PHYSICAL REVIEW B 68, 115403 (2003

Tip-functionalized carbon nanotubes under electric fields
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We investigated the electronic structures of chemically modified carbon nanotube tips under electric fields
using density functional calculations. Hydrogen, oxygen, and hydroxyl group-terminated nanotubes have been
considered as field emitters or probe tips. In the case of the open-ended tubes, the field emission originates
primarily from the dangling-bond states localized at the edge, whereas the pentagonal defects are the main
source of the field emission in the capped tubes. The open-ended nanotube with a zigzag edge is an efficient
field emitter because of the localized electronic states around the Fermi level and the atomic alignment of
carbon-carbon bonds along with external electric fields. Tip functionalization alters the local density of states
as well as the chemical selectivity of nanotubes in various ways. The correlations between atomic geometries
of chemically functionalized tips and their electronic structures are further discussed. We propose that a
hydrogen-terminated tube would be a promising probe tip for selective chemical imaging.

DOI: 10.1103/PhysRevB.68.115403 PACS nuniber61.46+w, 73.22—f, 79.70+q

. INTRODUCTION using various gases ¢H O,, and N) after activation with a
momentary arc discharge created at the Yk spite of
Carbon nanotubeCNT's) are suitable materials for field many experimental observations on the CNT functionaliza-
emitters because of their unique electronic and atomic strugion, these systems are not clearly understood yet due to the
tures with high aspect ratibln addition, remarkable emis- apsence of a reliable theoretical model.
sion stability*> and mechanical stiffne$snake CNT’s one of Since the electrons are mainly emitted from the end of the
the promising candidates for use as tip materials in electronigps* it is important to understand the field emission
applications. They have been recently applied to the cathodgharacteristic's at the edge of CNT's. The field emission is
tips in the field emission displagFED) deviceS and the  sensitively dependent on the adsorbted and the edge
probe tips in surface-analysis instrumehfs. structures®~2’ Tip functionalization changes the local den-
The scanning tunneling microscop8TM) is based on ity of states around the Fermi level, thus affecting the tun-
vacuum tunneling phenomenon and is a powerful tool tQg|ing current. This chemical modification of the CNT tip is

study both the geometrical and electronic structures ofqq gesirable for the application of molecular-scale sensing

surfaces. The CNT tips in a STM probe have a smaller using chemical selectivity. Little is known, however, about

effective diameter than conventional tips, and provide an ImTlhe relationship between the electronic structures of the

proved resolution in the imaging of nanostructures. Chemical : o . S - .
functionalization of the STM probe tips is also an attractiveChem'C‘r’lIIy modified tips and their field emission properties,

method for recognizing specific chemical species in STIV|Under:~:tand|ng the field emission mechanism would be use-

images. For example, the oxygen atoms on the ether mof_ul for designing efficient field emitters and functional
ecule adsorbed on a surface were selectively observed es. . . .
STM with a carboxyl-termiated CNT tip, which is due to In this reportf we present density functional calc_:ulatl_ons
electron tunneling through the hydrogen bonding betweeffr the electronic structures of the bare and functionalized
the ether oxygen atoms and hydrogen atoms in carboxyPNT edges under electric fields. The capped and open-ended
group of the CNT tip tubes are considered as representative field emitters, and the
Tip functionalization of CNT’s can be manipulated by chemically modified tubes are modeled for probe tips. We
several methods. The oxidative purification process termifind that the topological defects and dangling bonds play an
nates open ends of single-walled carbon nanotubenportant role in the field emission. The open-ended zigzag
(SWNT’'s) with hydroxyl (OH) or carboxylic (COOH) CNT enhances the field emission due to both electronic and
groupst®! These carboxylic groups can be converted intogeometrical factors. Tip functionalization not only modifies
various types of functional groups such as amides or estetbe electronic structures at the CNT edge but also changes
by reaction with other reagent$ Functionalization using a the chemical selectivity of the CNT’s. In functionalized
simple gas-phase reaction is also possible. Weingl. have  CNT's, the sharp and localized states near the Fermi level
demonstrated that the end of CNT probe tips can be modifiedould act as the available states of tunneling electrons.
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FIG. 1. Optimized geometries of tti@) capped9,0) tube,(b) capped5,5) tube,(c) open-endedd,0) tube,(d) hydrogen-terminated tube,
(e) oxygen-terminated tube, arff) hydroxyl-terminated tube by the LDA calculation. These figures are presented in a perspective view of
15°. All bond lengths are in units of A.

Il. THEORETICAL APPROACHES electric field is calculated with much longer nanotubes
~30 A, 250-280 atom)sAccording to a previous study,

We considered five types of edge structures based oy . duced local field h : L val
single-walled zigzad9,0) and armchair(5,5 nanotubes, as € induced local field converges to the experimental value
' ' ' .as the tube length is increased over 30 A. Therefore, the

shown in Fig. 1. The diameters of the zigzag and armchair .
nanotubes zgre 7.0 and 6.8 A respective?y gnd the avera rglaxed geometry of the nanotube body is attached to the

. . ptimized geometry of the finite tube to investigate the prop-
bond Iength is 1.42 A. Supercells Of. eight _and ten layers O%rties of the tube edges more realistically. We also applied a
carbon rings along the tube axisz (axis) are used,

respectively® where the bottom dangling bonds are satu_umform external electric field to the elongated tube &pe-

. allel to thez axis). The standard pseudopotential method is
;a::iee(l by hydrogen atoms in order to emulate the bulk prOp'employed and the external electric fiell(.z) is described

. . accurately by a self-consistent iteratirThe Hamiltonian is
Our total energy calculations and corresponding structurée

o ) . .__composed of the potential of the external field, kinetic opera-
optimizations are based on the density functional formallsn{or.l_ Hatree {/;), and exchange-correlatioVy,) potential
within the local density approximatioLDA) and the gen- ' Ho 9 o P

eralized gradient approximatiofGGA).?® The exchange- evaluated from the LDA.
correlation energy in the LDA is parametrized by the _ _
Perdew-Wang scherffe and Becke’s corrected exchange H=THVit Ve~ eBo @
functionaf! is adopted in the GGA. All-electron Kohn-sham In this case, the minimal basis set is used to reduce the com-
wave functions are expanded in a local atomic orbital basigutational cost and the Troullier-Martins pseudopotentials
set with each basis function defined numerically on anwith a cutoff energy of 40 Ry are employed for the descrip-
atomic-centered spherical-polar mesh. We used a double ntien of atomic potentials.
meric polarized basis set. In this basis set, tilsea®d 2o
carbon orbitals are represented by two wave functions each,
and a 3I(2p) type wave function on each carb@mydrogen
atom is used to describe the polarization. No frozen core Various edge structures are considered in this study in
approximation is used throughout the calculations. For accuerder to investigate the field emission properties of CNT's at
rate binding energy calculations, GGA calculations are perthe end of the tip. Figures(d) and Xb) show capped geom-
formed after geometrical optimization by the LDA. The etries at the tip with a hemisphere ofghaving pentagons.
forces on each atom to be converged during each relaxatiofihe zigzag(9,0) tube has a hexagon at the top of the cap
are less than 1I0° a.u. surrounded by alternating three pentagons and three hexa-
The local density of states at the nanotube tip under thgons, whereas the armch&,5 tube has a pentagon at the

Ill. RESULTS AND DISCUSSION
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FIG. 2. The electronic total density of states
(TDOS) and the local density of statdkDOS)
for the (a) open-ended(9,00 zigzag tube,(b)
open-ended5,5 armchair tube(c) capped(9,0)
zigzag tube, andd) capped(5,5 armchair tube
with an electric field of 0.5 V/A. The solid line
indicates the TDOS of nanotubes, and the other
marked lines represent the LDOS from the top or
side pentagons at the cap in the case of a capped

DOS (arb. units)

nanotube and from the topmost first layer or sec-
ond layer at the edge in the case of a open-ended
nanotube. The Fermi level is set to zero in all
figures.

22 A ] 1 2

Energy (eV)

top of the cap surrounded by five hexagons. ThH&s® and  extended to 1.46 A, and oxygen atoms are tilted towards the
(5,5 tubes have additional three and five pentagons at theadial direction of tube. In case of the OH-terminated CNT
side of the cap, respectivel§igs. 1a and 1b)]. The opti-  [Fig. 1(f)], hydroxyl groups are oriented along the circumfer-
mized geometry of a cappd@,0) tube has alternating bond ence of the tube edge because of the hydrogen bonding be-
lengths of 1.40 and 1.43 A at a top hexagon, whereas thgveen the hydrogen atom and the next oxygen atom. These
capped(5,5) tube has equivalent bond lengths of 1.44 A atfynctional groups at tube edges have relatively large adsorp-

the top pentagon. These pentagons at the cap are topologiG@yn energies, which are greater tha® eV, and therefore
defects in a curved hexagonal latfitand play an important are very stable in ambient environméft.

role in the field emissiofi>** Figure 2 shows the local density of state®OS) at the

darfglg?i%:;e b](()(lf]) dihr?avr\faiarl]nu?]gg?li?:tgg@%%;bﬁbghbzg ntgg edge of nanotube under an electric field of 0.5 V/A..A large

to the D oint aroun with nine ed‘ e atoms. whereas anpeak of the open-ended zigzag tube near the Fermi level, as
od P group 9 X presented in Fig. @), originates from the dangling bonds of

open ended5,5 tube (not shown in the figurgshas Dsg Loy )
symmetry with ten edge atoms. The unpaired electrons at thttra1e topmost carbon layer at the edgé: This sharply local

edge of a zigzag nanotube attempt to establish a double boﬁ%fd state IS also observed in zlgzag edges_ ofﬁganographne
with their neighbors, resulting in a bond length of 1.39 A. In ribbons, which may be related 'FO Spin .pola.mza o the
an armchair tube, on the other hand, all atoms at the edge af@S€ of an open-ended armchair tube in Fig) 2he stable
tetravalent and strongly bound through triple bonds, resultiniature of triple bonds shifts the edge states to the deep va-
in a lower edge energy of 0.79 eV per edge atom than in &nce band at-1.6 eV below the Fermi level. The contribu-
zigzag tubé’ These calculations suggest that a zigzag tubdion to the LDOS at the Fermi level is negligible, in good
edge is more reactive with adsorbates than armchair anéentrast with an open-ended zigzag tube in Fig).2Ve find
capped tube edges are. that the DOS’s at the Fermi level are equally contributed
In other geometries 0f9,00 CNT’s, the dangling bonds from all carbon atoms in the tube wall, suggesting that the
are chemically terminated by hydrogen atofkd, oxygen peak at the Fermi level originates from the metallic nature of
atoms (0), and hydroxyl groupgOH), respectively[Figs. —armchair tubed® The finite DOS at the Fermi level corre-
1(d)-1(f)]. These chemical terminations are similar to thesponds to ther andz* bands in an infinite nanotube. On the
case of gas adsorption on a tube edge, as demonstrated in thi&er hand, in the capped zigzag tube, the peak @7 eV
previous report® For the H-terminated CNT, hydrogen at- below the Fermi level in Fig. &), comes from pentagons at
oms saturate the dangling bonds of the tube, and the CNthe top and side of the cdp.In the case of a capped arm-
recovers a completep? bonding character without appre- chair tube, the peak originating from the pentagons is located
ciable structural distortion at the tube edge. The edge strugt 0.2 eV above the Fermi level, as shown in Figl)2In this
ture is slightly modified, however, in an O-terminated CNT case, DOS’s at the Fermi level disappear by the presence of
due to repulsive forces between oxygen atoms that are attrilhe cap, in contrast with the case of an open-ended armchair
uted to significant amount of charge transfer from carbortube, as shown in Fig.(B), which has DOS's at the Fermi
atoms to oxygen atoms. The C-C back bonds in the CNT artevel. The LDOS’s, as shown in Figs(c? and 2d), indicate
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FIG. 3. The local charge densities of tfa open-ended9,0) tube andb) oxygen-terminated®,0) tube at the highest occupied molecular
orbital (HOMO) under an electric field of 0.5 V/A. These figures are presented in a perspective view of 15°. The contour plots are
demonstrated at the topmost atoms within tdel) plane.

that the position of the LDOS peak depends sensitively ority of electrons at the end region of nanotuB&ghe calcu-
the relative location of pentagons at the ¢afhe capped lated values are summarized in Table I. The tunneling prob-
(5,5 armchair tube has one top pentagon and five side per&bility is higher in open-ended tubes than in capped tubes.
tagons, giving the peak position above the Fermi level,Thus the field emission current in the open-ended tubes is
whereas the cappd8,0) zigzag tube has three top pentagons
and three side pentagons at the cap, giving the peak position TABLE |. Calculated number of electrons per edge atom re-
below the Fermi level. The relative position of the LDOS in sulted from integrating Iocallzgd electronic density of states be-
this case may also depend on the external field streéigth, Ween the=2 eV and the Fermi level.

We assumed that only electronic states within a narrovr,

ectron/atom

energy window near the Fermi level could contribute to the Zigzago,0) tube  Armchair(5,5) tube
low-temperature electron field emission, and calculated thepen-ended tube 0.678 0.657
integrated local density of states from2 eV to the Fermi  capped tube 0.221 0.0358

level in Fig. 2, which would represent the emission probabil
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FIG. 4. The electronic local density of states
(LDOS) for (a) topmost carbon atoms in an open-
ended tube(b) oxygen atoms in an O-terminated
tube, (c) hydrogen atoms in an H-terminated
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.é 2 tube, and(d) hydroxyl group (OH) in an OH-
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o —h—Pz—o—Pxy 4—Pz—0—Pxy bital component§open triangles 4) for p, and

o open circles Q) for p,,] resolved from the
LDOS. The Fermi level is set to zero in all fig-
ures.

2 1 [} 1 2

Energy (eV)

enhanced, in good agreement with experim@ffsand the- oms are reduced compared to an open-ended tube. On the
oretical report&?>2’from other groups. In addition, Table | other hand, the lobes from tipeorbitals of oxygen atoms at
shows that the nanotube with a zigzag edge is a more effthe topmost edge are directed perpendicular to the tube axis
cient field emitter than those with an armchair ed4&*'As  (parallel to thexy plane, which is demonstrated in the local
mentioned above, the edge energy of a zigzag tube is higheharge densities and the contour plot in Figo)3and sup-

than t_hat of an armchair t_ube. This implies that the electrongorted by the LDOS in Fig. @). The LDOS of the

at a zigzag edge are relatively unstable and less bound. Thug, terminated tube near the Fermi level shows that peaks are
those electrons can be easily extracted from the nanotubgnaimy contributed from the,, orbitals. This could be one
The geometrical effect is caused by different alignments ohy ihe reasons why the reduction of emission current is ob-

carbon-carbon bonds adjacent to edge atoms. The bond QCa e i, oxygen-adsorbed tulfgS.The LDOS of the open-
bitals in a zigzag tube can be more polarized because the hded tube, however, clearly reveals thatorbitals are the
are aligned parallel to the external electric field direction, ain sourcé of the LIE)OS peak at the Fermi level as shown

whereas those in an armchair tube are less polarized due {0

the tilting of carbon-carbon bonds by 30° from the field n Fig. 4(a). We emphasize that the unpaired electrons com-

direction3’ ing frpm thosep, orbi.tals (anzcz3 alsos orbitalg are easily
The open-ended tube is more desirable for functionalizaP®!arized by an eIectrlc_ﬁeIal.' ,
tion of the CNT edge because of the existence of reactive 11 H-and OH-terminated tubes have sharp LDOS's lo-
dangling bonds, particularly on a zigzag tube edge. Tip funccated just above the Fermi level as shown in Figs) and
tionalization with simple molecules saturates the dangling®(d. whereas most oxygen peaks in the O-terminated tube
bonds and affects the electronic structures of the CNT. Func@re located below the Fermi level. These localized states
tionalization of the CNT at the sidewall of the tube alsocould become available states for tunneling electrons.
modifies its electronic structuré$Figure 3 shows the con- O-terminated tubes, for instance, can probe the lowest unoc-
tour plots and the local charge densities of the open-endecuipied molecular orbitalLUMO) of a given chemical spe-
and O-terminated tubes at the highest occupied molecularies in STM measurements, whereas H- and OH-terminated
orbital (HOMO) under an electric field of 0.5 V/A. For an tubes can detect the HOMO of the chemical species at the
open-ended tube, localized charge densities originate froraurface. This suggests that the electronic structures of a func-
unpaired electrons of carbon atoms at the edge. The asyrtionalized probe are closely related to those of a surface
metrical distribution of charge densities in the contour plotchemical species, providing a novel way to chemical sens-
comes from the degeneracy with the first level from theing, although the peak position might depend on the field
HOMO (HOMO-1 leve).*® In an O-terminated tube, oxygen strengt&? and the direction of the bias potentfdlThe nar-
atoms saturate the dangling bonds at a tube edge, and forraw energy distribution of the localized states particularly in
double bonds between oxygen and edge carbon atoms. Thube H- and OH-terminated tubes enables them to probe the
the doubly coordinated edge carbons with unpaired electrongiages of surface molecules with high resolution.
transform to fully coordinated, tetravalent carbon atoms, and Hydrogen functional group at the STM tip can be highly
the lobes of orbitals which originated from edge carbon at-sensitive to oxygen atoms in the surface of samples because
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they can form hydrogen bonding. Therefore, these modifiedevel, and increase the tunneling probability of electrons, re-
CNT'’s could be used as probe tips for chemically sensitivesulting in an enhancement of field emission. In addition, the
imaging with high resolution. For solution phase probing, thecarbon-carbon bonds adjacent to edge atoms are aligned par-
H-terminated tube is more useful than the OH-terminatedillel to the external electric fields and facilitate polarization.
tube as probe tips. While the OH group is deprotonated andlip functionalization modifies the electronic states and the
becomes ionized into Oat high pH, the H-terminated tube chemical selectivity of CNT tips. The sharp and localized
is pH independent, and nonionizabledue to relatively states in the chemically modified CNT’s provide available
strong bonds between the edge carbon atoms and hydrogstates for tunneling electrons and make them probe the im-
atoms:® ages of a given chemical species with high resolution. The
H-terminated tube is a nonionizable selective chemical im-
IV. SUMMARY aging probe with improved resolution. This could become a

_ ) ) o ) desirable probe tip for selective chemical sensing.
We investigated the field emission mechanism of bare and

chemically modified CNT’s. Tunneling properties of field
emitters and probe tips were studied for various edge struc-
tures. According to the analysis of LDOS with electric fields,
defects(pentagons or dangling bondsre the main origin of We thank the MOST for the National R&D Project for
the field emission. We found that the open-ended CNT with &Nano Science and Technology, NRL program, KOSEF
zigzag edge is an efficient field emitter because of both théhrough CNNC, and BK21 program. We acknowledge the
electronic and geometrical factors. Electronic states comingupercomputer center at Chonbuk National University for
from the dangling bonds are localized around the Fermallowing us to use their computer.
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