Localized plasmon resonance in boron-doped multiwalled carbon nanotubes
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Substitutionally boron-doped multiwalled carbon nanotubes (B-CNTs) with lengths mainly less than 0.5 um
and diameters 10-30 nm have been obtained by arc-discharge evaporation of the graphite anode containing boron
material. The broad peak has been observed in the midinfrared conductivity spectra of the thin film comprising
B-CNTs. The peak was suggested to be associated with a phenomenon known as localized plasmon resonance.
Theoretical analysis has been done to confirm the possibility of this phenomenon to occur in the B-CNTs.

L. INTRODUCTION

A localized plasmon resonance (LPR) occurs due to the
confinement of a surface plasmon wave. The LPR in carbon
nanostructures has been actively studied in recent years with
respect to its application in the terahertz and midinfrared
plasmonics [ 1]. Different structures with LPR have been inves-
tigated, including single-layer or bilayer graphene-nanodiscs
[2,3], graphene nanoribons [1], graphene-coated nanospheres
[4], single- [5-9], and multiwalled [10,11] carbon nanotubes
(CNTs). The doping was found to be a very effective way
to change the conductivity of carbon nanoparticles and tune
the LPR frequency [1,6]. In spite of the great interest in the
plasmonic effect in carbon nanostructures, the LPR in doped
multiwalled CNTs (MWNTSs) has not been investigated yet.

Optical properties of single-walled CNT (SWNT)-based
films have been intensively studied for the past two decades
[7,12—14]. The absorbance of the SWNT films in the midin-
frared range (=12—-120THz) is the result of both the intra-
and interband electron transitions. CNT films have absorbance
bands [15] in the range 100-270 THz due to the first interband
electron transitions in the semiconducting SWNTs with a
diameter of 1-2 nm. The LPR in finite-length metallic or doped
semiconducting SWNTs leads to a broad terahertz peak in the
conductivity spectra of the CNT films [7,12,13]. The LPR
frequency f, depends on the tube length [5,7]; typically f,
is in the range 3-30 THz for a CNT length of 0.1-1 pm.
Since the surface wave velocity in the bundle of SWNTs is
higher than in individual tubes, the LPR phenomena in SWNT
bundles occurs at higher frequencies; e.g., fj, ~ 45 THz for a
bundle comprising only metallic SWNTs and having a length
of 500 nm and diameter of 54 nm [16]. To obtain the LPR
in the midinfrared range, one needs to have all the SWNTs
in the bundle be metallic or heavily doped semiconducting
(i.e., doping-induced shift of chemical potential should be
large enough to produce a sizable electron or hole charge
density [17]).

Resonant behavior of MWNT-based film has been observed
in the terahertz [11], but not in the midinfrared range. The
main reason is that a large number of interband transitions
in different shells of MWNT acting simultaneously produce
monotonic frequency dependence of the tube conductance X in
visible and infrared ranges [10]. Due to the inequality, Re X >
ImZ, the surface plasmon is strongly attenuated in MWNTs
and, consequently, the LPR does not occur [10].

To suppress interband transitions and increase the number
of intraband transitions, one can use substitutional doping
of CNTs. Relatively weak doping (<2 at.%) with nitrogen
(N) or boron (B) atoms practically does not modify the
electronic band structure, but results in a Fermi-level shift of
up to 1 eV [6,18-21]. The shift of the Fermi energy to the
conduction or valence band, for N or B doping, respectively,
leads to the opening of additional conducting channels for the
charge carriers. The number of open channels is determined
by the number of electronic sub-bands crossing the Fermi
level. Simultaneously, doping leads to the suppression of the
interband transitions from these sub-bands. Then, the condition
of the surface wave propagation, ReX < ImZX, becomes true
and the LPR is expected to be observed in doped MWNTSs in
the midinfrared range. Since the electronic band gap is narrow
(<0.15 eV) for shells of large diameter (>6 nm), relatively
weak doping (Fermi shift ~0.1 eV) can provide conditions
required for the LPR phenomena in MWNTs.

In the present paper, we report the observation of the midin-
frared LPR in films comprising B-doped MWNTs produced by
arc-discharge method. The calculation of the absorption cross-
section of finite-length doped CNTs confirm the possibility of
the LPR in the midinfrared regime.

II. EXPERIMENTAL RESULTS

The study of B- and N-doped MWNTs is presented in
detail in the reviews [22,23]. The morphology of doped



MWNTs depends strongly on the fabrication method [22].
CNTs synthesized with chemical vapor deposition approach
are very defective, containing seriously curved, waved, or
buckled graphene layers [24,25]. MWNTs obtained with arc-
discharge method are straight and have more perfect crystalline
structure [26,27]. Moreover, their length could be less than
1 um [27], which is preferable for the observation of the LPR
phenomenon in the midinfrared range. Modified arc-discharge
method with 15 wt.% boron packed into the anode was used to
obtain MWNTs with 0.7 at.% boron incorporated into the CNT
lattice [26]. It was sufficient to form a p-type semiconductor.

In our study, we used B-doped MWNT material (referred to
here as B-CNTs) synthesized in a setup for electric-arc graphite
evaporation [28]. The electric-arc discharge was maintained at
a current of 500 A and voltage of 40 V. The cathode made of
graphite was 60 mm in diameter. The anode was a graphite
rod 14 x 14 mm in cross-section and 200 mm long. A hole,
10 mm in diameter, was drilled at the anode center and filled
with amorphous boron (10 wt.%). Helium at a pressure of 750
Torr was used as a buffer gas. Evaporation of the anode material
resulted in the formation of a dense carbon deposit on the
cathode. Undoped pristine MWNT material was also obtained
by evaporation of a pure graphite rod [29].

Details of B-CNT characterization are presented in
Ref. [27]. Briefly, both transmission electron microscopy and
near-edge x-ray absorption fine structure spectroscopy indi-
cated that the walls of synthesized B-CNTs are well graphitized
[27]. X-ray photoelectron spectroscopy showed the presence
of carbon (94%), oxygen (5%), and boron (1%) on the sample
surface [27]. Additionally, about 70% of boron atoms were
embedded in the graphite lattice of MWNTSs, whereas about
30% of boron atoms were in the composition of B,0s as
impurities. Many onionlike spherical or polyhedral structures
(multishell fullerenes) are formed in the sample [29].

Both pure- and doped-CNT films, with thickness of
~1 pum, were fabricated via the vacuum filtration technique
[30,31]. A typical scanning electron microscopy (SEM) image
of the B-CNT film is represented in Fig. 1(a). One can see
that tubes are straight and their lengths do not exceed 1 pum.
Length distribution is shown in Fig. 1(b). There are many
quasispherical particles; their fraction was estimated to be less
than 30%.

Static electrical conductivity of thin films was measured
at room temperature using a four-point linear probe method.
The conductivity of the films comprising undoped CNTs and
B-CNTs was 120 and 420 S/m, respectively.

Transmittance spectra of the CNT films were obtained at
normal incidence using a time-domain terahertz spectrom-
eter (0.1-2 THz, EKSPLA, Lithuania), a Fourier-transform
infrared spectrometer Vertex 70 (2—270 THz, Bruker), and an
RV2201 spectrophotometer (270-1000 THz, ZAO SOLAR,
Belarus). The conductivity spectra of the films was calculated
from the transmittance spectra via the Kramer-Kronig relation
[8].

Figure 2 represents the frequency dependence of the optical
density (OD) and the real part of the effective conductivity for
undoped and B-doped CNT films. As shown in Fig. 2, both
OD and Re(o.s) are monotonic for undoped tubes, whereas
they have a broad peak in the midinfrared range for doped
ones. The peak frequency in the OD and conductivity spectra
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FIG. 1. (a) SEM image of the film comprising B-doped CNTs.
(b) Length distribution obtained from SEM images of B-doped CNTs.

is 120 and 60 THz, respectively. The difference in the peak
positions in Figs. 2(a) and 2(b) is due to the strong increase
of the background OD with frequency. We can say that some
resonance phenomenon takes place at about 60 THz.

To confirm that the peak is caused by MWNTSs but not
other different carbon nanoparticles present in the samples,
we synthesized carbon material by the electric-arc discharge
method at a current of 800 A and voltage of 45 V. The obtained
sample contained a small fraction (<1 at.%) of MWNTSs and
had no peak in the midinfrared conductivity spectra.

It should be noticed that the theoretical analysis of the
electronic properties of highly N- or B-doped SWNTs pre-
dicted midinfrared absorption peak in the range 70120 THz
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FIG. 2. (a) Optical density and (b) conductivity spectra of the
films comprising undoped and B-doped CNTs.



[23,32,33]. This peak was observed for 15 at.% B doped
SWNTs and associated with the interband transitions in the
defective single-walled BC; nanotubes [32].

Our samples do not contain SWNTSs and the doping is much
lower (<1 at.%). We suppose that the peak we observed may
be associated with the LPR phenomenon in doped MWNTs.
The LPR occurs when tube length L equals a half wavelength
As/2 of the surface wave in MWNTSs. According to Fig. 1(b),
the average tube length in the sample is 2300 nm, then A; =
2L = 600 nm at a frequency of 60 THz. This means that the
surface wave in the doped MWNTs is slowed down having a
phase velocity about eight times less than the speed of light in
vacuum.

To confirm the possibility of the LPR phenomenon in doped
MWNTs, in the next section, we propose a theoretical analysis
of the midinfrared response of individual nanotubes and CNT
film.

III. THEORETICAL RESULTS AND DISCUSSION

Ab initio quantum-mechanical simulations of substitution-
ally doped SWNTSs show a shift of the Fermi level down to
the valence band by 0.5-1 eV at 1-2 at.% B doping [20,21].
In our theoretical analysis, we shall describe the doping effect
by the chemical potential 1 defined as the Fermi-level shift; in
undoped CNTs, u = 0.

Let the MWNT consist of N shells. The pth shell, p =
1,2,...N, has cross-sectional radius R,, Ry < Ry_| < ... <
R;. We shall model a doped MWNT as a finite-length
multishell structure composed of coaxial, infinitesimally thin
conductive cylinders. The axial surface conductivity of the
pth shell, denoted by o, is considered to be the same as the
conductivity of a doped SWNT with the same geometrical
parameters and electron relaxation time v = 10 fs [34]. As-
suming adjacent shells to be incommensurate, we shall neglect
electron tunneling between the shells. Based on the quantum
transport theory in the tight-binding approximation used for
o, (see supplementary material in Ref. [14]), we computed the
axial surface conductance ¥, = 27 R0, of the doped shell of
a MWNT versus its diameter 2R,.

Figure 3 shows the dependence of the values Re(X,) and
Im(X,) on the shell diameter at different chemical potentials
14. One can see two tendencies: (i) the conductance increases
with shell diameter and (ii) the larger the chemical potential, the
stronger the dependence of the conductance on the diameter.
If the values of 1 and R, for doped tubes (i > 0) increase,
the number of the crossings between electron sub-bands and
Fermi level increases, and, consequently, the contribution of
the intraband transitions to the shell conductivity increases as
well. Simultaneously, the contribution of interband transitions
to X decreases. As a result, inequality, Re(X,) < Im(X,),
becomes true for all the doped shells p € {1,2..N}, and low
attenuated surface waves can propagate along doped MWNTSs,
leading to the LPR phenomenon. Moreover, energy dissipation
is lower for tubes with larger chemical potentials pt. Thus,
doping leads to the “metallization” of the semiconducting
shells, significantly increasing the imaginary part of their
conductance over the real one.

The conductivity of undoped shells vs diameter displays
sharp oscillations (1 = 0 eV in Fig. 3) due to the transfer from
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FIG. 3. (a) The real and (b) imaginary parts of the pth shell
conductance ¥, versus shell diameter 2R, at frequency 50 THz,
temperature 300 K, and different chemical potentials « = 0, 0.3, and
0.46 eV. The pth shell has chiral indexes (261 — 8p,0).

semiconducting to metallic types of the conductivity and vice
versa when chiral indices of the shells change. Let us notice
that inequality Re(X,) > Im(ZX,) for undoped shells leads to a
strong attenuation of the surface wave in the MWNT, hindering
the LPR phenomenon [10].

Let B-doped CNT be exposed to an externally incident field
with frequency f and aligned parallel to the tube axis. To
show the LPR in doped MWNTSs, we calculated the normalized
absorption cross section A = 4x flm(e)/(cR, L) of MWNT
with length L, and outer diameter 2R;. The polarizability
o of the MWNT was computed using the integral equation
technique applied to a boundary value problem for a system of
finite-length coaxial impedance cylinders [35]. CNT contained
N = 14 shells. The pth shell, p = 1,2...N, had chiral indices
(137 — 8p,0), (269 — 8p.0), and (392 — 8p,0) for tubes with
outer diameters of =10, 20, and 30 nm, respectively. The
axial surface conductivity of each shell was calculated at
temperature 300 K and electron relaxation time of 10 fs in
the same way as for Fig. 3.

Figures 4(a)—4(c) show the frequency dependence of A at
different chemical potentials ., lengths L, and diameters D
of MWNTs. One can see from Fig. 4(a) that the spectrum
for undoped MWNT (1 = 0 eV) is monotonic, whereas the
spectra for doped MWNTSs have a peak due to LPR. The
LPR frequency increases as tube length decreases or tube
diameter increases [see Figs. 4(b) and 4(c)]. The LPR peak
is more intensive and its frequency is higher for heavier doped
MWNTs.

To calculate the effective permittivity of the MWNT-based
film, we applied an adapted Waterman-Truell formula [36]

1 o .
Ecﬂ'(f) =1 + E Z[) am(f;L)Nm(L)dL [ (I)

m

where £y = 8.85 x 1072 Fm™!; the function N,,(L) describes
the number density of the CNTs of type m with outerradius R,,,
length L, and polarizability a,,(f,L). We defined the volume
fraction of CNTs in the film as 3, fom T RYLN, (L)dL. The
factor 1/3 in Eq. (1) is due to the random orientations of the
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FIG. 4. Frequency dependence of the normalized absorption cross
section A of the CNT at different (a) chemical potentials u €
{0,0.2,0.3,0.46}eV, L = 100 nm, D = 20 nm, (b) tube lengths L €
(100,300,600} nm, o = 0.46 eV, D = 20 nm, and (c) outer diameters
D € {10,20,30} nm, u = 0.46 eV, L = 300 nm. (d) The conductivity
spectrum of the film comprising identically B-doped CNTs with
diameter of 20 nm and length distribution as in Fig. 1(b); CNT volume
fraction is 20%, N = 14 and u = 0.46 eV.

CNTs. The effective conductivity of the film can be found as
follows: Gepr = 27 fE0(Eegs — 1).

Figure 4(d) shows the frequency dependence of Re[o] for
the film, comprising identically B-doped CNTs with identical
outer diameters 2 = 20 nm and numbers of shells N = 14
at tube volume fraction of 20%, and length distribution the
same as in the experimental samples [see Fig. 1(b)]. As shown
in Fig. 4(d), the conductivity spectrum has a broad peak at
50 THz due to the LPR phenomenon in the doped CNTs. In our
experiment, we observed a broad conductivity peak in the same
frequency range [see Fig. 2(b)]. This supports our suggestion

that the physical mechanism of the observed midinfrared peak
could be associated with the LPR in the B-doped MWNTs.
The frequency of the observed LPR is two times higher than
that reported for short-length SWNTSs [7]; it can be tuned in
a wide range (20-120 THz) by variation of diameter, length,
and chemical potential of the MWNTs.

Let us note that the measured spectrum for B-CNTs in
Fig. 2(b) beyond the LPR peak has an increase of conductivity
with frequency in the range 10-1000 THz. This may be
(i) a result of interband transitions in thin MWNTs (D <
10 nm), in which weak doping cannot provide “metallization”
of small-diameter shells, and (ii) a “tail” of 7 plasmon, which
occurs at 5.5-6.0 eV in multishell fullerenes and MWNTs
[37]. Since our theoretical analysis is carried out only for
thick B-doped MWNTs, it cannot describe the behavior of
conductivity beyond the midinfrared peak.

IV. CONCLUSION

Arc-discharge method has been applied to synthesize mul-
tiwalled CNTs substitutionally doped by less than 1 at.%
boron. B-doped CNTs have the average length of ~300 nm
and diameter of 10-30 nm. Thin films comprising these tubes
demonstrated a broad peak at 4060 THz in the conductivity
spectra. The peak was suggested to be associated with the
LPR phenomenon. The doping was supposed to shift the Fermi
level, changing CNT conductivity, and providing the condition
required for surface wave propagation in the CNTs. As aresult,
the LPR in doped MWNTSs could be observed in the midin-
frared range. Theoretical analysis confirmed the possibility of
the LPR phenomenon in the range 20—120 THz for the MWNTs
with length <500 nm, outer diameter 10-30 nm, and chemical
potential 0.2-0.5 eV.
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