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V. Meunier,§ F. López-Urı́as,‡ E. Muñoz-Sandoval,‡ H. Terrones,‡ M. Terrones,‡
and A. Jorio*,†,|

Departamento de Fı́sica, UniVersidade Federal de Minas Gerais, Belo Horizonte, MG,
31270-901 Brazil, Laboratory for Nanoscience and Nanotechnology Research (LINAN)
& AdVanced Materials Department, IPICYT, San Luis Potosı́, SLP, Mexico, Oak Ridge
National Laboratory, P.O. Box 2008 Oak Ridge, Tennessee 37830-6367, and DiVisão
de Metrologia de Materiais, Instituto Nacional de Metrologia, Normalização e
Qualidade Industrial (INMETRO), Duque de Caxias, RJ, 25250-020, Brazil

Received February 9, 2009; Revised Manuscript Received April 30, 2009

ABSTRACT

Substitutional phosphorus doping in single-wall carbon nanotubes (SWNTs) is investigated by density functional theory and resonance Raman
spectroscopy. Electronic structure calculations predict charge localization on the phosphorus atom, generating nondispersive valence and
conduction bands close to the Fermi level. Besides confirming sustitutional doping, accurate analysis of electron and phonon renormalization
effects in the double-resonance Raman process elucidates the different nature of the phosphorus donor doping (localized) when compared
to nitrogen substitutional doping (nonlocalized) in SWNTs.

By doping single-wall (SWNT) and multiwall (MWNT)
carbon nanotubes, it is possible to significantly change their
physical and chemical properties, and this fact can be used
for developing novel materials.1-4 The most studied doped
carbon nanotubes are those containing boron (B) and nitrogen
(N).5-8 B and N are the neighbors of carbon (C) in the
periodic table that can provide p- and n-doping, respectively,
their valence electrons being in the second shell, like carbon.
Phosphorus (P) is another electron donor that can be incor-
porated into nanotubes, but fundamentally different from N
because its valence electrons are in the third shell. Recent
studies carried out using energy dispersive X-ray (EDX) and
electron energy loss spectroscopy (EELS) have demonstrated
that P and N can be homogeneously incorporated into the
lattice of MWNTs (with diameters usually above 20 nm),9

changing MWNTs chemical properties and morphology.10-13

P atoms were also used to dope fullerenes for biological
applications.14 However, doping SWNTs with large contents
of P is challenging because (i) this element reduces catalytic

activity of Fe during nanotube growth and (ii) P atoms are
larger than C atoms, thus increasing the disorder within the
hexagonal carbon framework.9 Besides these difficulties, the
growth of SWNTs with low doping levels of P leads to new
perspectives toward the control of SWNT electronic proper-
ties. In this work we report the successful synthesis of
P-doped SWNTs, and we use density functional theory (DFT)
and resonance Raman spectroscopy to explore their novel
properties when compared to the usual donor-doping of N
in SWNTs. Resonance Raman spectroscopy is employed here
as a powerful tool to confirm substitutional doping and
analyze changes in the electronic and vibrational structure.
More specifically, the so-called G′ band, a strong double-
resonance second-order Raman feature appearing around
2700 cm-1, has been shown to be very sensitive to substi-
tutional p- or n-type doping in SWNTs, even at small concen-
trations of boron and nitrogen doping (e.g., 0.3% at.),15 and
it will be discussed here in detail.

In order to explore the fundamental difference between
the effect of P and N doping, electronic structure calculations
were performed using density functional theory, as imple-
mented in Siesta16 and detailed in a previous publication.9

The theoretically studied nanotubes consisted of pristine, N-
and P-doped zigzag (10,0), (12,0), (15,0), and armchair (6,6),
(8,8), (10,10) nanotubes. In order to avoid interactions of
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the doping atoms with their periodic images, supercells of
eight repeating units (19.81 Å) were considered for armchair
nanotubes, while five unit cells (21.52 Å) were considered
for the zigzag cases.

The defect formation energy was computed from DFT,
considering

where ED (EPris) is the total energy for the P-doped (pristine)
SWNT, and µP (µC) is the total energy of isolated P (C)
atoms. These energies are plotted in Figure 1a, showing that
the formation energy decreases as the curvature κ (inverse
of the nanotube radius) increases, with a fitted relation ∆E
(eV) ∼ 6.625 - 4.379κ. This reduction reflects the lower
strain in the carbon network required to accept the trigonal
bonds of the phosphorus ion when the nanotube diameter is
smaller. Therefore, phosphorus doping is more likely to occur
in smaller diameter nanotubes and in fact can induce the
formation of thinner nanotubes when doping occurs during
growth.

Turning to their electronic properties, both P and N doping
create new states associated with the presence of the doping
atom, which appear close to the Fermi energy, as indicated
by arrows in parts b and c in Figure 1 for a (10,0) nanotube.
For N, this state lies beneath the conduction bands, shifting
the Fermi energy and causing all N-doped nanotubes to be
metallic. P creates a highly localized state that appears as a
dispersionless flat band in the band structure, as seen in
Figure 1c, which is projected as a set of sharp peaks in the
electronic density of states around the Fermi level. Due to
their localized nature, these P-related states do not contribute

with electrons to the conduction bands, and therefore they
do not affect the semiconductive or metallic character of the
nanotubes. The presence of two nondispersive P-related
bands, one in the valence and another in the conduction band,
is related to the spin polarization. The splitting of about 0.1
eV within the local density approximation (LDA) and 0.25
eV within the generalized gradient approximation (GGA) is
due to a higher exchange energy related to a greater spatial
localization of the orbital. This type of unique electronic
structure is a promising feature for solid-state-based quantum
computer archtectures,17 as previously shown for similar spin-
based quantum computer architectures, such as P-doped Si
substrates.18

The growth methods for doped nanotubes, in particular
chemical vapor deposition (CVD)6 and laser ablation,5,7 lead
to samples of good crystallinity and substitutional doping,
as confirmed by EELS and EDX, especially for MWNTs.4,9

For SWNTs, smaller amounts of doping have to be inserted
into the growth environment in order to obtain samples of
good crystallinity. It is therefore harder to detect the presence
of dopants in SWNT samples since the doping level is
typically below the detection sensitivity limits of most of
the instruments available to date for the different elemental
mapping techniques. The SWNTs doped with P studied here
were grown by CVD at 950 °C using solutions of ethanol
(C2H6O) with 1.25% by weight of ferrocene (C10H10Fe) and
triphenylphosphine (C18H15P) as P precursor, at different
concentrations. An aerosol of the solution was produced
ultrasonically and then carried inside a quartz tube to the
hot zone of a tubular furnace with a flow rate of 0.8 L/min
of an Ar-H gas mixture (5% of hydrogen), during 30 min.
After that time, the system was allowed to cool down to

Figure 1. (a) Plot of defect formation energy vs curvature. Dotted line represents the formation energy for a planar graphene sheet, as the
limit for large nanotubes. (b, c) Electronic band structure near Fermi level for (b) N- and (c) P-doped (10,0) nanotube. (d) and (e) Real
space representations of the states marked by arrows in (b) and (c). It is evident that while the N state is distributed over the entire supercell,
the P state is localized around the phosphorus atom. The strong localization in the phosphorus case is responsible for the dispersionless flat
bands, which correspond to spin up and down states.

∆E ) ED - EPris - µP - µC (1)
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room temperature, maintaining a flow rate of 0.2 L/min of
the same Ar-H gas mixture. Once the system was cold, the
quartz tube was removed and the material of interest was
collected from the walls as a web containing strands of
bundles, following the procedure described in ref 6 for the
CVD production of N-doped SWNTs. In the following
discussion, the samples analyzed will be identified by the
different concentrations of doping precursor inserted in the
starting solution, which were 0%, 0.1%, 0.15%, 0.20%, and
0.25% by weight of triphenylphosphine (TPP), since the real
percentage of P in the final material is not known.

In order to identify and study the P doping in SWNTs,
Raman spectra were acquired with a Dilor XY triple-
monochromator equipped with CCD detector in the back-
scattering configuration, using an 80× objective. The Raman
spectra from small diameter (dt < 2 nm) SWNTs are known
to be several orders of magnitude higher than other graphitic
coproducts, due to its resonant nature.19,20 Furthermore, the
second-order G′ band frequency is highly sensitive to changes
in the sp2 carbon structures, including changes in tube
diameter19,21 and structural changes induced by doping.15 For
this reason, it is clear the Raman spectra we will discuss
comes from doped SWNTs. Figure 2a shows a two-peak G′
feature of P-doped samples after annealing with 2 mW laser
power. The spectra were taken with a laser excitation energy
of 2.41 eV at a power of 0.2 mW. As discussed in ref 15,

undoped samples exhibit a single peak G′ feature, named
G′Pris (Pris stands for pristine), while n-type doped tubes
exhibit two G′ features: the G′Pris and a red-shifted peak,
named G′D (D stands for doping), which is due to doping-
induced electron and phonon renormalization near the doping
sites.15 The frequencies of the two G′ peaks do not change
with increasing the doping level, meaning that the doped
regions contain the same charge in all the samples and only
their number increases with increasing doping concentration,
thereby increasing the IG′D/IG′Pris

relative intensity between the
two G′ peaks, as shown in Figure 2b. From Figure 2b, doping
seems to be more effective above 0.15 wt %, since the IG′D/
IG′Pris

relative intensity increases significantly above this
doping level.

For deeper physical insights, we measured the frequencies
of the G′Pris and G′D bands as a function of the excitation
laser energy, thus accurately probing their resonant dispersive
behavior. The symbols in Figure 2c stand for the ωG′Pris

-
ωG′D frequency splitting between the two G′ peaks for the
0.2 wt % P-doped sample, which is a measure of the charge-
induced electron and phonon energy normalization.15 The
dashed line is a fit of the ωG′Pris

- ωG′D behavior of a N-doped
SWNT sample, taken from ref 15. The ωG′Pris

- ωG′D splitting
is smaller for P when compared to N, yet the Elaser dispersion
remaining the same for the two types of doping. Although a
quantitative understanding of this effect requires the develop-
ment of a double resonance model for doped SWNTs, this
result is consistent with the theoretical finding that P-induced
states have a higher spatial localization compared to N-
induced states, hence causing a lower perturbation in the
charge distribution, as shown in the real space representation
of the P- and N-induced states of parts d and e of Figure 1.

Changes in the SWNT diameter distribution, the resonance
conditions, nonlocal charge transfer, or heating effects can
also cause Raman frequency shifts. Therefore, it is important
to rule out any other effect that could be responsible for the
differences in ωG′Pris

- ωG′D. The ωG′ is known to depend on
tube diameter (dt).19,21 The radial breathing mode (RBM),
around 100-400 cm-1, yields information about the dt,20,22-24

and mapping of the RBMs as a function of the excitation
laser energy was performed with excitation energies ranging
from 1.61 to 2.71 eV. An Ar-Kr laser (1.91, 2.18, 2.33,
2.41, 2.47, 2.49, 2.53, 2.60, 2.62, and 2.71 eV) and a dye
tunable laser (16 lines from 1.80 to 2.01 eV; 16 lines from
2.03 to 2.19 eV and 5 lines from 2.23 to 2.29 eV) were used.
The RBM peak position is related to the tube diameter by22

where ωRBM is the RBM frequency shift in cm-1, dt is the
tube diameter in nanometers, and C is a constant factor
accounting for environmental effects.22 By measuring the
RBMs with different laser energies, it is possible to build a
two-dimensional map of the RBM profiles as a function of
the excitation laser energy.22-25 Figure 3 shows such maps
in the 1.9-2.3 eV energy range for the 0, 0.1, 0.15, 0.2, and
0.25 wt % of P-doped SWNT samples. The maps show the

Figure 2. (a) G′ bands of phosphorus-doped samples, taken at low
laser power (0.2 mW), after annealing the samples with 2 mW laser
power (ELaser ) 2.41 eV). (b) IG′D/IG′Pris

relative intensity for the
Raman spectra shown in (a). The error bars come from measure-
ments in five different locations in the sample. (c) ωG′Pris

- ωG′D of
the 0.2 wt % TPP-doped samples (symbols) as a function of the
laser energy. The lines are the fits to the ωG′Pris

- ωG′D data from
this work (solid line, (26 ( 1)Elaser - (30 ( 1)) and from ref 10
(N-doped samples, dashed line, (24 ( 4)Elaser - (19 ( 8)). The
error bars reflect the frequency uncertainty to fit the peaks for the
0.2 wt % sample.

ωRBM ) 227
dt

√1 + Cdt
2 (2)
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resonance patterns related to different (2n + m) ) constant
families belonging to the ES

22, EM
11, ES

33, transition energies,
(n,m) being the nanotube indices.22 No ωRBM or optical
transition energies (Eii) shift can be seen from the maps upon
different doping levels, thus indicating that the local nature
of P doping does not change either ωRBM or the Eii of the
SWNTs.

Although the RBM Raman cross section depends on (n,m)
and Eii,27-29 a qualitative description of the diameter distribu-
tion of the samples can be obtained by adding all the RBM
spectra for each sample, as shown in Figure 3f. The diameters
vary from 0.7 to 2.2 nm for the different samples. However,
the samples with higher doping levels (0.2 wt % and 0.25
wt %) have larger RBM intensities with higher RBM
frequencies, meaning that either the presence of P induces
the formation of tubes with smaller diameters or the relative

Raman scattering of narrower tubes has been enhanced by
doping. In both cases, this result is in agreement with the
conclusions taken from Figure 1a and, together with the two-
peak G′ feature, they confirm substitutional phosphorus
doping. Finally, this accurate information on the diameter
distribution, based on the ωRBM analysis, was used to analyze
the ωG′ peaks and we can rule out any diameter or resonance
effects as responsible for the behavior of the ωG′Pris

- ωG′D
splitting. The change in the RBM intensity toward high ωRBM

frequencies above 0.15 wt % of TPP results indeed confirms
the effect evidenced by the ωG′ analysis, where doping seems
to be more effective above this doping level.

In addition, the ωG’Pris
- ωG′D effect can be related not to

the localized vs nonlocalized nature of the doping but to
different charge transfer or even temperature effects. In this
context, the tangential (G+) band in nanotubes, around 1590

Figure 3. (a-e) Radial breathing mode (RBM) resonance Raman maps of the phosphorus-doped SWNT samples with 0, 0.1, 0.15, 0.2,
0.25 wt % of TPP, respectively. The optical transmission energies (Eii)26 were inserted on the map of the undoped sample (a) to indicate
the (n,m)-dependent RBM resonances by using eq 2,22 with the best fit to our data given by C ) 0.035. (f) Diameter distribution of the
samples obtained by summing all the RBM spectra measured with the different excitation laser lines. The upper x-axis was obtained by the
inverse of the ωRBM-dt relation cited above.

2270 Nano Lett., Vol. 9, No. 6, 2009
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cm-1, is known to shift with gating amplitude30 and inter-
stitial4,31,32 doping. Figure 4a shows a zoom at the G+ band
for P-doped samples measured with Elaser ) 2.41 eV and 2
mW laser power, while Figure 4b depicts measurements
made at 0.2 mW. At low laser power (Figure 4, panels b
and c), the G+ band frequency ωG+ of all the doped samples
is independent of doping. When the samples are measured
at high laser power (Figure 4a), the frequencies of the
different doped samples downshift differently with respect
to the value measured with 0.2 mW laser power, ranging
from 1578 to 1588 cm-1. The sample with highest doping
level exhibits the smallest red shift (-6 cm-1), while the
sample with the lowest doping level exhibits the largest red
shift (-16 cm-1). The downshifts are caused by laser-induced
heating and the smaller ωG+ downshift for the larger doping
level indicates that P doping enhances the thermal conductiv-
ity of the sample. The substitutional P introduces strain, and
it is likely that the grain boundary scattering enhances the
inter-SWNT heat transfer in the SWNT bundles, important
for thermoelectric applications.

In summary, we have demonstrated that SWNTs can be
successfully doped with P and have carried out a detailed
study of P-doped SWNTs properties by using resonance
Raman spectroscopy combined with quantum density func-
tional theory calculations. DFT calculations predict that
charge remains localized on the P atom, while distributed in
the N case. The ωG’Pris

- ωG′D frequency splitting between
the two peaks of the G′ band in the P-doped SWNTs is
smaller than the ωG′Pris

- ωG′D for N-doped samples, thus
confirming a smaller charge induced perturbation around the
defect in the case of P, as compared to the N doping case.
This difference between the observed ωG′Pris

- ωG′D splitting
for different atoms in SWNTs can then be used to explore
their doping nature in more detail, beyond the p- or n-type
doping identification reported in ref 15. The changes in the
RBM and in the IG′D/IG′Pris

indicate that substitutional P doping
is more efficient above 0.15 wt % TPP in the precursor
solution. Frequency shifts up to -16 cm-1 in the tangential
(G+) band of the different P-doped samples are observed

only by measuring them with high laser powers, thus
indicating that the substitutional P doping enhances the
thermal conductivity of bundled SWNT samples. Therefore,
as nanotube vibrational properties are sensitive to laser
power, care should be taken when analyzing the Raman
spectra. DFT calculations also predict that the formation
energy for P-doped sites is lower as the curvature increases,
thus making narrow diameter nanotubes preferable when
compared to large diameter nanotubes, in agreement with
the RBM measurements.
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