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Raman characterization of boron-doped multiwalled carbon nanotubes
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We present first- and second-order Raman spectra of boron-doped multiwalled carbon nanotubes.
The Raman intensities are analyzed as a function of the nominal boron concentration. The intensities
of both theD mode and the high-energy mode in the first-order spectra increase with increasing
boron concentration, if normalized with respect to a second-order mode. We interpret this result as
an indication that the high-energy mode in carbon nanotubes is defect-induced in a similar way as
the D mode. Based on this result, we provide a preliminary quantitative relation between the boron
concentration and the Raman intensity ratios. 2@02 American Institute of Physics.
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Carbon nanotubes are promising systems for the fabrica- In this article, we present first- and second-order Raman
tion of molecular electronic devices, such as transistors angpectra of boron-doped multiwalled carbon nanotubes
logic circuits! > These devices require precise control of the(MWNT) at different doping levels. By normalizing the in-
electronic properties of the tubes, which is achieved by doptensity of the first-order peaks with respect to the second-
ing, for example, with alkali metals to increase the order overtone modB*, we show that not only th® mode
conductivity®=® While alkali metals intercalate into the but also the high-energy mode depends on the defect concen-
nanotube material, boron and nitrogen as dopants are efation. We give a tentative quantitative relation between the
pected to substitute for the carbon atotns. Raman spec- Raman-intensity ratios and the nominal boron concentration.
troscopy is, among others, often used to characterize theurthermore, our results support the interpretation of the
structural and electronic properties of the doped sample adigh-energy mode in carbon nanotubes as being determined
well as the nature of the doping procé€si® Conversely, Dby a defect-induced, double resonant procéss.
doping the material allows to control the defect concentra-  1he samples were prepared by the arc-discharge method
tion and can thus be used for further investigating the Rama#nere the anode rod is doped with varying weight concen-

processes in carbon nanotubes, which are most sensitive ftions of boron as described else\{vhﬁraaman measure-
the presence of defects. The so-caledmode at around Ments were performed with a Renishaw 1000 Ramascope;

1300 cm't in the first-order Raman spectra of carbon nano-Stokes spectra were taken at an excitation wavelength of 785

tubes and graphite is induced by disorder in a double™:
resonant Raman proce¥s:’ When estimating the defect
concentration, théd-mode intensity is usually normalized
with respect to the intensity of the high-energy m¢H&EM,

In Fig. 1 we show the first- and second-order Raman
spectra at three different doping levels. The spectra are nor-
malized with respect to laser power and integration time. We

often calledG mod at around 1600 cri (see, e.g, Refs. (7 1e Theolte RIS O 1 HOtE [ K TEREC
18 and 19. This approach relies on the assumptions tha, 0.5% to 1% nominal boron concentration and decreases

the intensity of the high-energy mode is independent of the ™" . . .
y © man- 9y . aep again at 4% nominal boron concentration. The high-energy
defect concentration an(i) the intensity ratio does not de- . . . L
mode as well as th®*-mode intensities decrease with in-

pend on any other effects. On the other hand, if the hlglhI:reasing defect concentration; thi@*-mode intensity de-

nergy m itself i fect-in w in . .
energy ople tself is defect ducgq, as was suggegted creases much faster than the HEM intensity.
Ref. 20, this procedure for normalizing the intensity is no . .
: ... In general, the absolute Raman intensities can change
longer correct. Instead, both first-order modes should exh|b|6eC

( ibly differentintensity d d the defect ause of a different absorption cross section in the disor-
apossibly diterentintensity dependence on the detect con- g o 4 sample. Another general effect of disorder is the reduc-

centration. This can be investigated by normalizing the first—ion of the crystal symmetry, which leads to a softening of
order modes with respect to a second-order overtone mo ﬁeq~0 rule for first-order sé:attering or thg + q,~0 rule
~ _ Q=

whose intensityper sedoes not depend on Fhe presence Ofin second order and results in a broadening of the Raman
defects(except for those effects that affect first- and h'gher'peaksz.z'sthese mechanisms have, in general, a similar in-

order scattering equally fluence on first- and second-order intensities. On the other
hand, there are additional effects which selectively enhance

dElectronic mail: janina@physik.tu-berlin.de particular first-order modes. Firsk;-point phonon modes,
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FIG. 2. Relative Raman intensities as a function of nominal boron concen-
Raman Shift (cm™) tration. The intensity is found by fitting each Raman mode separately by one
or two Lorentzians and taking the total peak area. Closed symbols indicate
FIG. 1. First- and second-order Raman spectra of MWNT with differentthe intensity ratid/HEM; open squares and circles indicate the intensity of
nominal boron concentrations. The intensities have been normalized witthe D mode and the HEM, respectively, normalized to Bie mode inten-
respect to laser power and integration time. sity. The solid lines are linear fits to the data; the dashed line is a guide to the
eye. Inset: semi-logarithmic plot of the region of low boron concentration.

which are forbidden by symmetry in the perfect crystal, can )
become allowed and appear in the Raman spectra. Secorgfcond-order scattering all phonon wave vectors throughout

because the~0 rule no longer applies, particular phonon the Brillou@n zone are allowed, i_ndepen_dent_ of thg defef:t
modes from inside the Brillouin zone can contribute with aconcentration. Therefore, the increasing intensity ratio
strong Raman signal in a double resonance process. In cdiEM/D* indicates that, besides th® mode, the high-
bon nanotubes, in particular, the latter is the dominating pro€N€rgy mode in carbon nanotubes is Zglsorder-lndt{tbmd
cess in Raman scattering. Thus, a large defect concentratigRultiwalled tubes at least in paras well: .

might lead to an increased scattering cross section for any N Order to estimate the defect concentration, usually the
defect-induced, double-resonant Raman mode in the firsfNtensity ratioD/HEM is investigated. This is shown by the
order spectra of carbon nanotubes. The second-order sign&l°S€d squares in Fig. 2. Indeed, the intensity oftheode

on the other hand, is caused by a double-resonant process§RmPared to the HEM intensity increases as well, but the

carbon nanotubes, independently of the presence of defect8Créase is rather weak above 3% nominal boron concentra-
Therefore, by normalizing the first-order intensities with re-tion: As shown above, the intensity of the high-energy mode

spect to the second-order overtone maxe we can distin- itself depends on the number of defects in the sample; it is
guish between first-order modes that are defect-induced arfdus Not appropriate as a basis for normalization. Instead, we

enhanced through a double resonance Hrmbint modes €& use both intensity ratioB/D* and HEMD™, to find a
that are not enhanced by defects. correlation between the boron concentration and the Raman

In Fig. 2 we show the relative intensities of the Ramanintensitie_s. We app_roximate the rela_\tivg inten_s_ities with lin-
peaks as a function of the nominal boron concentration®a' funchns(see Fig. 2 for the relative intensities and ob-
Open squares and open circles indicate the intensity dbthe tain 1°/°" =1.3+x-1.4(% conc.)* between 1% and 15%
mode and the high-energy mode, respectively, normalizednd 1"EMP* =2 1+x.0.47(% conc.)! between 0% and
with respect to the second-order overt@ie of theD mode. 15% B concentration, wherex is the nominal boron
As expected for a disorder-induced mode, the relative inteneoncentratiorf* Note that at this point we do not know the
sity of the D mode increases with increasing number of de-actual boron concentration, but only the nominal concentra-
fects. Between 0% and 0.5% nominal boron concentratiortion as given by our growth parameters. Determination of the
the intensity ratid>/D* increases rapidlyby a factor of 25, actual boron concentrations and their quantitative correlation
see inset of Fig. 2 for higher concentrations the increase is to the Raman intensities is subject to future work.
weaker. The relative intensity of the high-energy mode in-  If both the D mode and the high-energy mode result
creases as well with increasing nominal boron concentratiorfrom a defect-induced Raman process, the question arises,
although at a somewhat lower rate than fhenode. This why the increase in relative intensity HEBIf is much
behavior is contrary to what is expected for a first-orderweaker(at least at the lowest doping levethan the increase
Raman-allowed-point mode, whose intensity should ex- of the ratioD/D* (inset of Fig. 2. This behavior can be
hibit the same dependence on the concentration of defects asderstood from the different phonon wave vectors that give
the second-order overtone modes. The only exception is @se to theD and high-energy modes, respectively. According
defect-induced scattering process, in which phonon wavéo the double-resonance description, the HEM phonon wave
vectorsg>0 become involved and allow a double-resonancevectors are rather close to thepoint compared to those of
process that selectively enhances particular first-ordethe D mode.?’ Thus even a low defect concentration leads to

modes. This does not affect the second-order spectra, sincean weak spatial confinement of the high-energy phonon
Downloaded 24 Sep 2002 to 130.149.162.156. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 81, No. 14, 30 September 2002 Maultzsch et al. 2649

modes. The corresponding distribution of phonon wave vecis usually regarded as a Raman-allowlghoint mode, in
tors is large enough to allow those ndapoint modes, fact originates from the same defect-induced, double-
which fulfill the double-resonance condition, to contribute toresonant process as tiiz mode, although involving com-
the scattering process. For example, let the defect concentrparatively small phonon wave vectors.
tion be 0.1%, that is, there is one defect per 1000 carbon
atoms. In the(10, 10 tube this results in one defect in 25 )
unit cells or a mean distance between the defects af,25 9emeinschaft under Grant No. Th 662/8-1 and by AFOSR
wherea, is the length of the graphene lattice vectors. The!nder Grant No. F49620-99-1-0178S).
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_3 R. Martel, T. Schmidt, H. R. Shea, T. Hertel, and Ph. Avouris, Appl. Phys.
of 10" *m/ay). In the (20, 20 tube, the same defect concen- | o 73 2447(1998.
tration leads to a mean distance between the defects ofH. w. c. Postma, T. Teepen, Z. Yao, M. Grifoni, and C. Dekker, Science
12.5a, or a corresponding wave vecté&r=0.167/a,. For 293 76(2002. '
tubes of similar diameter but different chirality, the mean *V: Derycke, R. Martel, J. Appenzeller, and Ph. Avouris, Nano LEt453
distance between the defects varies only slightly at a givers o gacntold, p. Hadley, T. Nakanishi, and C. Dekker, Sciep@4 1317
defect concentration. Since the phonon wave vectors that ful- (2001.
fill the double-resonance condition for the high-energy GRL- SaLeeésH- ;sgiflﬂégl E. Fischer, A. Thess, and R. E. Smalley, Nature
mOdeS.ar.e all in the range of 0.1-@/&, (m_dgpendent of 75/.0Er)]erc;/nc)ke,8R. Mefrtel,?].. Appenzeller, and P. Avouris, Appl. Phys. Lett.
the chirality of the tubg these modes originate from a go 2773(2002.
double-resonance Raman process already at a low defeék. Liu, C. Lee, C. Zhou, and J. Han, Appl. Phys. Létg, 3329(2001.
concentration. On the other hand, the phonon wave vectorsO- Stephan, P. M. Ajayan, C. Colliex, P. Redlich, J. M. Lambert, P.
eacing to thed mocde are large compared to thosdegoint ,(Se1e, 219 Lof soengsa tosgioon. L
modes. A low defect concentration thus affects Ehenode Roth, and M. Rble, Phys. Rev. Leti81, 2332(1998.
intensity much less than the HEM intensity. When the num-+B. Wei, R. Spolenak, P. Kohler-Redlich, M."Rle, and E. Arzt, Appl.
ber of defects increases, the mean distance between the quhﬁ-éem}j 3129“(193% Bandow. A T 4RE Smallev. Nat
fects eventually becomes comparable with the wavelength of (Londor?%Bé 2'57(1337)’. - Dandow, A. Thess, and k. £. smalley, Railre
the D mode phonons. At this point, thB mode intensity 13a claye, S. Rahman, J. E. Fischer, A. Sirenko, G. U. Sumanasekera, and
increases rapidly as it benefits strongly from the enhancel-4P. C. Eklund, Chem. Phys. Le®33 16 (200D.
ment of the defect concentration. The long-wavelength pho- g‘; Eien”d(':ahbé n?- PF:]'QQ'*L':t-nggggset(vz 3615- Sauvajol, L. Duclaux, and F.
non modes in the high-energy Raman peak, on the Othaﬁw?gzm'u, S. Xie, L.}/S.un,D.T.’ang,Y. Li, Z. Liu, L. Ci, P. Tan, X. Dong, B.
hand, are now less influenced by the increasing number of xu, and B. Zhao, Appl. Phys. Let80, 2553(2002.
defects and exhibit only a weak enhancement in intensity. IﬁGJéO'\gaultzsch, S. Reich, and C. Thomsen, Phys. Re@4B121407R)
this way we can understand the initial stronger increase 0;‘7(0 Tﬂ])c')msen and S. Reich, Phys. Rev. L88, 5214(2000.
the D-mode signal as compared to that of the HEM. 18M. Hirscher, M. Becher, M. Haluska, U. Dettlaff-Weglikowska, A. Quin-

In conclusion, we presented the intensity dependence oftel, G. Duesberg, Y.-M. Choi, P. Downes, M. Hulman, S. Roth, I.
first-and second-order Raman modes of multiwalled carbon Stepanek, and P. Berier, Appl. Phys. A: Mater. Sci. Procé2s129
nanotubes on the defect concentration. We demonstrated thagogﬁ; lghzgapegebHﬁag'g?;i(EEbgéL Zhang, X. Wu, J. Zi, Z. Shi, and
the intensity of both thé& mode and the high-energy mode, ¢ zp; X_yD.. Bai, and E. G. Wang, Appl. Phys. Le@0, 3590(2002.
if normalized to the second-order moB¢, increases with  2°J. Maultzsch, S. Reich, and C. Thomsen, Phys. Reé5,233402(2002).
the density of the defects in the Sample' Therefore, normalz_ls. M. C. Vieira,_R. Czerw, S. Webster, P. R. Birkett, C. A. Rego, and D. L.
izing the D mOd,e intens!ty with reSp?Ct t,o the high-energy sz\z/lérlr-io.llél:gg;?;srneﬂght Scattering in Solids I: Introductory Concepts
mode intensity is not suitable for estimating the defect con- egited by M. Cardonalopics in Applied Physicend ed. Vol. 8Springer,
centration in carbon nanotube samples. Instead, a better proBerlin, 1983, p. 205.
cedure to obtain information on the relative number of de_zjlljéf c.)tizlr'gsaggtgr:et\g::sZ?éis.e’;;\t/éﬁ’nzsggr(li?ghe numbers have to be
fects is to normalize the intensity of the flrst?c_erer modes to corrected fop:' the relative detector sensitivﬁyst?San at detection of the
the second-order overtone modes. In addition, our resultSfis; and the second-order modes. In our experiments, this sensitivity ratio

support the interpretation that the high-energy mode, which S.g,/Sp«=2.5.

This work was supported by the Deutsche Forschungs-

Downloaded 24 Sep 2002 to 130.149.162.156. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



