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Abstract

Reéego Monteiro, Fernando Henrique; Freire Jr., Fernando Lazaro. A
study on the production and characterization of boron doped
single wall carbon nanotubes. Rio de Janeiro, 2012. 74p. Dissertacao
de Mestrado — Departamento de Fisica, Pontificia Universidade Catdlica
do Rio de Janeiro.

We studied in this work the synthesis and characterization of boron doped
single wall carbon nanotubes. They were produced, at different conditions,
using a new liquid precursor in a high vacuum chemical vapour deposition
system. In order to characterize the samples we compared them to an undoped
reference sample and used a transmission and field emission scanning electron
microscopy, Raman spectroscopy and a X-ray photoemission spectroscopy
(XPS). The transmission electron microscopy and the Raman spectroscopy
were used to confirm the presence of single wall carbon nanotubes, while the
scanning electron microscopy was used to identify in which temperature range
the tubes were produced. We found evidences that the produced sample were
doped by comparing the Raman spectra of the samples with the reference one.
By using the XPS, we could determine that our tubes are boron doped. By
comparing the Raman analysis with the XPS results, we developed a simple

rule to estimate the doping level through Raman measurements.

Keywords
SWNT; Boron; High Vacuum CVD; Raman spectroscopy; XPS.
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Resumo

Régo Monteiro, Fernando Henrique; Freire Jr., Fernando Lazaro.
Producgao e caracterizagao de nanotubos de carbono de parede
simples dopados com boro. Rio de Janeiro, 2012. 74p. Dissertacao de
Mestrado — Departamento de Fisica, Pontificia Universidade Catdlica
do Rio de Janeiro.

Neste trabalho estudamos a sintese e caracterizacao de nanotubos de
carbono de parede simples dopados com boro, que foram produzidos em
diferentes condigoes, usando um precursor liquido em um sistema CVD de
alto vacuo. Para a caracterizacao comparamos as amostras com outras — de
referéncia sem dopagem — e também usamos microscopios de transmissao e
varredura, espectroscopia Raman e espectroscopia por fotoelétrons excitados
por raio X (XPS). A microscopia de transmissao e a espectroscopia Raman
foram usadas para confirmar a presenca de nanotubos de parede simples,
enquanto a microscopia de varredura foi usada para identificar em qual faixa
de temperatura os nanotubos foram produzidos. Achamos evidéncias de que as
amostras estao dopadas ao compararmos os espectros Raman dos nanotubos
com as amostras de referéncia. Usando os resultados do XPS, determinamos
que os nossos tubos estao dopados com boro. Comparando a andalise Raman
com esses resultados, desenvolvemos uma regra simples para estimar o nivel

de dopagem a partir de medidas Raman.

Palavras—chave
Nanotubos de carbono; Boro; CVD; Raman; XPS.
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A) Shows a graphene sheet being rolled in a SWNT (1) and B)
shows a high resolution TEM image of a MWNT (2).

(a) Shows the graphene's hexagonal structure, unit cell and lattice
vectors. (b) Shows the reciprocal lattice vectors (3).

a) Shows the energy dispersion of the 7 band. b) Shows a zero
energy gap on the k point (4)

The two dashed lines define the limit to the points (n,m) that can
form the SWNTs (5).

This figure shows the reciprocal lattice vectors of a (4,2) SWNT (3).

This figure shows the energy dispersion for a) (5,5), b) (9,0) and
c) (10,0) tubes. d) Shows a plot of the density of states for some
tubes (3).

Multi Wall carbon nanotube attached to an AFM tip under a tensile
load experiment (6).

This figure shows phonon dispersion curve of a graphene sheet (7).

This figure shows a) a mode of the of graphene sheet that gives
rise to a nonzero mode on a carbon nanotube and b) an acoustic
mode of graphene that can not be applied on SWNTs (3).

This figure shows a) phonon dispersion curve and b) a plot of the
density of states of a (10,10) SWNT taking in account the curvature
effects into the dynamical matrix (3).

Diagram of a arc discharge scheme (5).

Diagram of a laser ablation scheme (5).

Scheme of chemical vapour deposition method (5).

MWNTs prepared using a solution of Toluene and Ferrocene as
the carbon precursor and catalyst respectively. Image provided by
PUC-Rio

The figure on the left shows an aligned forests of long tubes and
on the right the growth over a controlled area (8).

Adapter and the o-ring that seals the quartz tube.

Scheme of the high vacuum CVD system that we used.

Plot of the calculated energy dispersion relations and the density
of states of a a) 0at%, b) 6.25at%, c) 12.5at% and d) 25at% for
a (16,0) boron doped SWNT (9).

a) Shows the STS data for the doped and undoped sample and b)
shows the theoretical local density of states associated with a BC3
nanodomain (10).

Typical SEM images of tubes produced using Triethyl borate at a)
740°C, b) 800°C, c) 840°C, and d) 900°C.

SEM images of a reference sample produced using Ethanol at
850°C. This temperature gives the highest amount of produced
tubes for this precursor.

16

17

18

19

20

21

22

23

23

24
25
26

26

27

30
32

38

39

44

44


DBD
PUC-Rio - Certificação Digital Nº 1011918/CA


PUC-RIo - Certificacdo Digital N° 1011918/CA

53

54

55

5.6

57

5.8

59

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

TEM image of a sample prepared using Triethyl borate at 800°C. It
is possible to confirm the presence of SWNTs with diameter around
Inm.

Katura plot from Dr. Prof. Shigeo Maruyama's page
(http://www.photon.t.u-tokyo.ac.jp/ maruyama/index.html).

On the left, RBM of samples prepared with Ethanol at different
temperatures and the Raman spectra of the reduced catalyst at
the same region

On the right, RBM of samples prepared with Triethyl borate at
different temperatures and the Raman spectra of the reduced
catalyst at the same region.

Plot of D and G bands of the Raman spectra of the tubes produced

by Triethyl borate. The arrow indicates the position of the D band.

|p/lc for both boron containing samples and the reference samples.
The error bars are due to different points on the sample.

G~ and G" bands of the samples prepared by Triethyl borate at
several temperature.

G* band of a sample prepared by Triethyl borate, a reference sample
and the laser power. As expected (11), it is clear that a higher laser
power heats the sample softening the G band position, that remains
constant for a power bellow ~ 0.13 mW. The dash line is just to
guide the eye. The error bars are due to different points on the
sample.

Typical G band upshift on the sample prepared by Triethyl borate
using a laser power around 0.13mW. An upshift of ~4cm~! is
observed.

G™ band position for different growing temperatures and precursors.
Laser power used was around 0.13mW. The error bars are due to
different points on the sample.

Typical G’ band position of a sample prepared by Triethyl borate.
It is possible to fit the spectra by the positions provided by the
equation of (12). The laser power used was around 0.13mW.
Survey XPS spectrum of a sample prepared using Triethyl borate
at 800°C.

XPS of carbon 1s peak for the samples prepared at a) 800°C and
b) 860°C.

XPS of boron 1s peak for the samples prepared at a) 800°C and b)
860°C.

Plot of Carbon at%/(Carbon at% + Mg at%) for each growing
temperature.

Doping comparison between XPS measurements and the predicted
value obtained using the formula 460Af ~ Aw. The upper graph
is the measurements done for the samples prepared using Triethyl
borate and the lower graph shows the measurements for the samples
synthesized using Triisopropyl borate.
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5.19 This plot shows the fitting using the new parameter k ~ 420
obtained from the experimental data. The upper graph is the
measurements done for the samples prepared using Triethyl borate
and the lower graph shows the measurements for the samples
synthesized using Triisopropyl borate.
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“— Data, find a way to defeat that shield.

— That may be tmpossible, sir.

— Things are only impossible until they re not.
— Yes, sir.”

Picard and Data, Star Trek, TNG.
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