting
cases discussed above: (a) physisorption (gold), (b) chem-
isorption with ionic doping (lithium), and (d) chemisorption
with bis-hexahapto-bonding (constructive rehybridization,
chromium).4,32 The experiments follow the e-beam version of
the metal vapor synthesis (MVS) technique, which has proved
to be very successful in the low temperature preparation of

many bis-hexahapto-metal complexes,33−35 although our
substrates are held near room temperature.

Transport Properties of Pristine Semiconducting
Single-Walled Carbon Nanotube (SC-SWNT) Thin Films.
The SWNT films were prepared from aqueous dispersions of
SC- and MT-SWNTs by filtration and the effective thickness
(t) of the film was calculated from the mass of the dispersed
SWNTs and the measured film density of 1.2 g/cm3;32 during
film formation the individual SWNTs reassemble into bundles
of diameter 3−6 nm. The SEM images in Figure 1 show the
emergence of network inhomogeneities in the thinnest films as
evidenced by the appearance of spatial fluctuations in the
density of SWNTs and is readily observed by comparing the
uniformity of the films of effective thickness 0.5 nm (Figure
1a,e) and 8 nm (Figure 1d,f), in agreement with literature
reports.28,36,37

The pristine films were annealed at 300 °C for 3 h in a
vacuum of 10−7 Torr before transfer to the vacuum system
where they were further annealed at 110 °C to minimize
atmospheric p-type doping;38 the electrical conductivities were
measured in a 2-probe configuration as 4-probe measurements
showed a negligible contribution of the current contacts to the
film resistance. The conductivity of the pristine SC-SWNT
films at 300 K as a function of thickness is shown in Figure 1g;
the film of thickness t = 0.5 nm has a measured resistance of R
= 4 × 1011 ohm and a conductivity σ = 8 × 10−5 S/cm. The
conductivity of the pristine SC-SWNT films shows a
pronounced increase between t = 0.5 and 2 nm, beyond
which it saturates at a bulk conductivity, σ ∼ 1 S/cm.
The strong dependence of conductivity on film thickness

agrees with expectations based on percolation theory39,40 and as
shown in Figure 1g (inset) can be satisfactorily described by the
expression

σ ∝ −
α

t t( )c (1)

with an estimated percolation threshold, tc ∼ 0.4 nm for the
SC-SWNT films and critical exponent α = 2.4, in good

Figure 1. SEM images of SC-SWNT films of thicknesses (a, e) 0.5 nm; (b) 1 nm; (c) 2 nm; and (d, f) 8 nm. (g) Room temperature conductivity of
pristine SC-SWNT films as a function of effective thickness. Inset of (g) shows a fit of conductivity data to eq 1 with parameters tc ∼ 0.4 nm and α =
2.4.
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agreement with the value of tc = 1−3 nm previously obtained
for thin films of nonseparated SWNTs.28,41,42 In order to test
the reproducibility of the data, a second set of independently
prepared SWNT films was evaluated and found to give similar
results (tc ∼ 0.45 nm and α = 2.2).
The critical thickness obtained from the percolation analysis

is subject to two extrinsic factors: (a) the tendency of the
SWNTs to rebundle during film preparation, thereby reducing
the number of conducting pathways available for electrical
transport and (b) the inhomogeneity of the SWNT network in
very thin films, which requires the percolating pathways to
include the sparsely covered areas surrounding high density
islands (Figure 1e). The values of α obtained in this study
exceed the universal critical exponents for 2D and 3D
percolating systems of 1.33 and 1.94,39 although critical
exponents above the universal values were previously reported
for SWNT networks28,42,43 and composite system40 and
predicted theoretically for systems with a wide distribution of
bond or junction resistances.40,44,45

Metal Deposition on SC-SWNT Thin Films. Below, we
explore the use of metals in improving internanotube junction
resistance and we report the results of high vacuum metal
deposition experiments conducted on ultrathin SWNT net-
works in the vicinity of the percolating threshold. Prior to metal
deposition the SWNT films were annealed and then transferred
into a cryopumped Temescal BJD 1800 e-beam evaporator
equipped with custom fittings to allow in situ measurement of
the film resistance.
The behavior of the SC-SWNT conductivity on the

deposition of one monolayer (ML) of metal is shown in
Figure 2 as a function of the SWNT film thickness. The SC-
SWNT thin films show a strong increase in conductivity on
deposition of alkali and transition metals, whereas the
deposition of gold leads to a very small, monotonic increase
in conductivity (not visible in Figure 2), which is consistent
with the formation of a parallel noninteracting film due to the
fact that gold is unable to participate in bis-hexahapto-bonding
owing to its filled outer d-orbital [physisorption, case a].4

The deposition of lithium is expected to result in charge
transfer to the SWNTs [case b above, ionic chemisorption,
doping], and alkali metals are known to produce a strong
increase in the conductivity of carbon nanomaterials.46−48

Recently, we found that Cr can form (η6-SWNT)M(η6-
SWNT) interconnects,32,49 and we have suggested that this
mode of interaction with the graphene surfaces of carbon
nanomaterials is totally distinct from ionic chemisorption and
physisorption. The formation of (η6-SWNT)Cr(η6-SWNT)
complexes is particularly favorable (Figure 3) because the

distance between the benzene rings in the prototypical
bis(benzene)chromium complex, (η6-C6H6)2Cr (3.23 Å),50 is
close to the van der Waals gap of 3.15 Å within SWNT
bundles.51 The 6 valence electrons from the Cr atom in
conjugation with two Clar sextets from the graphene surface4 of
the SWNTs lead to a total of 18 electrons, which exactly fill the
3d4s4p metal valence shell, and it is known to lead to a stable
electronic configuration.32,52

Reference to Figure 2 shows that in the initial stage of metal
deposition (tM < 0.5 ML) on SC-SWNT films, the conductivity
enhancement induced by the Cr atoms is more efficient than
the doping by Li, and thus, at very low coverage, the ability of

Figure 2. Effect of metal deposition on the electrical conductivity of SC-SWNT films of thicknesses: (a) 0.5 nm; (b) 1 nm; (c) 2 nm; and (d) 8 nm.
(e) Conductivities of SC-SWNT films before (black square symbols) and after (red circle symbol) 0.1 ML Cr deposition. Inset of (e) shows a fit of
the conductivity data to eq 1 with parameters tc ∼ 0.45 nm and α = 2.2.

Figure 3. Bis-hexahapto bond formation at the internanotube
junctions.
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Cr to bridge the highly resistive SWNT contacts is always more
effective than electron transfer via doping to the conduction
band of SC-SWNTs. Beyond this point, we distinguish between
two cases: pristine SC-SWNT films that have reached the
saturation conductivity (Figure 2, tSWNT ≥ 2 nm), and pristine
SC-SWNT films below this thickness (which are approaching
tc: tSWNT ≤ 1 nm). For those pristine SC-SWNT thin films
beyond the saturation conductivity (tSWNT ≥ 2 nm), Li doping
eventually becomes more effective in its ability to enhance the
bulk SC-SWNT film conductivity. In the situation where the
SC-SWNT film approaches the percolation threshold (tSWNT ≤

1 nm), it may be seen that Cr is always more effective than Li in
enhancing the conductivity of the SC-SWNT network, and this
is in accord with a situation in which the conductivity is
severely limited by the number of conducting pathways. At
these thicknesses, the SC-SWNT film conductivities are
extremely dependent on the quality of the network junctions
and the conductivity enhancements by the Cr atoms are about
a factor of 700 (t = 1 nm) and 700 000 (t = 0.5 nm), clearly
indicating that these films are in the vicinity of the critical
thickness for percolation (tc). In such sparse inhomogeneous
networks, the establishment of a few SWNT electrical
interconnects by bis-hexahapto-bond formation can dramati-
cally increase the conductance of the film (Figure 2a). After Cr
deposition, all of the SC-SWNT film conductivities are found
to be independent of thickness, which suggests that the
formation of (η6-SWNT)Cr(η6-SWNT) bonds is able to

completely remedy the weak links in the SWNT network to
the point that percolation effects are no longer apparent in the
data (Figure 2e).

Metal Deposition on MT-SWNT Thin Films. SEM images
of networks of MT-SWNTs of effective thicknesses 0.5−8 nm
are presented in Figure 4a−d together with the dependence of
the electrical conductivity on the film thickness, which indicates
a percolation threshold below a film thickness of 0.5 nm.
For the thinnest measured MT-SWNT film (t = 0.5 nm), the

room temperature resistance was R = 2.3 × 106 ohm (σ = 15 S/
cm), which is 5 orders of magnitude lower than the value
measured for a SC-SWNT film of the same thickness (above).
Despite this difference in the film resistances, the saturation
values of the conductivities occur in the same range of
thicknesses (2−8 nm) for SC- and MT-SWNTs; this result
emphasizes the importance of the density of physical SWNT
junctions in these films and number of conducting pathways
rather than the absolute conductivities.
The behavior of the MT-SWNTs film conductivities on the

deposition of gold (Figure 4) is similar to that seen for the SC-
SWNTs, although this change is not visible in the results shown
in Figure 2. With a few caveats, the qualitative features of the
response of the MT-SWNT films to the deposition of Li and Cr
resemble that of the SC-SWNT films, although the magnitude
of the response is 2 to 4 orders of magnitude less. In all cases,
the deposition of about 0.1 ML Cr leads to an abrupt increase
in the conductivity of the MT-SWNT films; for the pristine

Figure 4. SEM images of MT-SWNTs films of thicknesses: (a) 0.5 nm; (b) 1 nm; (c) 2 nm; and (d) 8 nm. (e) Percolating dependence of
conductivities of MT-SWNT films before (black) and after (red) 0.1 ML Cr deposition. Effect of metal deposition on electrical conductivity of MT-
SWNTs films (f−i) of thicknesses: (f) 0.5 nm; (g) 1 nm; (h) 2 nm, and (i) 8 nm.
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films, which have reached the saturation conductivity (Figure
2a, tSWNT ≥ 2 nm), Li doping becomes more effective in its
ability to enhance the MT-SWNT film conductivity at tM >
∼0.5 ML. For the pristine MT-SWNT films, which are below
the saturation conductivity (tSWNT ≤ 1 nm), Cr is always more
effective than Li in enhancing the conductivity of the SWNT
networks. In most of the films shown in Figure 4, it may be
seen that Cr metal deposition beyond about 0.1 ML leads to a
slow decrease in the film conductivities, which we attribute to
hybridization of the Cr atom with the SWNT metallic states
along the body of the SWNTs which act to weakly scatter the
conduction electrons [chemisorption, case c; destructive
rehybridization, see above]. This result emphasizes the very
small number of Cr atoms that are actually involved in bridging
the SWNT−SWNT junctions and in constructing conducting
pathways.
Although the conductivities of the SC-SWNTs (Figure 2a−

d) and the MT-SWNTs (Figure 4f−i) differ by many orders of
magnitude, their response to ionic doping and to covalent bond
formation are identical in the sense that Cr is always more
effective below the saturation conductivity of the pristine films
(Figure 2a and 4f, tSWNT ≤ 1 nm). This is to be expected as
above this thickness the conductivities of the pristine films are
invariant to further increases in thickness because the physical
junction density has reached the bulk value.
Spectroscopic Studies of the Metal-SWNT Thin Films.

Although we have noted clear distinctions between the three
metals measured in our transport studies, both lithium [(b)
ionic chemisorption], and chromium [(d) covalent chem-
isorption with hexahapto bonding] strongly enhance the
conductivities of the SC-SWNT networks. However, the degree

of charge transfer from the metal to the SWNT conduction
band is expected to be quite different for these two bonding
configurations, and thus, we performed spectroscopic studies in
order to examine the effects of metal deposition on the
electronic structure of the SWNTs.
In order to protect the SWNT networks from the

atmosphere, the films were encapsulated with an Al film (50
nm, Figure 5a) in the final deposition step to prevent aerial
exposure; Figure 5 shows the spectral characteristics of 4 nm
thick SC-SWNT films after metal deposition. The characteristic
near-infrared absorption bands related to the first (S11) and
second (S22) interband transitions of semiconducting nano-
tubes are visible in both the reference (SC-SWNT/50 nm Al)
and the gold and chromium treated (SC-SWNT/10 nm Au/50
nm Al, SC-SWNT/10 nm Cr/50 nm Al) samples.53 The
unperturbed nature of these peaks suggests the preservation of
the SWNT intrinsic band electronic structure and band filling,
despite the metal deposition. Lithium deposition on the other
hand significantly decreases these absorption features by
transfer of electrons to the conduction bands of the SC-
SWNTs. Thus, as expected, lithium functions as an n-type
dopant and shifts the Fermi level of the nanotubes well into the
van Hove singularities, which prevents the interband transitions
as a result of Pauli blocking.54

Raman spectroscopy was carried out on the same set of
samples, and the characteristic SWNT features are apparent in
the date given in Figure 5c. It is well known that the position of
the 2D band is a sensitive indicator of charge transfer to the
SWNTs,55 and it may be seen that there is no change in the
peak position of the SC-SWNT/Cr/Al sample, whereas the SC-
SWNT/Li/Al sample shows a significant shift of the 2D peak to

Figure 5. Absorption and Raman spectroscopy of 4 nm thick SC-SWNT films after metal deposition. (a) Sample preparation and experimental
configuration for metal deposition (left) and microspectroscopy (right). (b) SWNT thin film near-infrared absorption spectra after aluminum (black
curve), gold (blue curve), chromium (green curve) and lithium (red curve) deposition. The spectra were background corrected and vertically offset
for clarity. (c) SWNT Raman spectra after aluminum (black), gold (blue), chromium (green), and lithium (red) deposition. The spectra were
normalized and vertically offset for clarity. The inset shows a plot of the 2D peak positions of the samples.
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lower wavenumbers.55 On the basis of the spectroscopic data,
we conclude that the interaction of Cr atoms with the SWNTs
does not induce significant charge transfer, and thus, the
bonding is covalent rather than ionic in nature, as discussed
above.
The effect of chromium on the electronic structure of SC-

SWNTs was further examined with ultraviolet photoelectron
spectroscopy (UPS) and Figure 6a shows the valence band
spectra of a SC-SWNT film before and after the deposition of 1
nm Cr. The spectrum of pristine SC-SWNTs is very similar to
that of HOPG (Supporting Information) with a band at around
3 eV assigned to the 2p-π states and broad overlapping bands at
∼5 and 8 eV associated with the 2p-σ states. The SC-SWNT
film with deposited Cr (1 nm, e-beam) initially exhibited a
spectrum very similar to the pristine films presumably due to
the chromium oxidation that occurs upon air exposure during
transfer from the e-beam to the XPS chamber and this
interpretation is supported by the core Cr 2p spectrum (Figure
6c), which shows that the majority of the surface Cr is present
in oxide form. To remove oxygen from the surface, the sample
was sputter etched with an Ar+ beam for 10 s; this resulted in
the development of a well-defined peak at ∼2.4 eV,
accompanied by a shoulder at ∼3.5 eV (Figure 6a). Increasing
the sputtering time to 30 s did not change the position of the
peak but led to a slight increase of the density of state (DOS)
near the Fermi energy (EF). The high DOS at the Fermi edge
suggests that part of the surface chromium retains its metallic

nature; the formation of small Cr clusters has been observed in
(η6-SWNT)Crx(CO)y synthesized in solution56 and on e-beam
deposition on graphene.57

A comparison of the photoemission spectrum of Cr/SC-
SWNT with that of Cr film (prepared by e-beam deposition,
sputtered with Ar+ beam for 10 s to remove surface
contamination prior to the measurement) is shown in Figure
6a. In our experiments, the Cr 3d states of the Cr film give a
broad peak centered at ∼1.9 eV, and thus, the peak at 2.4 eV in
the Cr/SC-SWNT is related to the complexation of chromium
atoms with the benzenoid ring system of the carbon nanotube
surface. This agrees with previous reports, in which the d-states
in metal clusters have been shown to shift to higher binding
energies due to rehybridization with the graphite π*-states.58

The SWNT C 1s core level spectra (Figure 6b) broaden after
the deposition of Cr in agreement with previous studies on the
interaction of low coverages of Cr with C60 films

59 as a result of
the hybridization of the Cr dπ orbitals with the SWNT carbon
π-orbitals.
Figure 7 shows the important role of the (η6-SWNT)Cr(η6-

SWNT) junctions in modulating the conductivity of SWNT
films in the vicinity of the percolation threshold and highlights
the differences in the magnitude of the response of SC-SWNT
and MT-SWNT films to this phenomenon. The results clearly
demonstrate that covalent bonding, in the form of the
organometallic bis-hexahapto-bond (Figure 3), offers an
interesting alternative to the standard approach, whereby the

Figure 6. Photoelectron spectra in the ultraviolet (UPS, He I) and X-ray (XPS) regimes for a SC-SWNT film (50 nm film on a HOPG substrate)
before and after e-beam deposition of 1 nm Cr. (a) UPS spectra of SC-SWNT (black line), SC-SWNT with 1 nm Cr (SC-SWNT/Cr, red), and SC-
SWNT/Cr after sputtering for 10 s (green), 20 s (purple), and 30 s (blue); all spectra are normalized to the 2p-σ transitions at 6−7 eV. The bottom
panel shows the difference spectra of the sputtered Cr/SC-SWNT sample obtained after subtraction of the SC-SWNT contribution. (b) Normalized
C 1s XPS spectra of SC-SWNT, SC-SWNT/Cr, and 30 s sputtered SC-SWNT/Cr. (c) Cr 2p XPS spectra of SC-SWNT, SC-SWNT/Cr, and 30 s
sputtered SC-SWNT/Cr.
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carrier concentration of the SWNT film is increased by
chemical doping or gating.60−62

This variant of covalent chemistry also contrasts with the
standard carbon−carbon bond forming reactions where the
graphene surface carbon atoms undergo full rehybridization
from sp2 to sp3 and in which the pyramidalization angle
formally changes from θP = 0° to θP = 19.5°.4,63,64 It is
important to note that the hexahapto-metal bond forms with
very little structural rehybridizationeven in the case of
bis(benzene)chromium, where the attached atoms are uncon-
strained, the pyramidalization angle only reaches θP = 1.7°.4,50

In situations where the complexed carbon atoms are
incorporated in a graphene surface the structural rehybridiza-
tion will be even less due to the geometrical constraints of the
lattice. Although it is well known that the graphene carbon
atoms strongly hybridize with some transition metals, in
hexahapto-coordination this electronic conjugation is able to
function without marked structural rehybridization (pyramid-
alization).3 The absence of structural rehybridization in bis-
hexahapto-metal organometallic complexes also explains why
this bond is likely the only covalent bond that can be successful
in the electronic conjugation of graphene surfaces: if there is
strong structural rehybridization of the reacting graphene
carbon atoms, the one-center 2s, 2p orbital hybrids remain
orthogonal, σ−π separation is maintained and conjugation is
minimized.65 The bis-hexahapto-metal bond, which involves 12
carbon atoms coordinated with one metal atom, is highly
delocalized and does not dominate the bonding of any single
carbon atom and thus the individual carbon atoms maintain
their conjugation with the graphene sheetthe metal d-orbitals
and the carbon π-orbitals remain nonorthogonal, overlap
effectively, and thereby seamlessly conjugate the two graphene
sheets.
In summary, we studied the formation of covalent hexahapto

(η6) bonds of chromium atoms with the benzenoid rings of
single-walled carbon nanotube films in the vicinity of the
percolation threshold. The deposition of submonolayer
amounts of chromium on the SWNT networks significantly
increases the film conductivity as a result of reduced

internanotube junction resistance. Raman and NIR spectros-
copies indicate that the interaction between the transition metal
and the SWNTs does not induce significant charge transfer,
thereby supporting the covalent nature of the bond in
agreement with the valence band structure seen in the UPS
experiments.
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