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Here, we present an experimental investigation of the optical spectra of single walled carbon nanotubes
(SWCNT) at temperatures up to 1273 K. This investigation gives insights into the electronic structure of
metallic and semiconducting SWCNT at different temperatures by measuring the shift of the Sy1-, Sz2-
and M;;-band with optical absorption spectroscopy. We observed a decrease of the transition energies
in both metallic and semiconducting SWCNT with increasing temperature determined by the shift of the
S11-, S22- and My1-absorption bands. The shifts follow the Varshni-equation. Furthermore, calculation of
the average exciton binding energy (80-90 meV) in metallic SWCNT from the shift of the M;;-band was
performed. We demonstrate in this paper, that the optical absorption spectroscopy is an effective tool
for characterisation of the electrical properties and structure of SWCNT.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

SWCNT show many interesting electrical and mechanical prop-
erties and are promising candidates for e.g. high strength composite
materials [1-3].Each SWCNT has characteristic n, m numbers which
describe the chirality and the electronic character of the tube.
SWCNT can be seen as a single rolled up graphene sheet. The num-
bers n, m of a SWCNT define a vector C=n a; +m a; which shows
the direction in which a graphene sheet needs to be rolled up in
order to create the SWCNT with the chirality (n,m) (Fig. 1).

The semiconducting (sc) SWCNT can be divided in type I
and type Il with (2n+m)mod3=1 and (2n+m)mod3 =2, resp. The
metallic (m) SWCNT have (2n+m)mod3 =0. From a known (n,m)-
chirality the SWCNT diameter d can be calculated using:

de av/n2 +nm+ m?2

T

with a=0.246 nm.

There are different techniques to investigate the diameter of
SWCNT and chirality as electron microscopy or fluorescence spec-
troscopy [4,5]. Other common characterisation methods for SWCNT
are optical absorption spectroscopy (OAS) and the resonant Raman
spectroscopy. Using OAS, diameter distribution, purity or the rela-
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tion between m- and sc-SWCNT can be assessed [6-8]. Both
methods, the OAS as well as the resonant Raman spectroscopy, are
attributed to inter-band transitions in SWCNT and are well studied
in the last years [6,7].

The transition energy is e.g. dependent on the tube diameter d.
By tight binding calculation a simple relation between nanotube
diameter d and the transition energies Escm of sc- and m-SWCNT
was defined [1,6,7]:

. dc-
Esem = 21% (2)

with i=1 for Syq, i=2 for Sy; and i=3 for Myq; yg=2.9eV is
the nearest neighbour carbon-carbon interaction energy and
dc_.c =0.144 nm is the nearest neighbour carbon-carbon distance.
Escm is the energy distance between the van Hove singularities and
d is the tube diameter. However, because of discrepancies with
experimental results different modifications and improvements of
Eq. (2) were necessary to get a more accurate calculation of Escm
and a better congruence with experimental results [9-12]. Saito
et al. calculated the transition energy Escm by taking into account
the exciton binding energy E;, between the electron and the hole,
the self-energy X and the gap energy Eg between the valence and
conduction band. The different energy contributions for Escm are
shown in Fig. 2b. However, also the material which surrounds the
SWCNT has an influence on the transition energy Escm [ 13]. Amodel
for ambient effects on the transition energy Escm was introduced
by Nugraha et al. [14]. They used for the calculation of Escm a
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Fig. 1. The vector C=(n a; +m az)=(6 a; +3 a;) defines a chiral SWCNT (6,3). The
SWCNT with 8=0 or 30° are called zigzag or armchair tubes.
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Fig. 2. (a) Kataura plot, calculated with the extended tight binding approximation
and with x=2.22 for bundled SWCNT (data provided by Saito et al. [14,16]) The
transition energies for sc-SWCNT with full circles are (2n+m)mod3=1 and with
empty circles are (2n+m)mod3=2. (b) The different energy contributions which
are responsible for the transition energy Escm. Eg is the gap energy, E, is the exciton
binding energy and X is the self-energy.

dielectric constant of k=2.22. Saito et al. calculated and pro-
vided finally the transition energies Escm for any (n,m) chirality
with respect to all known parameters [14-16]. The corresponding
Kataura plot is shown in Fig. 2.

We demonstrate in this paper that the values shown in Fig. 2a
are on good agreement to our experimental data and that the exten-
sive calculation of the transition energy by Saito et al. delivers
very exact values. Though there are different commercial SWCNT
sources available, the structure of the SWCNT products is gener-
ally not well analysed. We measured the optical absorption of the
SWCNT in inert atmosphere directly after the synthesis in order to
avoid side effects of adsobates [8,13] and demonstrate the analysis
by OAS based on the calculation from Saito et al. Furthermore we
present for the first time OAS spectra of SWCNT at high tempera-
tures. The information from these spectra expands the information
content which can be gained by OAS. We show that the detailed
theoretical analysis is well suited for room temperature character-
isation of SWCNT, however at higher temperature the temperature
dependence of the transition energy needs to be considered.

Additionally we calculated e.g. the exciton binding energy in m-
SWCNT by OAS at high temperature.

2. Experimental

SWCNT have been catalytically synthesised at 1273 Kunder con-
stant conditions with a modified pulsed arc technique withina 7 m
long custom-built tube furnace in nitrogen gas [17]. The setup is
shown in Fig. 3. The synthesis takes place in zone 1 at 1273 K. Here,
the anode is evaporated by a pulsed arc discharge. The graphite
anode was doped with transition metals. During the cooling pro-
cess of the evaporation plume the SWCNT grow. A more detailed
description of the SWCNT synthesis process is presented in Ref.
[18]. The synthesis products (35% SWCNT, 20% catalyst particles
and 45% amorphous carbon) were swept downstream with an con-
tinuous gas flow of 5cms~! and were finally collected in a gas
scrubber at the end of the reactor. We synthesised a few hundred
gram material per day.

Downstream, behind the 0.5 m long synthesis zone (zone 1), a
6.5 m long cooling zone (zone 2) was connected by a heat barrier to
suppress any gas convection between the two zones. In the cooling
zone, the tube furnace temperature was adjusted to tempera-
tures between 373K and 1273 K, depending on the experimental
needs. At the end of the cooling zone, two side-tube connectors
with windows opposite to each other were used for the in-line
OAS characterisation of the aerosol stream inside the tube fur-
nace [19]. The main advantage of this approach is that the SWCNTs
were kept freely floating within the aerosol stream in the inert gas
stream, thus avoiding any unwanted contributions from substrate
clamping as well as contributions from adsorption and functional-
isation effects from gaseous impurities like oxygen or water. Two
spectrometer, the NanoSpectralyzer NS1 and the Brucker Matrix F
were used to measure the metallic and semiconducting absorp-
tion bands. From the obtained 50 spectra of nanotube material
at the selected temperatures, the positions of the most relevant
optical SWCNT features, the S11 and Sy, absorption bands for sc-
SWCNTs and the My; absorption band for m-SWCNTSs, have been
determined. The calculated mean transition energy Esc m remained
very close around a mean value (within a few meV) for each tem-
perature. This provided sufficient measurement accuracy for our
experiments.

3. Results and discussion

Selected in situ measured single spectra at 673 K are exemplarily
shown in Fig. 4.

A detailed analysis of the averaged absorption bands at room
temperature is shown in Fig. 5. The Sq1-, So»- and M;q-absorption
bands are a superposition of contributions from many SWCNT
which contribute to the absorption bands. The arrows in Fig. 5a,
b and c¢ show the energy positions where a particularly large
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Fig. 3. In zone 1 the SWCNT synthesis takes place at 1273 K. In zone 2 the temperature was changed between 373 and 1273 K. At the end of the furnaces the optical absorption

spectroscopy was done.
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Fig. 4. OAS spectra of SWCNT aerosol in the zone 2 at 673 K. The spectra of the sc-
SWCNT (S11, S22) were measured with the Brucker Matrix F and the spectra of the
m-SWCNT (My;) were measured with the NanoSpectralyzer NS1. Afterwards, the
S11 and Sy, as well as the My spectras were averaged.

number of SWCNT have comparable transition energies. In Fig. 5d,
e and fis shown the good conformity between experiment and cal-
culated values by the horizontal lines, indicating the position of
the dominant peaks in the absorption spectra. The energy distance
between two neighbouring dominant peaks corresponds quite well
to the calculated energy position in the Kataura plot.

From the spectra of the sc-SWCNT the diameter of the sc-SWNCT
can be determined with d~1.0-1.75nm. By the same way the
diameter of the m-SWCNT can be determined with d~1.1-1.7 nm.
The sub bands of the Mj;-band have the largest energy dis-
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tances and strongest splitting in the absorption spectra. This is
comparable to the energy branches in the Kataura plot of the
m-SWCNT. The sc-SWNCT have a less clear energy splitting and
therefore the sub band position is closer, more overlapping and
for the Sq; just weakly. The absorption bands (Sq1, Sy2 and Mqq)
were approximated with up to 6 Gauss curves with a half-value
width of 0.05-0.15eV (Fig. 5). The comparison of the measured
spectra with the calculated data by Saito et al. showing good accor-
dance.

The chiralities (n,m) of the SWCNTs which can be produced by
the pulsed arc can be determined by OAS as shown in Table 1.

The spectra, determined by averaging all of the in situ OAS
spectra at different furnace temperatures, are shown in Fig. 6
after background subtraction. With increasing furnace tempera-
ture the band position of the S;1-, Sy2-, and My;-band shifts to
lower energies. Acomparable effect was shown by resonant Raman
spectroscopy [20,21]. The small figures in Fig. 6 show background
subtracted spectra without normalisation. For the m-SWCNT and
the My1-band respectively, a relative change in the intensities of
the absorption band with increasing temperature was observed.
The reason of this effect is not analysed here and needs further
investigations.

The Varshni-equation describes the dependence of the band
gap energy Eg on the temperature [22]. By fitting the shift of
the transition energy with the Varshni-equation we found that
the Varshni-equation is in accordance with the experimental
data. The shift of the mean transition energy Es.m(T) follows the
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Fig. 5. (a—c) Sy1-, S22- and My -absorption bands and approximated curve fitting by multiple Gauss curves. (d-f) Comparison of Gauss curve position with the calculated

Kataura plot. The half-value width of the fitting curves vary between ~0.05 and 0.15eV.
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Fig. 6. (left) Sub ground subtracted in situ absorbance bands (S11, S22 and M1 ) of SWCNT-clouds swapping through the furnace at different temperatures (373-1273 K). The
spectra are normalised to show the shift of the band position. The small figures show non normalised spectra. These small figures demonstrate the relative loss of the band
area with increasing temperature. (right) Energy positions of the averaged bands at different temperatures. The positions were determined by Gauss approximations and
the error bars are the uncertainty of these approximations, specified by the calculation programme. a is the fitting parameter of Eq. (3).

Varshni-equation, if the specific material parameters a and b are
defined as shown below and mentioned in Fig. 6 (right):

T2
Ey(T)=Eo— 1+ 3)

E is the energy for Eg(T=0) and a and b are constants. T is the
temperature.

If we replace the Eg(T) with Esem(T) and assume
Eo~Escm(T=373K), the Varshni-equation can be used as an
approximation of the shift of the mean transition energy Escm(T)
(Fig. 6 (right)). The constant b can be replaced by the Debye temper-
ature of the material as proposed by Varshni (for SWCNT ~ 2000 K
[3D.

The shift can be attributed to the temperature dependence of lat-
tice dilatation and the relative shift of the conductance and valence
band due to the electron lattice interaction. About 25% of the energy
shift can be attributed to the lattice dilatation [22].

The change of the transition energy Esm(T) between
373-1273K and 373-973K for the sc- and m-SWCNT can be
calculated by deriving Eq. (3) and averaging over the temperature
range.

dES eV
1 N — . Rl
L~ 21710 [ K} (4)

dES eV
7722 N — . -5 | =1
2~ 33510 [ K} (5)

dEll\/{ N _5[eV
=T -4.04-10 [?}

The transition energy of the m-SWNCT follows also the Varshni-
equation. This is in accordance with inter band transition in
m-SWCNT and the existence of excitons in m-SWCNT. In solids,
apart from semiconductors, excitons can hardly exist, however,
modulation shows that in m-SWCNT excitons are possible.

At higher temperatures the mean transition energy of m-SWCNT
shifts back to higher energies. This indicates the exceeding of the
exciton binding energy. Excitons can exist as long as the equation
(Ep <KkT) holds.

The theoretical binding energies Ey, of excitons in m-SWCNT are
determined with 50-100 meV by modelling [23-25]. Experimen-
tal results on m-SWCNT, with resonant Raman spectroscopy, have
shown an exciton binding energy of E;, ~ 50 meV [26]. The average
binding energy E, of excitons in m-SWCNT with diameters between
1.1 and 1.7 nm can be determined with 80-90 meV. The exciton
binding energy of the sc-SWCNT is between 400 and 1000 meV
[24,27] and therefore not measurable with our setup. The temper-
ature needs to be increased up to >4000K to measure a blue shift
for the Sq7 or Sy, band.
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Table 1
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Chiralities of SWCNT produced by pulsed arc technique. The data are based on the values in Fig. 5 d-f. It is not possible to give the exact chirality distribution by the OAS,
however the bold labelled values are the dominate chiralities in the OAS and therefore the preferential synthesised chiralities.

sc-SWCNT-Type | sc-SWCNT-Type Il m-SWCNT
(n,m) 2n+m d [nm] Eq1 [eV] Ey; [eV] (n,m) 2n+m d [nm] Eq1q [eV] Ea; [eV] (n,m) 2n+m d [nm] E1qL [eV] Eoon [eV]
(9,7) 25 1.091 0912 1.593 (8,7) 23 1.021 0.954 1.720 (8,8 24 1.088 2.352 2.352
(10,5) 25 1.039 0.964 1.621 (9,6 24 1.027 2.390 2.556
(11,3) 25 1.004 1.006 1.620 (9,8) 26 1.156 0.855 1.545
(12,1) 25 0.986 1.035 1.607 (10,6) 26 1.099 0.882 1.641 (9,9) 27 1.223 2.133 2.133

(11,4) 26 1.057 0.896 1.718 (10,7) 27 1.161 2.173 2.283
(10,8) 28 1.225 0.820 1.450 (12,2) 26 1.030 0.894 1.775 (11,5) 27 1.113 2.189 2.431
(11,6) 28 1.172 0.862 1.479 (13,0) 26 1.022 0.876 1.803 (12,3) 27 1.080 2.176 2.557
(12,4) 28 1.132 0.891 1.495 (13,1) 27 1.063 2.154 2.635
(13,2) 28 1.108 0.926 1.482 (10,9) 29 1.291 0.772 1.398
(14,0) 28 1.100 0.937 1.477 (11,7) 29 1.233 0.794 1.479 (10,10) 30 1.358 1.940 1.940

(12,5) 29 1.187 0.809 1.544 (11,8) 30 1.295 1.983 2.064
(11,9) 31 1.360 0.745 1.320 (13,3) 29 1.156 0.816 1.595 (12,6) 30 1.245 2.010 2.184
(12,7) 31 1.305 0.782 1.350 (14,1) 29 1.140 0.813 1.625 (13,4) 30 1.208 2.016 2.286
(13,5) 31 1.262 0.811 1.369 (14,2) 30 1.185 2.016 2.362
(14,3) 31 1.233 0.834 1.377 (11,10) 32 1.426 0.707 1.282 (15,0) 30 1177 2.009 2.394
(15,1) 31 1.218 0.848 1.379 (12,8) 32 1.366 0.728 1.346

(13,6) 32 1.319 0.745 1.402 (11,11) 33 1493 1.788 1.788
(12,10) 34 1.495 0.683 1.220 (144) 32 1.284 0.757 1.445 (12,9) 33 1.430 1.828 1.885
(13,8) 34 1.438 0.713 1.249 (15,2) 32 1.262 0.756 1.479 (13,7) 33 1.378 1.857 1.984
(14,6) 34 1.393 0.733 1.272 (16,0) 32 1.255 0.746 1.499 (14,5) 33 1.337 1.869 2.066
(154) 34 1.360 0.761 1.274 (15,3) 33 1.310 1.871 2.140
(16,2) 34 1.340 0.777 1.278 (12,11) 35 1.561 0.650 1.180 (16,1) 33 1.296 1.869 2.180
(17,0) 34 1.333 0.787 1.273 (13,9) 35 1.501 0.667 1.236

(14,7) 35 1.451 0.682 1.285 (12,12) 36 1.628 1.650 1.650
(13,11) 37 1.629 0.631 1.126 (15,5) 35 1413 0.694 1.322 (13,10) 36 1.565 1.687 1.735
(14,9) 37 1.572 0.658 1.152 (16,3) 35 1.387 0.700 1.353 (14,8) 36 1.511 1.719 1.818
(15,7) 37 1.525 0.680 1.175 (17,1) 35 1.373 0.696 1374 (15,6) 36 1.468 1.739 1.890
(16,5) 37 1.489 0.697 1.191 (16,4) 36 1437 1.753 1.950
(17,3) 37 1.464 0.712 1.198 (13,12) 38 1.696 0.604 1.098 (17,2) 36 1417 1.753 1.995
(18,1) 37 1.452 0.724 1.192 (14,10) 38 1.635 0.620 1.144 (18,0) 36 1411 1.755 2.015

(15,8) 38 1.584 0.635 1.185
(14,12) 40 1.764 0.587 1.052 (16,6) 38 1.543 0.649 1.217 (13,13) 39 1.763 1.539 1.539
(15,10) 40 1.706 0.610 1.078 (17,4) 38 1.513 0.655 1.246 (1411) 39 1.699 1.575 1.608
(16,8) 40 1.658 0.626 1.100 (18,2) 38 1.495 0.660 1.266 (15,9) 39 1.644 1.602 1.679
(17,6) 40 1.618 0.646 1.108 (19,0) 38 1.489 0.646 1.280 (16,7) 39 1.599 1.620 1.737
(18,4) 40 1.590 0.660 1.118 (17,5) 39 1.565 1.634 1.793
(19,2) 40 1.573 0.675 1.118 16,9 41 1.717 0.587 1.102 (18,3) 39 1.541 1.641 1.837
(20,0) 40 1.567 0.681 1.121 17,7 41 1.674 0.600 1.131 (19,1) 39 1.529 1.643 1.863

18,5 41 1.641 0.609 1.157
(17,9) 43 1.790 0.587 1.024 19,3 41 1.618 0.610 1.179 17,8 42 1.731 1518 1.615
(18,7) 43 1.749 0.599 1.042 20,1 41 1.607 0.611 1.191 18,6 42 1.694 1.538 1.659
(19,5) 43 1.717 0.612 1.054 19,4 42 1.667 1.546 1.700
(20,3) 43 1.696 0.624 1.054 19,6 44 1.770 0.574 1.077 20,2 42 1.650 1.552 1.727
(21,1) 43 1.685 0.633 1.052 20,4 44 1.744 0.581 1.095 (21,0) 42 1.645 1.540 1.741

21,2 44 1.728 0.571 1.114

22,0 44 1.723 0.568 1.123 (20,5) 45 1.794 1.454 1.582

(21,3) 45 1.773 1.462 1.610
(22,1) 45 1.763 1.462 1.630

Besides the band position also the relative band intensities/area
change with increasing temperature. The band intensity of the first
transitions are strongly influenced by the temperature and become
smaller with increasing temperature as shown in Fig. 7. With
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Fig. 7. Relative band intensity of the S;1-, and My;-band with increasing tempera-
ture.

increasing temperature the exciton lifetime decreases in SWCNT
[28] and this explains the decreasing absorption intensity.

4. Conclusion

We have shown that the transition energies in SWCNTs become
smaller with increasing temperature. The change in the transi-
tion energy follows the Varshni-equation. The band intensity/area
is also influenced by the temperature and becomes smaller with
increasing temperature. The blue shift of the M;; band above 973 K
can be explained by exciton dissociation. We calculated the mean
exciton binding energy of m-SWCNT with ~80-90 meV.
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