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A
s conventional complementary
metal oxide semiconductor (CMOS)
technology reaches its scaling lim-

its, alternatives such as carbon nanotube
(CNT)-based electronics have been exten-
sively explored due to their high carrier mo-
bility, ballistic transport, and high current
capability when used in conjunction with
high-� dielectric materials.1�4 The reduc-
tion of dimensionality of interconnects in
these new systems leads to electrical con-
tacts with the contact formation chemistry
determining to a great extent their electri-
cal performance. Various metals have been
investigated as possible candidates for elec-
trical contact with CNTs.5,6 Experimental re-
sults and calculations agree that Ti and Pd
are the best candidates, superior to conven-
tional metals previously used in microelec-
tronics such as Au, Cu, and Pt, which form
electrical contacts with high-resistance
Schottky barriers when used to contact
carbon-based nanostructures.7 However,
recent studies have shown that rhodium is
capable of forming high-quality electrical
contacts.8 Kim et al. examined single-walled
carbon nanotube field-effect transistors
(SWCNT FETs) fabricated using Rh as an
electrical contact material. They found that
transistor behavior was largely constant
without random fluctuation between de-

vices once the diameters of the nanotubes

were known. This allowed a systematic in-

vestigation of the dependence of Schottky

barrier heights at the contacts between Rh

and CNTs.

Creating Ohmic contacts on very small

diameter (d � 1 nm) nanotubes is cur-

rently a key challenge and requires a strat-

egy for eliminating the large tunnel barriers

associated with small diameter SWCNTs.

Understanding the interaction between Rh

and the CNT surface is an important step to-

ward achieving this goal. Larciprete et al. re-

ported that Rh atoms evaporated onto

CNT surfaces predominantly arrange in

(111)-terminated three-dimensional

clusters.9,10 These authors showed that

chemisorption of oxidizing species on the

Rh clusters led to changes in the electronic

structure of the interface at the metal�

nanotube contact. The magnetic behavior

of Rh monolayers on graphite has been

studied theoretically using tight-binding

methods,11 as well as single-atom absorp-

tion on semiconducting single-walled nano-

tubes.12

The chemical behavior of graphitic car-

bon materials is predominantly influenced

by the presence of defects.13 For CNTs, non-

hexagonal carbon rings, edges, and vacan-

cies are sites of high-energy defects, that is,

sites at which electron transfer takes place,

hence making them much more chemically

reactive than the perfect surface. The reac-

tion of oxygen at defects and the thermody-

namic and kinetic parameters affecting the

formation of oxo groups have been exten-

sively studied both theoretically and

experimentally.14,15 Typically, the number

of oxo groups which naturally graft at the

CNT surface due to interaction with atmo-

spheric oxygen is too low to be chemically
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ABSTRACT X-ray photoelectron spectroscopy at 3.5 keV photon energy, in combination with high-resolution

transmission electron microscopy, is used to follow the formation of the interface between rhodium and carbon

nanotubes. Rh nucleates at defect sites, whether initially present or induced by oxygen-plasma treatment. More

uniform Rh cluster dispersion is observed on plasma-treated CNTs. Experimental results are compared to DFT

calculations of small Rh clusters on pristine and defective graphene. While Rh interacts as strongly with the carbon

as Ti, it is less sensitive to the presence of oxygen, suggesting it as a good candidate for nanotube contacts.

KEYWORDS: metal�carbon nanotube
interaction · interface · nucleation · rhodium · carbon nanotubes

A
RT

IC
LE

VOL. 4 ▪ NO. 3 ▪ SUAREZ-MARTINEZ ET AL. www.acsnano.org1680



significant. Therefore, several methods have been used

to create reactive chemical sites and introduce oxo

groups onto CNT surfaces in a controlled manner,

among which oxygen-plasma treatment was shown to

be an effective method. The effect of various plasma

preparation parameters on the number, nature, and

relative distribution of oxo groups on carbon and the

CNT surface has been studied in detail by several

groups.16�18

In order to understand the Rh nucleation mecha-

nism on imperfect CNT surfaces, we evaporated differ-

ent amounts of Rh onto the surface of pristine and

oxygen-plasma-treated multi-walled carbon nanotubes

(MWCNTs), which were analyzed using transmission

electron microscopy (TEM) and X-ray photoelectron

spectroscopy (XPS) at a photon energy of 3.5 keV. The

experimental results were compared to density func-

tional (DFT) calculations of the interaction between Rh

atoms and pristine and defective graphene.

RESULTS AND DISCUSSION
Figure 1a shows a HRTEM image of Rh deposition

on a pristine tube, demonstrating a preserved inter-

face and crystalline ordering within the Rh particles.

This result can be understood in the context of DFT cal-

culations. On a graphitic surface, our calculations show

that single Rh atoms prefer to reside above a hexagon

center with 3.22 eV binding energy (Figure 2). Com-

pared to the other metals we have studied (Ti, Ni, Pd,

Pt, and Au), this is the strongest binding in agreement

with reports.19�21 The system has a net magnetic mo-

ment of 1.0 �B with an average C�Rh distance of 2.24 Å,

with the Rh atom sitting 1.71 Å above the graphitic
layer. When maintaining the same spin, neither
above a carbon atom nor over a C�C bond are
sites stable (0.42 and 0.35 eV less stable than the
ground state, respectively). This is in contrast to the
work of Zhao et al.12 who, for model semiconduct-
ing (8,0) nanotubes, found a preference for Rh to re-
side above bond-centered sites, with a binding en-
ergy of 2.48 eV and a shorter bond length (2.09 Å).
There are a number of differences in the calculations
(for example, they used the generalized gradient
approximation (GGA) for exchange and correlation,
with a smaller basis set), but we suspect the primary

difference is due to the high curvature and semicon-
ducting band gap of the (8,0) nanotube, as compared
to the graphene used for our modeling and the large-
radius multi-walled nanotubes used in the experiments
presented here.

Our calculated binding site values provide a mini-
mum migration barrier of 0.35 eV for Rh diffusion on
the graphitic surface over bond-centered sites. This
means Rh will be surface mobile at room temperature,
unlike Ti,22 although slower moving than Pd, Pt, or Au,23

consistent with experimental observations of Rh depo-
sition on HOPG.28 This lower surface mobility of Rh as
compared to Au can be seen in a much more even size
distribution of clusters as compared to Au, with smaller
average particle sizes23 (see Figure 4).

Our calculations suggest that Rh will preferentially
form 3D clusters on the graphitic layer rather than wet-
ting the surface: a tetrahedral configuration for Rh4 is
0.38 eV more stable than the planar configuration when
attached to the graphitic surface (the converse is true
for Ti).22 Although this may at first sight appear contra-
dictory with the high binding energy that we found
for single Rh atoms on graphite, the tendency to clus-
ter comes from the high cohesive energy of Rh. These
calculations explain the difference in surface behavior
between Rh and Ti, which shows energetic preference
for uniform surface coverage and is surface immobile at
room temperature, resulting in uniform amorphous sur-
face coverage.22 Rh, however, energetically prefers clus-
tering and is sufficiently surface mobile to facilitate this.
This can be seen in the HRTEM image in Figure 1a,
showing Rh deposition on a pristine tube. The observa-

Figure 1. HRTEM image of (a) Rh clusters on a CNT, revealing
the Rh atomic planes and the preserved CNT structure. (b) For-
mation of small-ordered fullerene-like protrusions attached to
Rh particles.

Figure 2. (a) Single Rh atom sitting above a hexagon site, similar to Ti. (b) Single Rh atom bonded to a vacancy O2 defect.
The ketone-bonded oxygen forms a C�O�Rh bridge, while the ether-bonded oxygen is deflected away with dilated bonds.
The energetic cost to displace this ether oxygen to sit above the Rh (effectively exchanging positions with the Rh) is only
0.67 eV. (c) Rh reacts with an O2 molecule to give a RhO2 species which sits further from the graphene sheet than isolated
Rh.
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tion of the Rh atomic planes and the preserved inter-

face suggests a stronger self-interaction within the Rh

cluster than with the CNT surface, as well as local crys-

talline ordering of the Rh atoms.

Goldoni et al. showed that Rh atoms evaporated on

a flat clean HOPG surface at room temperature have

high mobility forming 3D islands, while Rh atoms can

bind relatively strongly to defects at the HOPG sur-

face.28 With the aim of analyzing Rh nucleation in the

presence of defects at the CNT surface, CNTs were

oxygen-plasma-treated before Rh deposition. Within

the volume analyzed by XPS, 16% of all atoms are oxy-

gen atoms. Figure 3 shows XPS spectra for the C 1s peak

recorded on pristine and oxygen-plasma-treated CNTs,

before and after Rh evaporation. In the pristine samples,

the C 1s spectrum has its main feature at 284.3 eV and

a secondary, the core-energy-loss spectrum, near 291

eV corresponding to a p plasmon excitation. After the

oxygen functionalization, a shoulder can be observed at

the high-energy side of the C 1s peak; this shoulder is

generated by photoelectrons emitted from C atoms in

oxo groups: hydroxyl (component centered at 286.2

eV), carbonyl (or ether) (component centered at 287.2

eV), and carboxyl (or ester) groups (component cen-

tered at 288.9 eV).24 Thus, the oxygen-plasma treat-

ment resulted in the grafting of oxo groups at the

chemically inactive surface of the CNTs.

In Figure 4a,b, the TEM images show the result of

Rh evaporation onto pristine and oxygen-plasma-

treated CNTs. The evaporation was performed simulta-

neously on both samples, ensuring that the same

amount of metal was evaporated on each sample. At

both pristine and plasma-treated CNT surfaces, clusters

are formed, similar to the three-dimensional island for-

mation observed in the calculations above and those

seen when Rh is evaporated onto graphite at room tem-

perature.25 Better cluster dispersion and smaller con-

trast ratio is observed for the plasma-treated sample.

Figure 4 shows the typical Rh cluster size distribution

evaluated on pristine and oxygen-plasma-treated CNTs.

It can be seen that after plasma treatment the maxi-

mum of the size distribution curve shifts from �15 to

11 Å, and the particle sizes are more uniform. These re-

sults suggest that plasma treatment of the CNT surface

creates oxidized dispersed vacancies, which reduce the

size and size distribution of the Rh clusters while in-

creasing the overall surface coverage. Comparing pan-

els a and b of Figure 4, an amorphous layer can be seen

on the pristine CNTs in the regions surrounding the Rh

particles; for plasma-functionalized samples, this effect

is reduced. We suggest that the formation of the amor-

phous layer is an electron beam effect. Under electron

beam irradiation, carbon atoms adsorbed at the CNT

surface can desorb or surface migrate and interact with

the Rh particles, forming the amorphous layer. Closer

investigation of this layer (Figure 1b) shows fullerene-

like obtrusions attached to Rh particles. We suggest

these are formed through local ordering induced by

the electron beam, but they nonetheless raise the inter-

esting possibility of Rh as a catalyst for nanotube

growth.

For our calculations, we chose oxygenated vacan-

cies as a representative defect for oxygen-plasma dam-

age, as they contain both CAO and C�O�C func-

tional groups.30 A single Rh atom binds 0.86 eV more

strongly with an oxygenated vacancy (binding energy

4.08 eV) than with perfect graphene (binding energy

3.22 eV), and thus, oxygenated vacancies will act as pin-

ning sites for Rh atoms. Since the density of nucleation

sites created during the oxygen-plasma treatment is

high, diffusion-limited aggregation cannot describe the

nucleation process. Instead, the growth is influenced

by nucleation taking place in the proximity of oxygen-

ated defects created during the oxygen plasma.

Figure 3. Comparison of the C 1s core-level XPS spectrum recorded on (a) pristine CNTs coated with a nominal amount of 5
Å Rh. (b) Plasma-functionalized CNTs and coated plasma-functionalized CNTs with a nominal amount of 5 Å Rh.
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Comparison of the line shapes of the C 1s XPS spec-

trum recorded before and after evaporation of 1 Å Rh

onto pristine and plasma-treated CNTs showed no ad-

ditional structures, suggesting that no strong Rh�C

bonds were formed (Figure 3). However, for plasma-

treated CNTs the C 1s satellite peaks due to oxo groups

are reduced after the Rh evaporation (Figure 3b). Two

effects can contribute to this observed reduction. First,

photoelectrons emitted from C atoms beneath the Rh

clusters will experience inelastic losses when passing

through the metal and thus no longer contribute to the

C 1s main peak. If Rh selectively covers oxygen-rich (de-

fective) areas, this will selectively reduce intensity from

oxygen-related C 1s satellite peaks. Comparison of the

O 1s XPS spectra recorded before and after Rh deposi-

tion reveals a new chemically shifted component at the

low-energy side of the peak (Figure 5), indicative of in-

teraction of the Rh clusters with oxygenated defects.7

This confirms that the improvement in Rh cluster dis-

persion for the plasma-treated CNTs is associated with

the presence of homogeneously distributed oxidized

defects at the CNT surface, while the smaller cluster size

can be linked to the increased number of nucleation

centers.

A second possible cause for the reduction in oxygen-

related C 1s satellite peaks in the XPS is the formation

of O�Rh bonds at the expense of C�O bonds.

C�O�Rh bonding will change the screening of the

C�O bonds, thereby changing the binding energy of

their C 1s levels. The chemically shifted component in

the O 1s spectrum is consistent with strong Rh�O inter-

action (Figure 4). Our calculations show that a single

Rh atom bonds to the ketone-bonded oxygen atom of

an oxygenated vacancy, forming a Rh�O�C bridge,

with a Rh�O distance of 2.05 Å and a C�O bond of 1.27

Å, dilated from 1.22 Å in the absence of Rh (see Figure

1b). The Rh resides on a hexagon center site displaced

toward the oxygen. However, the Rh also interacts

strongly with the neighboring ether-bonded C�O�C

oxygen atom, displacing it downward, with a Rh�O dis-

tance of 2.54 Å and C�O bonds of 1.43 Å (a 5% dila-

tion due to the presence of Rh). The defect center has

zero spin. If we modify the structure so that Rh displaces

the ether-bonded oxygen out of the vacancy, the result-

ant relaxed structure is only 0.67 eV less stable than

the ground-state structure described above (i.e., still

Figure 4. TEM images of Rh on (a) pristine and (b) oxygen-plasma-treated MWCNTs (nominal Rh evaporation of 1 Å). Graph: Rh cluster
size distribution on pristine and oxygen-plasma-treated CNTs. Nominal Rh evaporation of 1 Å.

Figure 5. Comparison of the O 1s spectra recorded on
oxygen-plasma-treated CNTs and after 5 Å Rh deposition.
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more stable than a Rh atom and an oxygenated va-
cancy separated on the graphene surface). This is not
such a high energetic cost and is lower than for other
metals we have examined,22 particularly given that one
of the oxygen atoms ends up with only a single Rh�O
bond as a result. Thus, in the presence of larger Rh clus-
ters, such oxygen displacement from oxygenated va-
cancies could easily become favorable.

In the presence of environmental oxygen, the calcu-
lations again show similarities and differences between
Rh and Ti. As for Ti, a single Rh atom on a graphene sur-
face bonds to an incoming O2 molecule, dilating the
Rh�C bonds to 2.55 Å, and forming a distorted RhO2

molecule with Rh�O bonds of 1.73 Å and O�Rh�O
bond angle of 128.2° (as compared to 1.70 Å and 161.5°
for an isolated gas-phase RhO2 molecule). However, un-
like Ti, the binding energy is much weaker (2.71 eV per
O2 molecule, as compared to 8.59 eV for Ti).22 Hence,
particularly once clustered, Rh may be less environmen-
tally oxygen sensitive than Ti.

The evolution of the Rh 3d core-level spectrum for
a sequence of Rh evaporations onto pristine and
plasma-treated CNTs is shown in Figure 6. Comparing

spectra recorded on both samples in the onset of the
Rh evaporation, they show very different profiles, possi-
bly due to the formation of Rh�O and the presence of
smaller clusters. Increasing the amount of nominal Rh
evaporation (i.e., cluster size) shifts the spectra toward
lower binding energies (see dotted lines in Figure 6).
Three factors associated with cluster size can contrib-
ute to the core-level binding energy shift: initial-state
effects associated with changes in the local electronic
structure (valence electron configuration), final-state ef-
fects due to changes in the relaxation process (extra-
atomic response to the positively charged photohole),
and cluster charging.26,27 The influence of each of these
factors on the core-level binding energy depends on
the nature of the cluster (i.e., the chemical composition,
shape, size, and area of interaction with the support)
and on the nature of the support. On the basis of cur-
rent photoemission results alone, we cannot unam-
biguously differentiate between initial- and final-state
effects.

A comparison with the particle size distribution ob-
served in HRTEM (Figure 4) can explain some of the
peak behavior. In photoemission final effects, the photo-
hole left behind by the emitted photoelectron leads to
a net positive charge on the cluster. The Coulomb inter-
action reduces the kinetic energy of the photoelec-
tron, which therefore appears at a higher binding en-
ergy in the spectrum. This effect increases with
decreasing particle size and is affected by the conduc-
tivity of the substrate.29 In the plasma-treated sample,
we see a smaller average particle size (Figure 4), which
will thus leads to the observed shift in the Rh 3d peak to
higher binding energies. However, the increased peak
broadening (Figure 7) in this case cannot be explained
by the same particle size effect because the particle
size distribution for the plasma-treated samples is nar-
rower than that for the pristine samples (Figure 4).

Nevertheless, the smaller cluster size can still be the
cause of this peak broadening. Independent of the photo-
emission process, the initial-state effects are related to

Figure 6. Evolution of the Rh 3d photoelectron spectra for increasing nominal amount of evaporated Rh onto (a) pristine
CNTs and (b) plasma-functionalized CNTs (figures indicate nominal thickness of evaporated Rh in Å, as explained in the text).

Figure 7. Comparison of the Rh 3d photoelectron spectra
recorded after 1 Å of nominal evaporated Rh onto (a)
plasma-functionalized and (b) pristine CNTs.
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changes in the electronic configuration due to differ-
ent chemical states (e.g., formation of Rh�O bonds) and
quantum size effects due to limited cluster dimen-
sions.28 The larger broadening in the XPS lines, at the
onset of deposition (i.e., for small clusters), reflects the
reduced coordination of clusters surface atoms and its
effect on the core-hole lifetime; the broadening drops
for increasing cluster size. Therefore, it can be sug-
gested that the broadening in the line is caused by
both the presence of smaller clusters and the forma-
tion of Rh�O�C bonds at the Rh�CNT interface.

CONCLUSIONS
Rhodium exhibits quite different surface behav-

ior on CNTs as compared to Ti. It forms discrete
highly crystalline faceted particles rather than a con-
tinuous amorphous layer, despite showing similar
strong surface interaction. Rh has a higher surface
mobility than Ti, but lower than other metals such
as Au and Pt, and interacts less strongly with oxy-
gen. Nonetheless, it appears to be able to scavenge

oxygen from oxygenated vacancy sites. All of these
properties would suggest a material capable of
forming good metal contacts with the nanotube sur-
face. The possibility to activate the formation of car-
bon layers has to be cared for in order to avoid poi-
soning at the contacts.

Oxygen-plasma treatment in a RF plasma grafts
oxygen to the CNT surface, creating cluster nucle-
ation sites. Subsequent Rh deposition results in
smaller clusters with more uniform size distribution
than on pristine tubes. The absence of new features
in the C 1s and Rh core-level XPS spectra demon-
strates the absence of chemical reaction at the Rh
cluster�CNT interface. We note that the presence of
oxygenated vacancies inhibits any spin associated
with the Rh, and this will probably mean that the un-
usual magnetic properties predicted for monolayer
Rh will be quenched in the presence of defects.11 In
order to avoid size effects in the contacts that could
imply refrain electrical charge injection, it is recom-
mended to evaporate more than 20 Å of Rh.

METHODS
The Rh�CNT samples were prepared using commercially

available MWCNTs synthesized using the arc discharge
method.29 Nominal amounts of 0.3, 1, 2, 5, and 20 Å of Rh were
evaporated onto the CNT samples, as calibrated using a quartz
microbalance. Hence, Rh thicknesses quoted within the text re-
fer to the amount of Rh deposited on the quartz surface under
identical experimental conditions, rather than any local measure-
ment of Rh deposition on the sample itself. The oxygen-plasma
treatment was performed using an inductively coupled RF
plasma (13.56 MHz).30 The CNT powder was placed inside a
plasma glow discharge, which was generated at a power set-
ting of 15 W, and treated at an oxygen pressure of 0.1 Torr for a
duration of 60 s. Samples were transferred to the metal deposi-
tion chamber.

The elemental and chemical characterization of the samples
was performed by XPS. The fundamental phenomenon underly-
ing the XPS is the photoelectric effect that describes the ejec-
tion of electrons from a surface when photons impinge upon it.
The kinetic energy (or binding energy) of the ejected electron is
characteristic of each element and its chemical state. Hence, XPS
can provide chemical bonding information. The XPS measure-
ments were performed at the BW2 beamline at Hasylab (Ham-
burg) using a photon energy of 3.5 keV,31�33 and possible
photon energy drift during the measurements was removed by
monitoring a Au 4f7/2 reference signal at 84.00 eV binding en-
ergy. Reference spectra were measured before and after each
core-level data sets for all samples. At 3.5 keV photon energy, the
escape depth of the primary photoelectrons that contributes to
the C 1s photoelectron peak is about 50 Å;34 consequently, we
restricted the Rh evaporation to amounts that allow detection of
photoelectrons emitted from atoms localized at the Rh�CNT in-
terface region. For XPS analysis, the samples were prepared
in situ by electron beam evaporation of Rh onto CNTs supported
on a conductive carbon tape. The base pressure in the analyzer
chamber of beamline BW2 is 1 � 10�10 mbar.

Analysis of individual metal particles and the determination
of their size distribution and dispersion were performed by high-
resolution TEM using a Philips CM30 FEG microscope, operated
at 200 kV electron energy.

Density functional calculations were performed using the
AIMPRO code,35,36 under the local spin density approximation
(LSDA) in the supercell approach. All atomic positions as well as
system spin were optimized in a 8 � 8 unit cell of graphene (i.e.,

128 carbon atoms). A single k-point sampling scheme was used.
Hartwigsen, Goedecker, and Hutter pseudopotentials were
used,37 with the Rh 4s2 and 4p6 electrons treated explicitly to
avoid the need for nonlinear core corrections. Gaussian basis
functions centered at the atomic cores were used to construct
the many-electron wave function. We can write these functions
using three orbital symbols, where for each symbol all angular
momenta are allowed up to maximum p (l � 0, 1), d (l � 0, 1, 2),
and f (l � 0, 1, 2, 3). Following this nomenclature, the basis sets
used are pdddp for carbon atoms, ddfd for rhodium atoms, and
dddd for oxygen atoms. Charge density oscillations during the
self-consistency cycle were damped using a Fermi occupation
function with kBT � 0.04 eV. In the energetic analysis that fol-
lows, the binding energy is defined as the difference in energy
between the relaxed combined system and isolated perfect
graphite sheet and isolated single metal atoms. The isolated
atom was chosen as our metal reference state because, experi-
mentally, the metal atoms are thermally evaporated onto the
tube surface and arrive mostly as individual atoms rather than
preformed clusters.

To evaluate the accuracy of our calculations, we examined
bulk Rh and isolated Rh clusters of up to four atoms in the gas
phase (bulk Rh and isolated clusters, Rhn, n � 1,4). Our calculated
bulk cohesive energy is 7.81 eV/atom, with a unit cell length of
3.77 Å, in good agreement with previous DFT/LDA calculations
(8.29 eV/atom and 3.81 Å)38 and as to be expected for LDA,
slightly higher binding than experiment (5.71 eV/atom and 3.80
Å).39 The spin-state and ground-state structure of the Rhn cluster
(n � 1,4) agrees with previous calculations in the literature.40
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