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We report a detailed experimental and theoretical study on the electronic and optical properties of highly
boron-substitutedup to 15 at.% single-wall carbon nanotubes. Core-level electron energy-loss spectroscopy
reveals that the boron incorporates into the lattice structure of the tubes, transfetri@dhole per boron atom
into the carbon derived unoccupied density of states. The charge transfer and the calculated Fermi-energy shift
in the doped nanotubes evidence that a simple rigid-band model can be ruled out and that additional effects
such as charge localization and doping induced band-structure changes play an important role at this high
doping levels. In optical absorption a new peak appears at 0.4 eV which is independent of the doping level.
Compared to the results from a seriesatf initio calculations our results support the selective doping of
semiconducting nanotubes and the formation of;Bf@notubes instead of a homogeneous random boron

substitution.
DOI: 10.1103/PhysRevB.69.245403 PACS nuni®er78.30—j, 61.46+w, 63.20.Dj
[. INTRODUCTION of a shallow acceptor state at 0.16 eV above the Fermi level.

Band-structure calculations of hypothetical tubule forms of

Tuning the electronic properties of single-wall carbonhexagonal BG predicted that these tubes form as likely as
nanotubegSWCNT) (Refs. 1 and by substitution of car-  carbon and BN nanotubes and have a minimum energy gap
bon by heteroatoms represents one of the most promisingf about 0.2 e\A° Carroll et al8 proposed that B substitution
routes to extend their application possibilitel.also opens of CNT’s leads to the formation of BCnanodomains in-
a series of basic scientific questions regarding, e.g., charggerted in the 1D nanotube structure, giving rise to an accep-
transfer between B and C atoms, band-structure change, afgk state 0.4 eV below the Fermi level due to the realignment
charge-carrier localization. Recent studiésvere mainly fo-  of this superstructure with the graphitic one. Lamnesral 1°
cused on boron and nitrogen doping of multiwalled carbonshowed that under doping with boron and nitrogen, the mi-
nanotubes (MWCNT). They have already successfully croscopic doping inhomogeneity of carbon nanotubes is
achieved boron or nitrogen incorporation by different proceqarger than in normal semiconductors leading to charge fluc-
dures. Recently, Golberet al® reported the B and N substi- tuations that can be used to design nanoscale degdiese
tution of SWCNT by a substitution reaction at high tempera-pehavioy.
tures. In this paper we report on a spectroscopic study of highly

Despite the importance of these one-dimensiofl®)  B-doped SWCNT(B-SWCNT) using high-resolution non-
heteronanostructures, only very few experimental studiegpatially resolved electron energy-loss spectroscopy and op-
have been devoted to their electronic properties. The elegical spectroscopy. The spectroscopic response is then inter-
tronic structure of multiwall boron doped nanotubes waspreted with the help ofb initio band-structure calculations
studied on a local scale by scanning tunneling spectroscopysing density-functional theory in the local-density approxi-
(STS.® Spectroscopic studies of the electronic properties ofnation (DFT-LDA). Our results evidence the preferential
single-wall heteronanotubes are still missing to our knowl-doping of semiconducting SWCNT and the formation ofBC

edge. single-wall nanotubes in boron substituted SWCNT samples.
In theory, the role of the B or N atoms in the electronic

structure of modifiedsp?-hybridized carbon networks has
been treated using different approaches. Mele and Ritsko
used a tight-binding approach to calculate the core exciton SWCNT with a mean diameter of 1.23 nm were produced
spectrum of graphite and showed that the changes inducesy the laser ablation technigd®&Boron doping with an av-

by low B substitution(0.5 at.% can be explained by a rigid- eraged substitution level of-15 at.% was achieved by a
band shift model, i.e., assuming that the Fermi level issubstitution reaction in an NHatmospheré? Transmission
shifted downwards due to the missingelectrons from the electron microscopyTEM) characterization after the substi-
boron atoms while the valence-band structure remains othetution reaction revealed the presence of high-purity nanotube
wise undisturbed. Yi and Bernhdftcalculatedab initiofora  bundles with a homogeneous diameter distribution. Trans-
(10,0 nanotube with 1.25 at.% B substitution the formation mission electron microscopy electron energy-loss spectros-

II. EXPERIMENTAL RESULTS
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E— 7 — interaction between the excited electron and the core-hole in
" onset (C1s) B-SWCNT, one can expect that th€ resonances related to
r ] the density-of-stategDOS) singularities of the different

types of SWCNT are washed out, resulting in the bread
resonances. Nevertheless, the edges can be used to study
some details in the electronic structure.
P The B1s spectrum of B-SWCNT shows an intense peak at
192 eV assigned to thesls 7 resonance and a less intense
double peak at 199 eV due to the-% o resonance. The
small shoulder at 194 eV can be assigned to residy@l;B
from the precursor material. The €1spectrum of
; B-SWCNT shows the excitonic sk-7 absorption at
W‘W 285.3 eV, as in the case of the SWCNT reference, and the
.LW!J v corresponding 4— ¢~ absorption at 292 eV. The spectral
T shape of the C&— 7 and the C$— ¢ resonances of the
190 195 200 205 285 290 295 300 B-SWCNT resemble quite well those of the pure material,
Energy Loss (eV) indicating that the boron substitution does not alter the
chemical environment of the carbon atoms of the tube sig-
FIG. 1. Bis (left) and C3 (right) EELS spectra of boron do;*)ed nificantly.
SWCNT. Right inset: Expanded scale to focus on thesGkr The comparison of the Bdspectrum of the B-SWCNT
excitation onset. The dashed lines represent reference spectra frQjjth that of the BN nanotubes indicates that the chemical
the Bls excitation edge of MWBNNTRef. 14 and the C$ edge  oironment of boron is rather similar to that expected for an
espz-hybridized environment, as it is also characteristichof
-BN, which constitutes clear experimental confirmation that
the boron atoms are incorporated into the hexagonal lattice
copy mode(TEM-EELS) analysis with 10 nm beam size structure of the nanotube, in good agreement with the theo-
showed that locally the substitution level is up to 20 at.%.retical predictiong:*®!° The area below ther" resonance
Films of 100 nm effective thickness were prepared as degives a measure of the charge transfer and bonding environ-
scribed elsewher®. Optical-absorption spectra were mea- ment. We observe that the Bt peak is about 13% lower
sured with a resolution of 0.25 meV. Core-level excitationin the B-SWCNT than in the MWBNNT, which shows that
spectra were collected in a purpose built high-resolutiorthere is a different charge distribution within the B-C bonds
EELS spectrometer described elsewhér€he energy reso- which results in a higher electron density at the boron site.
lution was set to 200 meV. The bulk sensitive EELS spec-Turning back to the Cdexcitation spectra, the inset of Fig. 1
troscopy indicated an averaged boron atomic concentratioprovides evidence for the appearance of additional unoccu-
of about 15 at.%, in agreement with our previous local TEM-pied states of carbon character in the electronic structure of
EELS analysis? In addition, both TEM and bulk sensitive the B-SWCNT, as clearly shown by the low-energy shoulder
EELS revealed nitrogen concentrations always below th@bserved at the Glexcitation threshold and indicated by the
sensitivity of the method1.5 at.%. arrow. The energy position of this feature can be roughly
An overview over the B§ Cls, and Nk core-level ex- estimated around 0.7 eV below the corresponding-G%"
citation spectra of B-SWCNT confirmed tisg-hybridized  threshold of the pure SWCNT. In analogy petype doping
bonding environment. This fact and the absence of the N1in graphite intercalation compoun#sthe presence of this
signal as compared to Gand Bls are in good agreement to doping-induced feature reflects that the Fermi level of the
the local analysis by TEM-EEL$Ref. 12 and show the B-SWCNT shifts to lower energies with respect to that of the
efficiency of the substitution process. For a more detailedcBWCNT. Although the corresponding total shift of the Fermi
analysis the B4 and CXk core excitation edges of the level from a comparison of both spectra alone can be com-
B-SWCNT (solid) and the reference Bland Cx spectra plicated by additional effects such as different excitonic ef-
from multiwalled boron nitride nanotub&€s!WBNNT) (Ref.  fects or the mixture of semiconducting and metallic tubes,
14) and SWCNT, respectivelydasheg are shown in Fig. 1. the observed shift by 0.7 eV of the €#&xcitation onset es-
The inset in Fig. 1 represents an expanded scale focusing dablishes a good estimate for the Fermi-level shift assuming a
the threshold of ther” resonance of the Gledges of rigid-band shift without strong changes of the SWCNT band
B-SWCNT (solid) and pristine SWCNT(dashegl Essen- structure as it is observed, for instance, for Rg@llercalated
tially, the excitation spectra represent in a first approximatioSBWCNT® Hence, the shift in the onset of spectral weight
the projected matrix element weighted density of unoccupiednd the increase of the response of theesonance confirms
states of each atom participating in the band structure. Ithat there exists a charge transfer from the boron atom to the
addition, final-state effects of the remainingcore hole lead C-derived bands. However, the analysis of Fig. 1 indicates
to a strong redistribution of the spectral weight. For instancethat the shoulder is only about 6% of the total area, suggest-
it is well established that in the case af dxcitation edges of ing a charge transfer to carbon derived states-@f2 holes
pristine SWCNT(Ref. 17 and MWBNT (Ref. 14 both the  per boron atom which is lower than the estimation by Mele
7 ando’ onsets are dominated by spectral weight resultinget al® for B-doped graphité~0.8 holes per B This differ-
from the influence of the core-hole. Thus, assuming a similaence in the charge transfer also means a different charge

282 283 284 285 286 287
Energy Loss (eV)

respective $— o excitation peaks at 199 eV and 292 eV for B and
C, respectively.
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0.4 T T T T about 5 at.% of B reveal that the position of this new absorp-
tion peak remains basically unchanged, whereas the spectral
weight is strongly reducetf.

Ill. BAND-STRUCTURE CALCULATIONS AND
INTERPRETATION OF EXPERIMENTAL RESULTS

In order to elucidate the observed effects of B substitution
on the electronic properties of SWCNT, we have performed a
series of DFT-LDA band-structure calculatiofg8e use
the example of a semiconducting6,0 tube with a diameter
i i of 12.5 A which is close to the mean diameter of the

00 0.5 1.0 15 20 25 SWCNT sample used in the experiment. In order to elucidate
Energy (eV) the effect of the boron concentration on the electronic struc-
ture, we present in Fig. 3 the band structure and the density

FIG. 2. Optical-absorption spectra of boron doped SWCNTof statesDOS) with different degrees of B substitution. We
(solid) and pristine SWCNTdashegl have chosen a regular periodic ordering of the boron atoms

(see insetsin order to keep the unit cell small and the cal-
delocalization around the B site and therefore is a hint for aculations feasible. For the undoped tylbég. 3a)], our cal-
different bonding environment in the B-SWCNT as com- culations reproduce the well-known result that the one-
pared to B-doped graphite. In other words, the boron dopinglimensional DOS (within DFT-LDA or tight-binding
of SWCNT cannot be solely explained within the frameworkmodelg is symmetric around the band gap for the first and
of a simple rigid-band model and additional changes in thesecond vHS. Beyond this small energy regime around the
nanotube band structure have to be taken into account.  band gap, asymmetries arise due to the mixingpaind s

Information about the dielectric function and hence theorbitals. Doping of the tubes leads to a lowering of the Fermi
matrix element weighted joint DOS can be retrieved fromlevel into the valence band of the undoped tubE®S.
optical-absorption spectroscopy. The normalized optical3(b)—3(d)]. Clearly, the stronger the doping, the stronger is
absorption response of both B-SWCNT and pristine SWCNTalso the shift of the Fermi level. For a substitution level of
are shown in Fig. 2 between 0.05 eV and 2.5 eV. In order t®5%, the level shift reaches 2.2 eV. The rigid-band shift
determine the relative peak intensities the spectra were nomodel (shift of the Fermi level without altering the band
malized and the background was subtracted as described @tructurg clearly breaks down for strong concentrations:
detail previousiy¥® The spectrum of pristine SWCNT is Above the highest occupied state of the undoped tube new
dominated by two strong absorptions at 0.75 eV and 1.35 eWands are formed. This corresponds to the formation of an
attributed to the two first allowed optical transitions betweenacceptor level(unoccupied state within the band gain
the Van Hove singularitiegvHS) of the semiconducting semiconductors with very low dopant concentration. How-
SWCNT (at an average tube radius of 14 And a less in- ever, in the present case, due to the strong concentration of
tense feature at 1.93 eV corresponding to the first transitioboron atoms, the acceptor levels hybridize with the carbon
in metallic SWCNT. Essentially, the spectrum of B-SWCNT levels and form strongly dispersive “acceptor bands,” i.e.,
shows the same absorption peaks as the pure SWCNT boew bands that are unoccupied due to the lower number of
with an overall reduced intensity for the peaks originatingvalence electrons of the boron atoms. Correspondingly, in the
from semiconducting tubes and with the same intensity in th&®OS, new unoccupied VHS appear giving rise to additional
case of the peak which corresponds to the metallic onegossibilities for electronic excitations.

Especially the peak at 0.75 eV which was successfully used We expect that the additional peak at 0.4 eV in the ab-
to determine the yield in pristine nanotube samplés re-  sorption spectrungFig. 2) is due to electron excitation from
duced to about 20% of its intensity. The fact that the metalliche occupied valence states into one of these acceptor bands.
tubes are less affected by the substitution reaction than thedeed, the joint DOSdivided byE?) in Fig. 3 display peaks
semiconducting ones is consistent with calculations by Blasé the energy region between 0.2 and 0.6 eV. The exact po-
et al?® who reported that the growth yield of metallic sition of the additional peaks is, however, strongly dependent
B-SWCNT is much lower than that of the semiconductingon the doping concentration. Furthermore, calculations with
tubes. This fact suggests that our substitution method leads the same degree of substitution but with different arrange-
a preferential B substitution of semiconducting tubes. Neviment of the boron atoms show large differences in the for-
ertheless, further studies sensitive to the electronic propertigration of acceptor band$.In particular, self-consistent

of either metallic or semiconducting tubes should be carriedight-binding calculations with a pseudorandom ordering of
out in order to understand the observed differences. Interesboron atoms in a large supercell containing several hundred
ingly, a new absorption peak shows up at about 0.4 eV in thatoms display a smearing out of the VHS patt€rin that
case of the B-SWCNT which we assign to an optical excitacase, a quasicontinuous set of electronic transitions would
tion from the valence band into a new unoccupied acceptoreompletely wash out the optical-absorption spectrum. Hence,
like band induced by the boron substitution. Additional ex-these results do not at all fit to the experimental observations.
periments using samples with a lower substitution level ofDue to the strong dependence of the band structure on the

Intensity (arb. u.)
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FIG. 3. Band structure, DOS and joint DOS divided By of a Q16,0 tube with(a) 0%, (b) 6.25%,(c) 12.5%, and(d) 25% boron
doping. Zero energy denotes the Fermi energy. Filled states are indicated by gray shadowing. Also displayed are the corresponding unit cells
(C atoms black, B atoms white

degree of substitution and the particular arrangement of thagreement with the tight-binding band structure of Ref. 10.
boron atoms, we conclude that the observed opticalThe joint density of statefdivided by E? in Fig. 4(c)] dis-
absorption spectra in Fig. 2 can be best explained with thelays accordingly the first vertical transition at about 0.4 eV
assumption that only one particular kind of boron substitutedn very good agreement with the observed absorption peak.
tubes is formed in our experiment. Only a subset of tubesVe note that calculations of the optical respdfigdashed
from the sample are dopédith a corresponding higher con- line in Fig. 4c)] of such a perfect B&nanotube show that
centration while the other tubes remain almost pure carbonthe first optically allowed transition is at about 1.8 éxéry
tubes. This explains the stable peak positions in the spectra.
The peaks at 0.7 and 1.4 eV are due to the transitions be-
tween first and second vHS in the pure semiconducting car-
bon tubes. In strongly B-doped samples they should disap-
pear because of the Fermi-level lowering. However, the
survival of a large fraction of pure carbon tubes explains the
survival of these peaks and the decreasing intensity with in- B ]
creasing fraction of boron atoms in the sample. The un- ;
changed intensity of the peak at 1.9 eV is consistent with the r X DOS (arb. units)
assumption that metallic tubes are less susceptible for Boron
substitutior?!

We assume the formation of BQubes in our samples
(25% substitution which is consistent with the average de-
gree of substitution(up to 15% in our sample. The BE
structure has been shown to be relatively stébith respect
to other arrangementdoth for the sheét and for single-
wall tubes!® The relative stability is likely connected with
the fact that these tubes are semiconducting with a gap be- r|G. 4. (a) Band structure of B§3,3) nanotubgFermi energy
tween the occupiedr orbitals and ther orbitals which are 4t 0 eV). (b) Density of statefilled states shadowed with grayc)
unoccupied due to the electron deficiency. Joint density of states divided bi? (solid line) and calculated

In Figs. 4a) and 4b) we present the band structure and optical absorptioridashed lingof a perfect infinite BG(3,3) tube
DOS of a BG(3, 3) tube?® The tube displays a band gap of with light polarization along the tube axigd) Sketch of the unit
0.4 eV between occupied and unoccupied orbitals in  cell.
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similar to hexagonal Bg&sheets The fact that we observe a band-structure calculations. Core-level excitation spectros-
peak at 0.4 eV can be explained by symmetry breaking dueopy of the Bk and Ck edges revealed that the boron atoms
to defects which are created during the substitution processubstitute carbon atoms in the tube lattice keeping an
The formation of BG SWNT during the substitution pro- sp’-like bond with their nearest C neighbor atoms. The ef-
cess also explains the higher local boron concentration olfective charge transfer to the C derived conduction bands is
served on selected TEM spots and the remaining optical reabout 0.5 holes per substituted B atom. Optical absorption
sponse of the pristine SWCNT. Furthermore, differentindicates the formation of an acceptorlike band in the band
concentrations of Bgtubes at different substitution levels structure of the semiconducting tubes. This is nicely con-
also explain why the acceptor-induced absorption peak dodgmed byab initio calculations of the electronic structure of
not shift by changing the doping level between 5% and 15%a BC; SWNT. The electronic structure characteristic of the
As a final consistency check we can estimate the upper limiB-SWCNT is influenced by a strong hybridization of the B
for the substitution level from the decrease of the first ab-and C valence orbitals. Our results show that a simple rigid-
sorption peaks of the semiconducting and metallic SWCNTband model as has been applied previously to intercalated
assuming that all of the remaining response is from not subSWCNT is not sufficient to explain the changes in the elec-
stituted nanotube¥. Since BG corresponds to 25% B sub- tronic properties of highly doped B-SWCNT and a new type
stitution and from the decrease of the SWCNT intensityof a highly defective Bg@ SWNT with new electronic prop-
about 80% of the semiconducting SWCNT and within theerties is observed.
experimental error none of the metallic tubes are doped we
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