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Abstract
We report first-principles total-energy calculations on the adsorption of (3, 3) and (4, 4)
single-walled carbon nanotubes (SWCNTs) on clean and hydrogenated diamond (100) surfaces.
For the nanotubes adsorbed on the clean surface we find that the stable geometries for the
nanotubes are on top of dimer rows and between two consecutive dimer rows where C–C
chemical bonds between carbons of the nanotubes and the surface dimers are formed. The
binding energies for a (3, 3) nanotube at the two sites are 2.26 and 0.83 eV Å

−1
, while they are

1.74 and 0.36 eV Å
−1

for a (4, 4) nanotube. Our results show that to reach the stable geometry
the nanotubes initially experience weakly adsorbed states at the position ∼2.6 Å above the
surface and then overcome a barrier of ∼0.7 eV. Concerning the electronic properties, the most
noticeable feature is that for the most stable geometry the electronic structure of the adsorbed
metallic nanotube becomes semiconducting, i.e. a small band gap appears, due to the formation
of C–C bonds between the nanotube and the dimer atoms. As a result, the adsorbed metallic
nanotubes are realized in a metal-to-semiconductor transition. In contrast, on the fully
hydrogenated C(100) surface, the nanotubes are weakly adsorbed on the surface, preserving
an almost unchanged metallic character.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Carbon nanotubes (CNTs) [1], consisting of graphite layers
rolled up to seamless, nanometer-wide cylinders, have been a
focus of research interest because of their unique electrical and
mechanical properties as well as their potential applications
for future nanoelectronic devices [2, 3]. It is well known that
CNTs can be either metallic or semiconducting, depending on
their chirality [4]. For example, the electronic character of all
armchair CNTs with chiral indices (n, n) are metallic. Through
physical or chemical modifications of the armchair CNT, its
physical properties can be largely modified, especially its
conductivity. The structural and electronic properties of CNTs
modified by various substrates have been widely investigated

3 Author to whom any correspondence should be addressed.

by both experimental and theoretical studies [5–17]. Recent
first-principles calculations have shown marvelous results of
single-walled carbon nanotube (SWCNT) adsorption on both
the clean and the hydrogenated Si(001) surfaces [5, 12–17].
Peng et al [5] demonstrated that metallic CNTs with small
diameter can switch to a semiconductor or enhance its metallic
character, depending on the contact properties between the
CNTs and the surfaces at the different adsorption sites. Sque
et al [6] extensively studied metallic CNTs with large diameter
on the surface of diamond and no electronic band structure
gap opening was found. The main challenge for the use of
CNTs to build nanostructures and nanoelectronic devices is
attachment to technologically important substrates. Lyding
and collaborators [7–10] developed a method termed ‘dry-
contact’ deposition to attach nanotube power to semiconductor
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substrate and found simultaneous atomic resolution scanning
tunneling microscopy (STM) images of isolated SWCNTs
and the local H-passivated Si(100) substrate. Fascinating
results have been attained by using the tip of an atomic
force microscope in controlling CNT adsorption on silicon
surfaces [18, 19]. Diamonds have been widely exploited in
various technological applications [20–22] because of their
unique mechanical, thermal, electronic and optical properties.
In particular, diamond can be an appealing substitute of silicon
in forming the basis of semiconductor devices. Though there
are some papers which have described the interaction between
the metallic CNT and semiconductor surfaces or between the
semiconducting CNT and metal surfaces [23–27], a study of
the interplay between metallic CNTs and diamond surfaces is
still lacking [6].

The purpose of our present paper is to explore the interplay
between the metallic CNT and the diamond surfaces. In
the paper we present the results of extensive first-principles
calculations of metallic (3, 3) and (4, 4) nanotubes adsorbed
on both clean and hydrogenated diamond (100) surfaces. As
is well known, both surfaces can be stable dimerized 2 × 1
structures [28–30]. The calculated C–C dimer bond length is
1.38 Å for the clean surface and 1.63 Å for the hydrogenated
surface. They are in the expected range for typical double
C–C bond lengths and single C–C ones. On such surfaces
we consider four sites for the SWCNT adsorption and find
that the stable geometries for the nanotubes are on top of the
dimer rows and between two consecutive dimer rows where C–
C chemical bonds between carbons of the nanotubes and the
surface dimers are formed. For the most stable geometry, the
electronic structure of the adsorbed metallic nanotube becomes
semiconducting.

The rest of this paper is organized as follows. In section 2
we briefly describe the methods. In section 3 we present the
calculated results for (3, 3) and (4, 4) nanotubes adsorbed
on clean and hydrogenated diamond (100) surfaces and give
some detailed discussions about the geometries and electronic
structures of the nanotubes adsorbed at the different sites.
Finally, conclusions are summarized in section 4.

2. Methodology

In our study, the first-principles calculations are per-
formed by using the Vienna ab initio simulation package
(VASP) [31, 32] within the framework of density functional
theory (DFT) [33, 34]. We adopt ultrasoft pseudopoten-
tials [35] to describe the interaction between core and va-
lence electrons. Electron exchange and correlation effects
are described by the generalized gradient approximation of
Perdew et al [36, 37]. Kohn–Sham orbitals are expanded in
a plane wave basis set with a cut-off energy of 300 eV. The K-
space integration is made by summing over a Monkhorst–Pack
mesh [38] within the surface Brillouin zone (SBZ). We use four
k points in the surface Brillouin zone for a 6 × 1 surface unit
cell. The Fermi level is smeared by the Gaussian method [39]
with a smearing width of 0.1 eV. The diamond lattice constant
is taken to be our calculated value of 3.568 Å, which is a lit-
tle larger than the experimental value 3.567 Å. The diamond

Figure 1. Four highly symmetrical adsorption sites of a (3, 3)
SWCNT on a hydrogenated diamond (100) surface: (a) trench-top
position; (b) trench-gap position; (c) dimer-top position; (d)
dimer-gap position. Small (pink) spheres: hydrogens; large (dark
red) spheres: carbons.

surface is simulated by periodic slabs and for a clean diamond
surface, each slab contains ten C atomic layers and the bottom
C layer is passivated by H atoms. For a hydrogenated diamond
surface, the same atomic layers are used with the top-layer C
atoms adsorbed by one layer of H atoms. The thickness of the
vacuum region between the slabs is taken to be about 20 Å.
Our supercell calculations are carried out using a 6 × 1 surface
unit cell in describing the dimer reconstruction of the surface.
The bottom C and saturated H atoms are fixed during structure
optimization and the positions of the other atoms are relaxed
until all force components are less than 0.05 eV Å

−1
. Our unit

cell contains 78–88 atoms for describing armchair (3, 3) and
(4, 4) SWCNTs adsorbed on diamond (100) surface, respec-
tively. The commensurability condition is applied by stretch-
ing the carbon nanotube by about 2.5% [6].

3. Calculations and results

For both the (3, 3) and (4, 4) SWCNTs on the clean and
hydrogenated C(100) surfaces, four possible adsorption sites
are considered: (i) the trench-top position; (ii) the trench-
gap position; (iii) the dimer-top position; (iv) the dimer-gap
position. The four adsorption geometries for a (3, 3) SWCNT
adsorbed at the four sites on the hydrogenated C(100) surface
are depicted in figure 1.

The adsorption energy Eads is defined as

Eads = (Esub + Ecnt − Esub+cnt)/a,

where Esub, Ecnt and Esub+cnt are the total energies of the
diamond substrate, CNT and adsorbed system, respectively,
and a is the dimension of the CNT along its axis in the surface
unit cell.
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Figure 2. (a) Optimized atomic structure of a (3, 3) SWCNT
adsorbed at the dimer-top position of the clean diamond (100)
surface. (b) Optimized atomic structure of a (3, 3) SWCNT adsorbed
at the trench-gap position of the clean diamond (100) surface. The
distances between carbons are present in angstroms.

3.1. (3, 3) and (4, 4) SWCNTs adsorbed on the clean diamond
(100) surface

Firstly, we study the SWCNTs adsorption on the clean C(100)
surface. The calculated adsorption energies of the (3, 3) and
(4, 4) SWCNTs at the four sites on the clean C(100) surface
are presented in table 1. From the calculated results we see
that the (3, 3) and (4, 4) SWCNTs adsorbed at the dimer-
top position have the largest adsorption energies which are
calculated to be 2.26 eV Å

−1
and 1.74 eV Å

−1
, respectively.

They are chemisorbed at the position because of the formation
of new chemical bonds between the SWCNTs and the surface.
It is interesting to notice that in order to reach the chemisorbed
states the nanotubes located at the dimer-top position beyond
2.6 Å above the surface should overcome a barrier of ∼0.7 eV.
The optimized structure of the (3, 3) nanotube adsorbed at the
dimer-top position is shown in figure 2(a). The chemisorbed
(3, 3)/(4, 4) SWCNT at the dimer-top position forms two C–C
bonds (per unit cell) with the surface dimer C atoms and the
calculated C–C bond length is found to be 1.39 Å for the (3, 3)
SWCNT and 1.40 Å for the (4, 4). The bond of the surface
dimer is broken and the distance between the dimer C atoms
has been elongated to be 2.52 Å. The optimized geometries
of the chemisorbed SWCNTs show distortions compared to
the isolated one and the diameters of the (3, 3) and (4, 4)
SWCNTs are enlarged from 4.01 Å and 5.24 Å to 4.29 Å
and 5.37 Å, respectively, and these distortions are obviously
formed because of the formation of the CNT-surface chemical
bonds.

The second stable adsorption site of the CNT is at the
trench-top position. The calculated adsorption energies of the
(3, 3) and (4, 4) SWCNTs are 0.83 eV Å

−1
and 0.36 eV Å

−1
,

respectively. The calculated shortest C–C distances between
the CNTs and the surface are 1.56 Å ((3, 3) CNT) and 1.57 Å
((4, 4) CNT). The bond properties between the CNTs and the
surface should be weak chemical bonds.

At the dimer-gap and trench-gap positions, the SWCNTs
are weakly adsorbed. The adsorption energies for the (3, 3)
CNT at the two sites are 0.07 eV Å

−1
and 0.14 eV Å

−1
, while

0.03 eV Å
−1

and 0.06 eV Å
−1

for the (4, 4) CNT. We notice
that at the trench-gap position the adsorption of the (3, 3) CNT
is somewhat stronger (0.14 eV Å

−1
), and figure 2(b) shows the

optimized structure. For the equilibrium geometry, the shortest
C–C distances between the CNT and the surface are found
to be 1.58 Å. Though no chemical bonds between the CNT

Table 1. Adsorption energies (in eV) of (3, 3) and (4, 4) SWCNTs at
the four adsorption sites on the clean C(100) surface.

CNT Trench-top Trench-gap Dimer-top Dimer-gap

(3, 3) 0.83 0.14 2.26 0.07
(4, 4) 0.36 0.06 1.74 0.03

and the surface dimer are formed, the distortion of the CNT
is dramatic: the lowest C atoms of the CNT move upwards
severely and the surface C-dimers are buckled by 13 degrees.
The calculated electronic structures for the adsorbed system
given below show the metallic properties of the CNT adsorbed
at the position enhanced.

Now we study the electronic structures of the SWCNTs
adsorbed at the different sites on the surface. Figure 3(a)
shows the electronic band structure of the (3, 3) SWCNT
adsorbed on the dimer-top position. The most striking feature
of the electronic band structure of the adsorbed system is
the appearance of a band gap, which is similar to the result
obtained by Peng et al [5] about a (3, 3) SWCNT adsorbed
on Si(001). In the electronic band structure, J–� represents
the direction parallel to the tube axis or dimer row, while
�–J′ represents the direction perpendicular to the tube axis,
i.e. along the surface normal. Along the �–J direction, there
is no energy band across the Fermi level (EF) and a gap
of about 1.15 eV appears, indicating that the metallic (3, 3)
SWCNT adsorbed at the dimer-top position converts to a
semiconductor. The bands labeled by m1, m2, m3 and m4

are mixed CNT-surface states, while S1, S2, S3 and S4 could
be assigned to diamond surface states. Figure 3(b) shows
the projected density of states (PDOS) of the bonded carbon
atoms (labeled as C1 and C2 in figure 2(a)) of the CNT and
the surface dimer. By comparing the peaks of projected states
(mainly projected P states) contributed by the carbon atoms
from the CNT and the surface dimer, it can be found that there
are four hybridization states, which are located at −1.60 eV,
−1.00 eV, 0.75 eV and 1.25 eV, respectively. Because of
the formation of the new bonds between the CNT and the
surface, the hybridization and drastic changes in electronic
structure of the adsorbed SWCNT compared to the isolated
one should be expected. In order to further understand why
the gap opens, we calculate the electronic structure of the
deformed CNT, isolated by removing the diamond substrate,
and figure 3(c) shows the calculated band structure of it. We
learn in figure 3(c) that the deformed isolated CNT remains
metallic in character. However, if we attach two H atoms to the
deformed CNT at the two bottom carbon atoms to elucidate the
effect of bonding on the electronic structure, it can be clearly
found that by introducing the bonding the gap is reproduced
in the band structure, as shown in figure 3(d). Hence it can
be concluded that it is introducing the bonded atoms into the
π electron network that makes the gap open, giving rise to
an energy gap of 1.15 eV, which is also similar to the results
obtained by Peng et al [5].

In figure 4, different charge density of the (3, 3) SWCNT
adsorption on the dimer-top position is depicted as a contour
plot to further elucidate the bond formation between the CNT
and the substrate. The different charge density is defined by the

3



J. Phys.: Condens. Matter 20 (2008) 225016 L Yan et al

Figure 3. (a) Electronic band structure of the (3, 3) CNT adsorbed at the dimer-top position; (b) projected density of states of C1 and C2 of
the adsorbed system; (c) electronic band structure of the optimized (3, 3) CNT isolated from the substrate; (d) electronic band structure of the
isolated (3, 3) CNT with the bottom-most carbons saturated by hydrogen atoms. This explicitly introduces sp3 bonded atoms into the
π electron network and reproduces the band gap of 1.15 eV.

Figure 4. The different charge density contour plot for the (3, 3)
CNT adsorption at the dimer-top position. The cutting plane is
through the dimer and perpendicular to the surface. The carbon
atoms of the CNT and the surface on the cutting plane are marked by
black and gray spheres, respectively.

charge density difference between the adsorbed system and the
isolated CNT plus the diamond surface, i.e. ρcnt+sub–ρcnt–ρsub,
and the plane is through the surface dimer and perpendicular
to the surface. The dramatic change upon the attachment of
the CNT to the diamond substrate happens around the C1–C2

Figure 5. Electronic band structure of the (3, 3) CNT adsorption at
the trench-gap position.

bonds formed between the CNT and the substrate. As a result
of the hybridization between the C1 of the CNT and the C2 of
the surface, charges are accumulated between the carbons C1
and C2, while they are decreased between the carbons of the
surface dimer.

As mentioned above, the metallic character of the (3, 3)
SWCNT is enhanced for the case of the SWCNT adsorbed
at the trench-gap position (the optimized structure shown in
figure 2(b)). The band structure of the adsorbed system is given
in figure 5. As can be seen from the figure, the tube remains
metallic in character. Since there are more bands across the
Fermi level, the metallic character of the nanotube should be
enhanced.

For the (4, 4) SWCNT adsorbed system, we also find that
the adsorbed CNT at the dimer-top position realizes a metal-to-
semiconductor transition, i.e. a band gap of about 1 eV opens
in the electronic band structure. This value is a little smaller
than the band gap of the (3, 3) CNT adsorbed at the same
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Table 2. Adsorption energies (in eV) of (3, 3) and (4, 4) SWCNTs at
the four adsorption sites on the hydrogenated C(100) surface.

CNT Trench-top Trench-gap Dimer-top Dimer-gap

(3, 3) 0.05 0.05 0.07 0.05
(4, 4) 0.01 0.01 0.01 0.01

position of the clean diamond (100) surface. It is interesting
to notice that for the metallic CNT with smaller diameter a
band gap opening could be seen as it chemisorbed on both
Si [5] or C surfaces. However, for a metallic CNT with a
larger diameter, for example, a (7, 7) CNT, this gap opening
could not be found [6]. Therefore, it seems to infer that the
bigger the chemisorbed metallic CNT diameter is, the smaller
the obtained band gap is expected to become, until a critical
diameter is reached, and then the metal-to-semiconducting
transition no longer exists.

For the (4, 4) CNT adsorbed at the other positions, the
electronic structures of the CNT still retain their metallic
character due to the weak interaction between the (4, 4) CNT
and the surface (see the adsorption energies of the (4, 4) CNT
at the different positions in table 1).

3.2. (3, 3) and (4, 4) SWCNTs adsorbed on the hydrogenated
diamond (100) surface

Now, we study the (3, 3) and (4, 4) SWCNTs adsorbed on
the hydrogenated C(100) surface. Adsorption energies of the
(3, 3) and (4, 4) CNTs at the four sites on the hydrogenated
C(100) surface are shown in table 2. From the results of
modeling (3, 3) SWCNT adsorption on the hydrogenated
C(100) surface, we could learn that the adsorption of the
SWCNT at the dimer-top position has the largest adsorption
energy, which is about 0.07 eV Å

−1
. The adsorption

energies at the other sites are all about 0.05 eV Å
−1

. It is
reasonable to conclude that the adsorptions of the SWCNTs
on the hydrogenated surface are physisorbed due to the low
adsorption energies. All the nanotubes are located at about
2.23 Å above the surface.

When we consider the (4, 4) adsorption on the
hydrogenated surface, it is found that the adsorption energies of
the CNT at the four sites are ∼0.01 eV Å

−1
, and the nanotube

is located at about 2.35 Å above the surface.
Overall, given the low adsorption energies, the (3, 3)

and (4, 4) nanotubes adsorbed on the hydrogenated diamond
(100) surface are physisorbed. And the electronic structures
of the nanotubes do not change much because of the weak
interaction between the nanotubes and the surface. This finding
is in agreement with the previous results about the SWCNTs
adsorbed on the hydrogen-passivated Si substrates obtained by
Miwa et al [16] and Albrecht and co-workers [13].

4. Conclusions

In summary, we have presented a comprehensive theoretical
study of (3, 3) and (4, 4) armchair SWCNT adsorption on
both the clean and hydrogenated diamond (100) surfaces. For
the nanotubes adsorbed on the clean surface we find that the

stable geometries for the nanotubes are on top of dimer rows
(the dimer-top position) and between two consecutive dimer
rows (the trench-top position) where C–C chemical bonds
between carbons of the nanotubes and the surface dimers are
formed. By selecting the adsorption of the CNTs at the dimer-
top or the trench-gap position, the metallic character of the
CNTs may change to semiconducting or be largely enhanced.
However, on the hydrogenated diamond surface, the CNTs are
physisorbed thanks to the low adsorption energies, and the
electronic structures of the CNTs remain metallic in character.
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