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Carbon nanotube self-doping: Calculation of the hole carrier concentration
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The hole carrier concentration of semiconducting carbon nanotubes is calculated as a function of tube
diameter based on a self-doping mechanism caused by curvature induced charge redistribution of the bonding
orbitals. The results show that nanotube hole carrier concentration is inversely proportional to the tube diam-
eter and agree well with field-effect measurements and Raman spectroscopy on pristine carbon nanotubes.
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Carbon nanotube@CNT's) are an archetypal class of ma- rolling a graphite sheet to form a nanotube the tube radius
terials for nanoscale science and technology because theshrinks due to a contraction of the hexagonal rings relative to
properties can be controllably and significantly altered sim+the planar orientatioX, consistent with the measured Raman
ply by changing their geometry. This is especially true ofspectra of semiconducting CNTs as compared to graphite.
their electronic characteristicand has allowed the realiza- In addition, first-principles calculations on out-of-plane
tion of all-carbon junction devicdsind molecular-scale logic Variations of thesp? bonding configuration have shown a
elements A crucial factor for the operation of these and decrease in bond length caused by an increase in charge on
future CNT devices is the ability to control the distribution the o bonds!® This type of charge transfer has also been
and type of charge carriers within them, i.e., doping levels. observed for hole-doped graphite intercalates in which elec-

The issue of CNT doping has recieved extensive attentiotrons are transferred from to o orbitals, thereby strength-
across several areas: Initial demonstrations of field-effecening the C-C bond and decreasing the bond lefiyih.
transistors using so-called pristine semiconducting tubeshould be noted that while decreases in bond length on the
showed they wer@ type, i.e., the majority of carriers were order of 1% have little effect on CNT electronic band
holeg"® and subsequent studies verified this behaVlarad- structure® such changes are known to be associated with
dition, the effect of chemically doping CNT's with different significant doping levels in graphite-related materfdlsn
gas species has been studigdnd used to create nanoscale CNT's, the overlap ofr and o states inevitably causes a
chemical sensofsand intramoleculap-n junctions!® Lastly,  redistribution of charge in ther bonds that make up the
electrochemical doping of nanotubes in solution has beemalence band®?' Hence, we postulate that the observed
used for nanoelectromechanical systgiNEMS).1 p-type behavior in semiconducting CNT’s is causedbyr

Despite the considerable experimental progress, a consepharge transfer resulting in depletion of electrons in the
sus on the underlying mechanism of CNT doping has yet tovalence bandhole doping and an increase in the strength of
be reached. In particular, the ubiquitopgype behavior of the o bonds making up the nanotube latti¢gég. 1(c), 1(d)].
apparently undoped semiconducting CNT’s has been varifhe effect we describe is beyonijid-band models thus
ously ascribed to contact dopifig? processing conditior’s,  allowing the charge on atomic orbitals to vary in these types
atmospheric contamination such as oxygen adsorption, of systems asab initio calculations have previously
more recently, to contact barrier characteristith this pa- shown'®®1t is plausible to expect this type of charge trans-
per, we present a theory of CNT doping that is instead basefiér to occur between electronic states of different symmetry
on the inherent atomic bonding properties of the graphitehrough a hybridization mechanism with-hole character
layer from which a nanotube is formed. We find that holeincreasing asr-o hybridization, shifting the Fermi level to-
doping levels in semiconducting CNT’s can arise via an in-wards the valence band.
trinsic “self-doping” mechanism caused by rehybridization =~ The separation of charge caused by transfer of electrons
of atomic orbitals which depends critcally on tube diameterfrom 7 to ¢ orbitals results in an effective dipole moment at
Our results are shown to be consistent with a wide range odach lattice site. A proper system Hamiltonian to consider the
experimental data. coupling of such charge transfer to the graphene lattice needs

Figure Xa) shows a schematic of the density of states forto consist of three terms
2D graphite: The twomr bands meet at the Fermi energy
typifying a vanishing-gap semiconductdrA small overlap H=Hc+H_+H,. )
with the o bonding states is also seen away from the Fermi
level. In Fig. Xb) the corresponding diagram for pristine  The first term contains the individual energy of electrons
semiconducting CNT's is shown. The Fermi level is shiftedang holes at each lattice site and in addition, the direct and

towards ther valence band indicative gi-type behavior as  gxchange Coulomb interaction between them and their
observed experimentally. In addition, with decreasing nanopgjghhoré?

tube diameterm-o mixing increases and becomes appre-

ciable due to the curvature of the graphite lajfelThese

observations naturally lead us to the question of the physical HC:E B|+B|H|,|+2 B|+r|3|W( '1'2"1'2' , 2
origin of hole doping in CNT's; It has been found that upon ' K
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FIG. 1. Schematic density of
states(DOY) (a), (b) and corre-
o sponding atomic orbital diagrams
(c), (d) for 2D graphite and semi-
conducting CNT’s, respectively.
DOs Within the self-doping model pre-
sented, upon curving the graphite
() (d) sheet into a nanotube charge is re-
. distributed among the orbitals, de-
I pleting the = bond of electrons
Y while increasing charge on the
bonds.

Energy

DOS

whereB," is the operator describing electron transfer from adescribes the kinetic and potential energy of the particles in
m to o orbital creating ar-hole at lattice sité. W is defined  the field of the atomic nuclei. It is assumed that the operator

in general by in curly brackets does not contribute to charge transfer and
therefore only terms for which=m andi=j are included in
Eq. (3).
1505l , o , o . L
W(jllj22133144)zj Jd3xd3x ¢ (X=R °)#] (X' =R.°) The lattice energy is given by
e2
—— ¢ (X' =R *)¢;,(Xx—R,,°). Ho=2 fiwg(b) (baq+1/2), (4)
SX’X!|X_X | o ,q ,

The superscripts refer to the lattice position and the SUb\'/vhereb;rq is the creation operator for a phonon with wave
scripts stand forr ando. The ¢;(x—R,°) are Wannier func- o401 and polarizationn associated with graphite.

tions for the two types of atomic orbitals and,, is the 541 curving 2D graphite into a cylinder the atomic wave
dielectric function. We consider charge transfer via hybrid-q,nctions change shape and charge is redistributed among
ization of atomic oribitals on the same lattice site. This re-nem The coupling between charge transfer at each lattice

quires thai,=1,=1 andl,=I5=1". In addition, we neglect gjte and nanotube curvature can be described by the follow-
cotransfer of electrons, leading to the restrictipgs j, and ing interaction Hamiltonian:

j1#]». To simplify notation7 and o are represented by 1
and 2, respectivelyd, | is given by

Heglﬁwqu.<a,q>BrB.[ba,q+b;,fq], (5)
H|,|:§i: Hip i = W( 1520, () h
where
where
2 U(e,0) = Ya,q€ /2N
Hlm,ij:f d3X¢i*(X_RI°)(_ﬁV2+Vp(X)]¢j(x_ Ro®) i which
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7a,q:f d*x¢T (x—R)) ¢35 (x—R)[e(«,q) VH ]

X ¢pa(Xx—R®) hp1(X—R°)

is the matrix element which describes charge transfe
between atomic orbitals, withp;(x—R,°) and ¢;(x—R))

(i=1,2) being the orbitals before and after curvature respec-:

tively ande(«,q) the polarization vecto\ is the total num-
ber of atoms considered. We omit off-diagonal terms in Eq

(5) since we are again considering hybridization induced-<

charge transfer constrained to the same lattice site.
To proceed we perform a unitary transformation of the
displacive typé® on H:

H=e"SHeS,

where

S= qu Ui(e,q)B; Bi[b,q—by _].
The result is

H=2 B, Bi(Hj—e)+ > oy/B/'B

I
+2 hwg(by (baq+1/2), (6)
a.q

where

8'20% fioqu(a,q)u(a,—Qq)
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FIG. 2. Diameter dependence of hole concentration for self-
doped semiconducting CNT’s. Experimental data from field-effect
measurementsA (Ref. 13, O (Ref. 31, O (Ref. 32] and Raman
spectroscopy ¢ (Ref. 17, A (Ref. 33, + (Ref. 39, ® (Ref. 35,

B (Ref. 36, V (Ref. 37] is plotted for comparison.

for curvature inducedmr-o charge transfer coupled to a
lattice whose mean phonon frequency isw;

U= (1/2N)2,, 4 va.4l? @nd(B, B,) is the expectation value

for the number ofzr holes per lattice site formed in the
nanotube.

In order to solve Eq(7) for the CNT #r-hole carrier con-
centration we use the expressiof=(\2qpe? mhw)(1le..

—1/eq), applicable for charge carriers strongly coupled to
lattice degrees of freedof,where qp=2(7/Q)*? is the

is the shift in electronic on-site energies caused by curvingyepye momentums) = (3y3/2)a? is the primitive cell area

graphene into a cylinder and

o) =ex Eq [uj(ea,q)—u(a,q)]

X[Dyq— b:,_q]]w e

for 2D graphite anc., and ¢, are the high frequency and
static dielectric constants, respectively. For a given nanotube
the value ofx, is uniquely determined by geometry, being
inversely proportional to diametétAs a concrete example,
we plot thesr-hole carrier concentration versus nanotube di-
ameter for (,0) semiconducting CNT’s within our model in

Fig. 2 [ep>e..=1 (Ref. 27, w=1581 cm 1]. Smaller di-

modifies the Coulomb interaction between neighboring sitesameter tubes in whickr-o mixing is greatest are seen to be
The change in position of the carbon atoms relative to thehe most heavilyp-type with the hole concentration depend-

uncurved lattice can be found from

X| :<Tﬁ|| ﬂa,qml)'

Where|<~p|>=es| ) is the eigenfunction of the transformed
Hamiltonian at lattice sité, and

h

Naq= % m(%,ﬁ by o)

is the displacement operator, wheveis the atomic mass of
carbon. Using the expression f8r the calculation ok, can
be pursued analyticaff§ leading to

h —
x=2\/ - =u(B/8) W

ing inversely on diameter.

Field-effect measurements on individual semiconducting
CNT’s have been used to obtain hole carrier concentrations
for some nanotube diameters and these are plotted in Fig. 2.
In addition, we can compare our model to the phonon shifts
observed when CNT's are doped with external acceptor spe-
cies; It has been found that a general measure of charge
transfer in acceptor-type CNT compounds is given by an
upshift ~of Raman-active tangential modes by
~320 cm Y(hole/C atom introduced into thew band?®
Using this value, the observed upshift of Raman modes in
prisitine semiconducting nanotubes relative to graphite can
then be used to infer CNT self-doping levels and compared
to our model. This is a valuable comparison to make because
the Raman data is free of contributions from electrical con-
tacts. We show hole carrier concentrations inferred from Ra-

033411-3



BRIEF REPORTS PHYSICAL REVIEW B57, 033411 (2003

man data for different diameter semiconducting CNT's inthe already robust library of geometrically tunable carbon
Fig. 2. The exprimental data agrees quite well with the selfnhanotube properties that are attractive for nanoelectronics. In
doping model presented here. Since the data is from severagdition, the physical insights gained from our model should

sources using differing experimental techniques this lend@llow further more detailed calculations to be carried out.
further credence to our results. The CNT self-doping phenomenon described here could also

To summarize, a self-doping model of CNT carrier con-have important implications for future NEMS sensors and

. ; m relevant to recent work on rcon ivity in small
centration based on charge transfer franto o orbitals has ay be relevant to recent work on superconductivity in sma

_ diameter nanotubé&s:*
been presented. We calculate that the hole carrier concentra-

tion is inversely proportional to diameter and find quantita- We thank D.N. Davydov for helpful discussions. This
tive agreement with experiment. Our results show a tool inwork was supported in part by ONR and DARPA.
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