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Abstract

Presently we used two samples of vertically aligned single-wall carbon nanotubes (VA SWCNTSs) with parallelepiped geometry,
sized 0.02cm x 0.2cm x 1.0cm and 0.2 cm x 0.2 cm x 1.0 cm. We report absorption and emission properties of the VA SWCNTSs,
including strong anisotropy in both their absorption and emission spectra. We found that the emission spectra extend from the
middle-IR range to the near-IR range, with such extended spectra being reported for the first time. Pumping the VA SWCNTSs in the
direction normal to their axis, superemission (SE) was observed in the direction along their axis. The SE band maximum is located
at 7206 £0.4cm™!. The energy and the power density of the superemission were estimated, along with the diffraction-limited
divergence. At the pumping energy of 3 mJ/pulse, the SE energy measured by the detector was 0.74 mJ/pulse, corresponding to the
total SE energy of 1.48 mJ/pulse, with the energy density of 18.5 mJ cm~2/pulse and the SE power density of 1.2 x 10° W cm~?/pulse.
We report that a bundle of VA SWCNTs is an emitter with a relatively small divergence, not exceeding 3.9 x 1073 rad. We developed
a theoretical approach to explain such absorption and emission spectra. The developed theory is based on the earlier proposed
SSH theory, which we extended to include the exchange interactions between the closest SWCNT neighbors. The developed
theoretical ideas were implemented in a homemade FORTRAN code. This code was successfully used to calculate and reproduce
the experimental spectra and to determine the SWCNT species that originate the respective absorption bands, with acceptable
agreement between theory and experiment.
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1. Introduction the tube length significantly exceeding its diameter. The

structure of a SWCNT may be characterized by a pair

Many earlier studies were devoted to the unique opti- of integer numbers (n,m1), which define the vector of the
cal properties of carbon nanotubes [1-3]. Single-walled system translational symmetry:

carbon nanotubes (SWCNTSs) are a special and very
interesting material, as regards their optical properties.
Their diameter is typically in the 1.0-5.0 nm range, with

7 = ma; + nap (1)
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m =0, and an armchair structure when n=m. The diam-
eter of an ideal nanotube may be calculated as follows:

a. / 2
d=—\/(m+n)—mn 2)
b4

where a=0.246 nm.

The SWCNT properties change significantly in func-
tion of the (n,m) values, in a non-monotonous manner
[3]. For example, the band gap in the SWCNTSs varies
from zero to about 2 eV, with their electric conductiv-
ity showing either metallic or semiconducting behavior.
These fundamental properties very strongly affect their
optical properties.

The density of states (DOS) in semiconducting carbon
nanotubes is independent of the translational unit cell
size and the chiral angle [3-6]. The absorption spectra
and the electron energy loss spectra (EELS) of SWCNT
bundles were calculated, with the energies of the three
main peaks given approximately by [3-6]:

2
El=7“|v,,,m{, 1=1,2,3 3)

where V), is the ppr transfer integral between the two
nearest carbon atoms. The p orbital rehybridization effect
on the peak position was extensively studied as well
[7—-10]. It was found that such rehybridization may sig-
nificantly change the DOS of the SWCNTSs. Chen et al.
[11] took these effects into account in their calcula-
tions, obtaining a good agreement between theoretical
and experimental spectra. A theoretical analysis of the
detailed structure of the SWCNT absorption bands was
carried by Prylutsky et al. [12]. They found that spe-
cific groups of subbands appear in different parts of
the SWCNT absorption spectrum, with the resulting
spectrum significantly more complex than the spec-
tra than only have three principal absorption bands.
Therefore, it is very important to discuss the experimen-
tal measurements of the SWCNT absorption spectra.
Meyyappan [13] described the absorption spectra of
the high purity metallic and semiconducting SWCNTs,
separated using the density-gradient ultracentrifugation.
The spectra were recorded in the wide energy range
from 1 meV to SeV. A strong and broad absorption
band was observed at 0.06eV in a high-purity metal-
lic nanotube sample. This observation suggests that
the optical properties of even the high-purity metallic
nanotube bundles cannot be described by the simple
Drude conduction model. The origin of these absorp-
tion bands for the metallic and semiconducting nanotube
samples was discussed [14], taking into account the
small energy gap in the metallic nanotube bundles and
plasmonic resonance. Leson et al. [15] carried out an

experimental investigation of the optical spectra of the
SWCNTs at temperatures up to 1273 K. Their studies
give insights into the electronic structure of the metallic
and semiconducting SWCNTs at different temperatures
by measuring the shifts of the Sy, So» and Mj; bands
using optical absorption spectroscopy, where S refers
to the semiconducting SWCNTs and M to the metallic
SWCNTs.

A decrease in the transition energies in both metal-
lic and semiconducting SWCNTSs with temperature is
determined by the temperature shift of the Sij, Sao
and Mj; absorption bands. Weisman et al. [16] ana-
lyzed the absorption spectra of the SWCNTSs scanned
over a wide spectral range. The broad backgrounds in
the visible-near-IR absorption spectra were studied in a
series of tightly controlled experiments [16], reporting
no major differences between the spectral backgrounds
in the sample fractions with the average lengths between
120 and 650 nm. Thus, the authors concluded that the
broad background absorption is created by an amorphous
carbon fraction present in the SWCNT samples [16].
Takeyama et al. [17] performed measurements of the
optical absorption cross-section of the SWCNTSs. They
provided an empirical formula allowing to predict the
absorption spectrum of any SWCNT. A detailed analysis
of the above reports shows that the SWCNTSs demon-
strate very interesting optical properties, which justify
an additional research effort. Lately we demonstrated
[18] that metal nanolayers produce superemission; we
therefore expected to obtain similar effects in SWCNTSs
as well.

Single-walled carbon nanotubes are a very promising
material for broad technological applications [19,20].
The diameters of SWCNTSs vary in the range of 1-5nm
and the length exceeds the diameter by the factor of
102107, Ugawa et al. [21] studied the MIR energy
gap in the SWCNTs. They found that the energy gap
of metal-like SWCNTs is about several thousand cm ™.
Thus, the lowest-energy transitions in the absorption and
emission spectra should be located in the MIR spectral
region. The electronic structure of the SWCNTs was also
studied quite extensively using optical spectroscopy and
ab initio calculations [22-24]. The perturbations in the
common conjugated m-system were found to increase
dramatically for thinner SWCNTSs. The optical absorp-
tion and emission, and the excited state dynamics of
SWCNTs were also investigated in detail [25-47], with
the emission spectrum of the individual SWCNTs typ-
ically appearing in the NIR range, and the dynamics
developing in the subpicosecond time range. However,
the radiative lifetime of the relaxed system is typically
in the nanosecond time range.
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The optical properties of different SWCNT isomers
were also studied [48], with the differences in opti-
cal properties of different isomers of single-chirality
SWCNTs used to separate these isomers. A method to
determine the SWCNT diameter was also proposed and
used to characterize the SWCNT morphology [49].

Presently, we report experimental and theoretically
calculated absorption and emission spectra of the ver-
tically aligned (VA) semiconductor SWCNTs (m £ O,
n # 0). Both absorption and emission spectra of the VA
SWCNTs demonstrate very strong anisotropy as regards
the locations of the peak maxima and the peak widths. We
also found that VA SWCNTSs produce strong superemis-
sion in the direction of the tube axis. We also report that in
the macroscopic bundle of the VA SWCNTs the emission
spectra appear in the near-IR spectral range, in agree-
ment with the NIR-only emission obtained for individual
SWCNTs. We describe the observed absorption spectra
considering the cooperative effects in this macroscopic
system. Thus, we report the absorption, emission and
superemission spectra of the VA SWCNTs, and propose
theoretical models explaining the experimental results.

2. Experimental methods
2.1. Samples

The experimental measurements of the absorption,
emission and superemission spectra were performed
for samples consisting of bundles of vertically-aligned
SWCNTs with 0.02cm x 0.2cm x 1.0cm size (sam-
ple T1) and 0.2cm x 0.2cm x 1.0 cm size (sample T2)
from Firstnano (www.firstnano.com), with the nano-
tube length of 1.0 cm, grown in the central zone of the
fused silica substrates (1.25cm x 1.25cm x 0.05 cm).
The average SWCNT diameter was 3.7nm, and their
number density ca. 1.7 x 10° wum~2. The upper ends of
the SWCNTSs were trimmed to the same length using
600eV Cs ion beam, with the upper surface of the bun-
dle parallel to the substrate. Thus, the lengths of all of
the SWCNTs were essentially equal. The substrates with
the SWCNT bundles were mounted on a support, with a
second fused silica plate protecting the upper ends of the
SWCNTs from damage, mounted with a spacing of sev-
eral wm (see Fig. 1). The spectra of the samples could be
recorded using different geometries. The emission was
always captured in the direction normal to the excitation
beam.

To characterize the samples, we recorded the
SEM image of the T1 sample (JSM-7800F Extreme-
resolution Analytical Field Emission SEM, Jeol Inc.).

SWCNT Axis
Direction

B
\D A

Fig. 1. The sample geometry: (A, B) the lateral faces of the vertically
aligned SWCNT bundle; (C) the upper face of the vertically aligned
SWCNT bundle; (D) the fused silica substrate.

The 0.2 cm x 1.0 cm sample face was scanned, with the
SEM image shown in Fig. 2.

The SEM image shows well-aligned SWCNTs, with
the average diameter as estimated from the image being
4.3 4+ 1.8 nm, in acceptable agreement with the producer
specifications.

2.2. The experimental methods and techniques

The absorption and emission spectra were recorded
on a Hitachi U-3900H UV-Visible and Shimadzu UV-
3600 Plus Spectrophotometers, and FTIR spectrometer
(IFS 66/S, Bruker Inc., with LN2 cooled detectors),
respectively. The spectral peak maxima and widths were
calculated using the PeakFit software (Sigmaplot). The
samples were reproducibly installed into a support of
blackened aluminum.

Fig. 3 shows the block diagram of the experimental
setup used for measurements of the superemission spec-
tra. A high-pressure 100W mercury lamp was used as
the light source (ESI 1200 100W MSR Lamp 3.8 A;
Planet Bulb Inc.), the radiation was focused by appro-
priate lenses, filtered by a water-cooled glass filter to
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Fig. 2. The SEM image of the T1 sample, showing a bundle of
vertically-aligned single-walled carbon nanotubes.
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Fig. 3. Superemission measurements: 1, the face of the SWCNT sam-
ple; 2, the substrate; 3, 10 cm focal distance cylindrical lens (viewed
from the top); 3’, the same, viewed from the left side; 4, 30 cm cylin-
drical lens (viewed from the top); 4’, the same, viewed from the left
side; 5, 6, 7, the excitation laser beam focused on the sample face; 8,
superemission exiting the top face of the sample; 9, condenser lens;
10, spherical lens (5 mm or 30 cm focal distance); 11, sample emission
passing through 9 and 10; 12, monocromator; 13, PD1 detector.

separate the 313 nm Hg emission band, and focused into
a 0.2cm x 0.1 cm spot at the sample location, using an
appropriate slit. The IR-NIR superemission was col-
lected by a CaF; lens onto the entrance slit of the
monochromator (Cornerstone 130 1/8m Monochroma-
tors, NewPort Inc.), and detected by a photodiode (PD1;
DET10A Si biased detector, THORLABS). The output
of the PD1 signal was digitized by PCI-6034E DAQ I/O
board (National Instruments), with the control code in
the LABVIEW environment running on a Dell PC. The
NIR and middle IR emission was focused onto the input
slit of the FTIR spectrometer, the spectra were scanned
and the data collected by a PC computer.

For superemission measurements, an additional
experimental setup was used. An additional excitation
source used a frequency-doubled (BBO crystal) dye
laser (LPD-2000, A-Physics, with Pyrromethene-556
dye, 540-580 nm range; frequency-doubled radiation at
270-290 nm) pumped by a XeCl excimer laser (LPX-
200, A-Physics).The laser pulse was about 15-20ns
long. The dye laser radiation was focused by a cylin-
drical lens onto either A or B face of the sample (Fig. 1).
The superemission was collected by a 30-cm spheri-
cal CaF; lens and registered by a photodiode (PDI;
DET10A Biased Si Detector from THORLABS), after

passing through a neutral density filter and a monochro-
mator (Cornerstone 130 1/8 m Monochromator, NewPort
Inc.). The data acquisition system was controlled by a PC
computer, using a digital oscilloscope (WaveSurfer 400
from LeCroy), digital delay generators (DG-535, Stan-
ford Research), boxcar integrators (SR-250, Stanford
Research), a fast amplifier (SR-240, Stanford Research),
and a computer interface board (SR-245, Stanford
Research). The superemission spectra were scanned at
1 ecm~! resolution. The superemission energy was mea-
sured using a calibrated photodiode (DET10A Si biased
detector, THORLABS). The presently developed exper-
imental methods allowed recording the time evolution
and the spectra of the superemission with high accuracy,
2.5ns and 1.5cm™!, respectively.

3. Experimental results
3.1. Absorption spectra

The absorption spectra were recorded, shown in
Figs. 4-6.

Both T1 and T2 samples (Figs. 4 and 5) produced
spectra composed of narrow discrete bands, with the
average bandwidth of 112 4 10 cm™!, and the band max-
ima positions independent on the sample optical length.
Additionally, two broad bands 3670 % 130 cm~! wide
are visible in the thinner T1 sample. The relative inten-
sities of the narrow bands are quite different in the two
samples. The band maxima and intensities (in the O.D.
units) are listed in Table 1, calculated using the Peak-Fit
package. Taking into account that the SWCNT density
is 1.7 x 1013 cm™3, their absorption cross section was
estimated using the Lambert-Beer law:

D =onl, 4

with D the optical density, o the absorption cross-section,
n the density of SWCNTs, and [ the optical path length.
The estimated values of the absorption cross-sections
are also listed in Table 1. The ratio of the absorption
cross sections of the two samples is additionally shown
in the last column. The intensity ratio that most dif-
fers from unity is the one obtained for the 22896 cm ™!
band (number 3 in Table 1). The narrow spectral bands
may be assigned to different (m,n) configurations of the
semiconducting SWCNTSs, with the electronic transi-
tions induced between discrete electronic states, while
the continuum spectrum may be attributed to the metal-
lic SWCNTs. Later on we shall simulate the absorption
spectra of different types of SWCNTSs.

The absorption spectrum of the T2 sample measured
along the VA SWCNT axis direction is shown in Fig. 6.
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Fig. 4. The absorption spectra of the T1 sample, presented in different spectral ranges. The spectra were obtained with the probe beam normal to
the SWCNT axis; the spectrum was recorded through the 0.2 cm x 1.0 cm sample faces with the 0.02 cm optical thickness.

This spectrum is completely different from those of
Figs. 4 and 5. It has a broad transmission band in the
visible and near UV, with a higher absorbance outside
of this window (curve 1 in Fig. 6). This transmission
band was represented by a superposition of two Gaussian
subbands with the following maxima, widths and ampli-
tudes: w;=25341cm™', y;=5612cm™!, A;=0.93;
wr=35187cm™ !, y,=5612cm™!, A, =0.61. Thus, the
sample is transparent in the visible and near-UV spectral
range. We interpret these two bands as the two different
electronic transitions activated when the excitation light
in parallel to the nanotube axis, with the electric field
vector E normal to the same axis. Note the very strong
anisotropy in the absorption spectra recorded for the
probe beam directed normal and parallel to the nanotube
axis, to be discussed later.

3.1.1. Emission spectra

The emission spectra were studied for both the
T1 and T2 samples, using the right-angles configu-
ration, namely, the excitation was performed through
the 0.2 x 1.0cm? faces, and the emission recorded
from the 0.02cm x 1.0cm and 0.02cm x 0.2 cm faces

for the T1 sample, and from the 0.2cm x 1.0 cm and
0.2 cm x 0.2 cm faces for the T2 sample. The excitation
was performed at 280 and 357 nm into the broad absorp-
tion bands (see Fig. 4). Figs. 7 and 8 show the emission
spectra for the respective samples T1 and T2.

We see in Figs. 7 and 8 that the emission spectrum
recorded normal to the nanotube axis is quite broad,
exhibiting a series of discrete bands, charts (a,1) and
(b,1), while the spectrum recorded in the direction of the
nanotube axis has a single narrow radiation band, charts
(a,2) and (b,2). The respective band maxima, intensities
and widths are listed in Table 2.

3.1.2. The superemission

Superemission may be observed if we create a popula-
tion inversion between an excited state and a lower-lying
(excited) state, when optical transitions between these
two states are allowed. A higher excited state may be
populated directly by optical absorption, or indirectly
via relaxation from the initially created excited state to
an intermediate state, lying above an unpopulated state.
Provided the linear size of the active medium in one
direction (z) is much larger than that in the other two
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Fig. 5. The absorption spectra of the T2 sample, presented in different spectral ranges. The spectra were obtained with the probe beam normal to
the SWCNT axis; the spectrum was recorded through the 0.2 cm x 1.0 cm sample faces with the 0.2 cm optical thickness.

directions (x,y), superemission will be observed in both
the —z and +z directions.

All of the measurements of the superemission were
carried out for the T1 sample, with the excitation beam
passing through the 0.2 cm x 1.0 cm faces, and the emis-
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Fig. 6. The absorption spectrum of the T2 sample: 1, the experimental
spectrum; 2, 3, the transmission band decomposed into two Gaussian
subbands. The spectrum was recorded with the probe beam parallel
to the SWCNT axis, through the 0.2 cm x 0.2 cm sample faces with
1.0 cm optical thickness.

sion recorded at the 0.02cm x 0.2 cm face. Thus, the
excitation was performed normal to the nanotube axis,
and the emission recorded in the direction of the axis.
We recorded the laser-induced fluorescence excitation
spectrum in the 270-290 nm range, using the frequency-
doubled dye laser at 3.1 mJ/pulse, with the spectrum
shown in Fig. 9.

Fig. 9 shows the laser induced fluorescence (LIF)
spectrum recorded for the T1 sample excited normal to
the VA SWCNT axis. The total emission, including light
emitted in the near-IR, and UV-vis spectral ranges, was
detected in the direction along the VA SWCNT axis. The
spectrum was fitted by a superposition of Gaussian and
Lorentzian functions:

AL
l + (w—wo

2

ar )

where Ag=73+8; wg=35781+£101cm™'; 6g=0, =
3302+217cm™!; Ag =61 7. Zero-slope straight-line
background was used in the fitting procedure. Thus,
this band coincides with the band 1 of the absorption

—(w—wp/oG)* +

&)

I ir = Age
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Table 1

73

The maxima of the absorption bands and the band intensities. The SWCNT density of 1.72 x 10'3 cm™3 used in the cross-section calculations was
estimated using the specification density value of 1.72 x 10° wm~2 and the nanotube length of 1 cm.

Band T1 sample (/=0.02 cm) T2 sample (/=0.2 cm) Cross-section
number ratio
Band maximum, O.D. max o, 10~ ¢cm? Band maximum, 0O.D. max o, 10~ ¢m?
cm™! cm™!

1 35,785 0.031 0.90+0.15 - - - -

2 27,987 0.023 0.67+0.12 - - - -

3 22,896 0.003 0.087+£0.013 22,896 0.304 0.88+0.16 10.1£3.1

4 20,795 0.031 0.90+0.17 20,795 0.200 0.58 +0.10 0.65+0.20

5 19,883 0.028 0.81+0.14 19,883 0.191 0.56+0.10 0.68+0.12

6 18,279 0.029 0.844+0.14 18,279 0.209 0.61 +0.11 0.724+0.12

7 16,707 0.020 0.58+0.11 16,707 0.113 0.33+0.08 0.57+0.11

8 16,504 0.019 0.55+0.11 16,504 0.139 0.40+0.09 0.73+0.13

9 14,255 0.028 0.81+0.14 14,255 0.217 0.63+0.10 0.78+0.13
10 13,682 0.031 0.901+0.18 13,682 0.200 0.58 +0.10 0.65+0.13
11 11,486 0.029 0.84+0.17 11,486 0.391 1.14+0.21 1.35+0.24
12 10,717 0.031 0.90+0.18 10,717 0.383 1.114+0.23 1.24 +0.26
13 10,119 0.024 0.70+0.12 10,119 0.391 1.14+0.24 1.63+0.30
14 9418 0.021 0.61+0.11 9418 0.191 0.56+0.11 0.91+0.21
15 8953 0.051 1.484+0.24 8953 0.461 1.34+0.25 0.90+0.20
16 8400 0.019 0.55+0.11 8400 0.226 0.66 £0.11 1.194+0.28
17 8222 0.028 0.81+0.15 8222 0.270 0.78+0.13 0.96+0.18
18 7798 0.063 1.83+£0.27 7798 0.235 0.68 £0.12 0.37+£0.09
19 7375 0.035 1.024+0.20 7375 0.217 0.63+0.11 0.62+0.11
20 6960 0.035 1.024+0.23 6960 0.200 0.58 +0.09 0.57+0.10

spectrum of this sample, with the superemission induced
by the transitions from the states located close to
35781 cm™!, corresponding to the 00 transition of this
band located at ca. 32479 cm™. This band is quite wide,
and will be attributed to a specific excited state (exciton),
as we shall discuss below.

The superemission spectra shown in Fig. 10 were
recorded with the laser excitation at 35781 cm~!. Fig. 10
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shows the superemission spectrum of the T1 sample
excited by pulsed laser radiation at 35781 cm~! normal
to the VA SWCNT axis. The emission spectrum was ana-
lysed by passing the total emission directed along the VA
SWCNT axis through the monochromator.

Fig. 10 shows that the bands at 7206 and 5257 cm™!
are observable with 35,781 cm™! excitation, with the
second band much weaker than the first.
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Fig. 7. The emission spectra of the T1 sample, excited through the 0.2 cm x 1.0 cm faces: (al), (a2), excited at 280 nm; (b1), (b2), excited at 357 nm;
(al), (bl), emission observed from the 0.02 cm x 1.0 cm face; (a2), (b2), emission observed from the 0.02 cm x 0.2 cm face.
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Fig. 8. Emission spectra of the T2 sample, excited through the 0.2 cm x 1.0 cm faces: (al), (a2), excited at 280 nm; (b1), (b2), excited at 357 nm;
(al), (b1), emission observed from the 0.2 cm x 1.0 cm face; (a2), (b2), emission observed from the 0.2 cm x 0.2 cm face.

The SE kinetics was recorded for both bands using
the 36,500 cm ™! excitation, with the waveforms shown
in Fig. 11.

The first waveform was fitted by an exponential func-
tion:

1 1 —¢D
Igp = Agge™/"st (©)

with 75> =209+36ns and 7552 =7.94+6.3ns,
respectively. The fast rise time 75>? =7.9+6.3ns
describes the relaxation from the relaxed intermediate
excited states populated by the intrasystem relaxation of
the state excited by the 35781 cm™! radiation. The two
decay times 75z =152 £ 21 and t5*" =209 £+ 36 ns
correspond to the SE lifetime of the respective emitting

with  7ggV'=1524+21ns,  while . the  second state population and the decay of this state.

waveform—by a sum of two exponentials: The superemission energy was measured for the
@ @ —ﬁ —ﬁ 7206cm~! band pumped by the laser radiation at

Isp = Agp | e SE —e SE N 35781cm~! (280nm). At the pumping energy of

Table 2

The emission band maxima, intensities and widths (see the spectra in Figs. 7 and8).

a b c d

w, cm™! A w, cm™! w,cm™! A w, cm™! w, cm™! A W, cm™! w, cm™! A w, cm™!

Fig. 7

1949 2 147 7206 139 46 1798 2.3 146 5257 135 55

3222 2 153 2026 1.8 155

3975 3.5 159 2427 0.3 145

4376 3 135 2871 5 160

4820 3 155 3576 5 152

5525 4 155 4317 2.7 177

6591 2 179 4642 0.5 151

6996 7.9 617 5257 18.6 572

7206 11.3 547 6997 0.8 589

8945 14 593

Fig. 8

1948 2.4 141 7206 161 59 1799 3.3 151 5257 139 54

3221 2.5 155 2025 5.1 158

3975 3.1 154 2425 0.5 149

4375 2.8 143 2871 10 153

4820 2.7 157 3575 5 152

5526 2.9 157 4319 5 182

6590 2.3 175 4640 0.7 153

6995 6.5 603 5255 24.8 569

7205 12.1 560 6997 1.1 599

8945 1.1 592
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Fig. 9. Laser-induced fluorescence excitation spectrum of the T1 sam-

ple; the excitation beam is normal to the nanotube axis, with the
emission observed along the axis.
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Fig. 10. The superemission spectra of the T1 sample recorded with
laser excitation at 35,781 cm™!, where laser beam was directed per-
pendicular to the VA SWCNT axis. Emission was observed along the
VA SWCNT axis.
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Fig. 11. The time evolution of the SE signal for the T1 sample, excited
perpendicular to the VA SWCNT axis at 35,781 cm™' and observed
along the VA SWCNTs axis: (1) 7206 cem~! and (2) 5257 cm™! emis-
sion bands.

3mJ/pulse, the SE energy measured by the detec-
tor was 0.74 mJ/pulse, corresponding to the total SE
energy of 1.48 mJ/pulse, with the energy density of
18.5mJecm™?/pulse and the SE power density of
1.2 x 10° W em~2/pulse. These estimates show that the
presently studied bundles of vertically aligned SWC-
NTs may be used as an active medium for lasers and
nanolasers.

4. The detailed analysis of the experimental data
4.1. The absorption spectrum

‘We shall now analyze the spectrum shown in Fig. 4a.
We shall assume that the vertically aligned SWCNTs
have Gaussian distributions as regards their diameter (d)
and chirality angle (6):

_ 2
n(d) = no(doye(7°) ®)
n(®) = no(fp)e~@00/%7 ©)

where ng is the density of the SWCNTs (Mm_2),
dp=3.7nm, 8d the width of the Gaussian distribution,
assumed equal to 1.3nm; ng(fp) a fitting parameter
describing the maximum number density of SWCNTs
with the 8, chirality angle, §6 the width of the distribu-
tion, also a fitting parameter. To simplify the calculations,
we assumed that the SWCNT bundle contains nanotubes
with their diameter in the range dp — 8d < d < d + éd, and
their chirality angles in the range 6y — 86 <0 <6 + 66.
With their average number density of 1.7 x 10° um ™2,
the SWCNTSs are very densely packed. As we assumed
that the SWCNT diameters all fall within the [2.4;
5.0] nm interval, we included the exchange interactions
between the closest-neighbor nanotubes into the system
Hamiltonian, with the elementary cell shown in Fig. 12.

Fig. 12. The elementary cell in the nanotube bundle.
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Note that if the SWCNTs are randomly oriented,
the exchange interaction between the closest neighbours
may be neglected, whereas for well-organized VA SWC-
NTs these interactions play an important role, as the
closet-neighbour nanotubes in the bundle are in con-
tact all over their entire length, providing a large contact
surface.

To calculate the exchange interaction between the
closest neighbours (Fig. 12), we took into account such
interactions between their respective carbon atoms. The
carbon atoms involved in the exchange interactions
between the two nanotubes are located close to the plane
containing the axes of these nanotubes. The distance
between these carbon atoms was calculated taking into
account the structure of the elementary cell (Fig. 12)
and the shortest distance between the surfaces of the
closest neighbors. Analyzing the state structure of the
elementary cell of Fig. 12, the distribution obtained by
multiplication of the relationships (8) and (9)

n(d. 6) = no(do, Bo)e™ (= /347 g=(O=00/507 (10)

was used, and the electronic and optical properties of the
central nanotube calculated, accounting for the exchange
interactions with its closest neighbors. Here, ny(dp,
60) =no(dy)ng(6y). The results obtained for a selected
nanotube with given values of d and 6 (directly depend-
ent on the chirality parameters m and n) were averaged
statistically to obtain the optical absorption spectrum of
an ensemble of vertically aligned SWCNTS. Denoting
the absorption spectrum of a nanotube with the chirality
parameters (m,n) as D, ,(E), and using no(dp,0p) = 1, the
total absorption spectrum is given by [12]:

D(E) = Z Dy p(E)enn=do/8d)? o= Onn=60/50" (11)

m,n

In the calculations, we considered separately the
nanotubes with each of the (m,n) vectors, the elemen-
tary cell as shown in Fig. 12 was built using a randomly
selected set of seven nanotubes, and the exchange
interactions between these nanotubes were used as a per-
turbation mixing the electronic states of the nanotubes
within the selected elementary cell. Thus, we calculated
the structure of the electronic states and the optical prop-
erties of the central nanotube (shown in gray in Fig. 12)
in the elementary cell. Next, we shall provide a detailed
description of the presently used calculation procedures.

4.1.1. Calculation methods

We used the Su-Schrieffer—Heeger (SSH) model
[50-57] in our numerical calculations of the electronic
and optical properties of an individual nanotube. All
calculations were carried out for the SWCNTSs 20 nm

long, as longer nanotubes required more calculation
time. In the frameworks of the self-consistent field
approximation, the model Hamiltonian may be written as
follows:

K
Hyrp = Z (=1 = yyj) ciyeis + jzyizj
(i j).s i

+ UZ (Z piscitcis - ,Ompu) (12)

where the first and the second term determine kinetic
energy of electrons (¢, @, and K are empirical parameters
defined below), the third term determines the potential
energy (U is an empirical parameter defined below), ¢;s*
and c;; are the state creation and state annihilation oper-
ators. The eigenvalues and eigenvectors are obtained as
the solutions of the secular equation

Eisvks = Y (=t — @ yi)¥s() — Upis¥asi) — (13)
()]
where

pis = (chew) = > Vs D)) (14)
k

is the electron density, with the summation done over the
populated levels only.

Eq. (13) was obtained from the general Schrodinger
equation:

Hir Y COY(d) = S C(0) s
k,s,i PR

where Cy;() are constants and E is the energy. Combin-
ing the latter parameters with those included into the
Hamiltonian, we obtain the expression for the & vk
products.Using

> yij=0 (16)
ij

we obtain the self-consistency relation for y;;:

2
i = = D V@Dvi() — Ay (17)
k,s
where
2
Ay= K‘]"v;;m(ims(j) (18)

here N is the number of m-bonds. We used the same
parameter values as proposed in [12]: «=6.3eV/A,
K=49eV/AZ, t=27eV, U=7.4¢V. The first step
includes calculations of the state structure of SWCNTs
with 20nm length and different diameters, assuming
open hollow tubes. The next step of the numerical
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analysis includes calculations of the optical absorption
properties of a SWCNT coupled by the exchange inter-
action with its six closest-neighbor nanotubes (Fig. 12).
One-electron exchange interaction was used between the
closest carbon atoms, with its matrix elements given by:

<¢7r,k [Vexch| an>

= -3 g | |2 pm )
i,j Te

here C;(™), Cj(“”") are the coefficients in the molecular
orbitals (MO) of the interacting states of the two neigh-
boring nanotubes, p; .™* and pj /(™™ are the p, atomic
orbitals of the carbon atoms included into these MOs,
and i and j number the carbon atoms located close to
the plane passing through the axes of the nanotubes k
and m. The third step calculated the optical absorption
properties of the ensemble of SWCNTSs, based on their
individual optical properties already obtained in the sec-
ond step. The numerical calculations were performed
using a home-made FORTRAN code, with the absorp-
tion bandwidth calculated from the density distribution
of the two states that participate in the respective elec-
tronic transition. The calculation results are shown in
Fig. 13. For comparison, the experimental spectrum is
also presented in Fig. 13. First, the algorithm determines
the molecular orbitals of the ground state SWCNT, and
next calculates the exchange interactions between the
closest SWCNT neighbors.

The band energies, widths and assignments are listed
in Table 3.

The data shown in Fig. 13 and Table 3 correlate with
an acceptable accuracy to the data shown in Fig. 4b
(this experimental spectrum is also shown in Fig. 13)

25
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193

e
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10000 15000 20000 25000
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Fig. 13. The calculated absorption of a bundle of vertically aligned

SWCNTs, with the probe beam normal to the SWCNT axis (a). The
experimental absorption spectra of the T1 sample (Fig. 4b) (b).
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Fig. 14. Calculated electronic state density of a bundle of vertically
aligned SWCNTs.

and Table 1. Therefore, we conclude that the presently
developed theoretical approach may be used to describe
the optical absorption properties of a bundle of verti-
cally aligned SWCNTSs. As we already noted, the band
width was calculated according to the state density
distribution in the system studied. Indeed, as may be
inferred from the spectrum of Fig. 13 and the data of
Table 3, these correlate quite well with the calculated
electronic state density in the nanotube bundle, shown
in Fig. 14.

In fact, comparing Fig. 14 with both Figs. 15 and 4a,
we note a good correlation of the electronic state den-
sity with both calculated and experimental absorption
spectra. Thus, ending this section, we conclude that

1.0 4
¢y

038 | &)
0.6 1 @

04
0.2 1
0.0 A

Relative EMF Transmission Efficiency

0 10000 20000 30000 40000 50000
Energy (ecm™)

Fig. 15. The calculated light transmission spectrum by the vertically
aligned SWCNT bundle; the resulting spectrum (1) was obtained
by the superposition of two Gaussian bands with the following
parameters: (2) w =25,041 cm™!, y1=5218 cm~!, A; =0.78; and (3)
wr=35,413 cm™! ; ¥2=5358 cm~!; A, =0.93. For comparison, the
experimental values are (see the spectrum in Fig. 5): @ =25,341 cm ™!,
y1=5612cm™!, A1 =0.93; and wr=35,187cm™!, y,=5612cm™!,
A =0.61.



78 I. Khmelinskii, V. Makarov / Photonics and Nanostructures — Fundamentals and Applications 21 (2016) 67-81
Table 3
The band maxima, widths, and assignments for the calculated absorption spectrum of Fig. 14, and the SWCNT diameter used to obtain the respective
band.
Number Band maximum, Bandwidth, cm™! Band assignment, Average nanotube Relative band
cm™! (m,n) diameter (nm) intensity
1 41,761 1611 (7,2 3.1 0.0886
2 36,902 1721 (7,1) 33 0.0541
3 35,765 1625 (7.3) 3.7 0.0497
5 34,939 1603 (7,5) 2.7 0.0515
6 34,256 1731 7.4 3.1 0.0637
7 33,667 1613 (7,1) 3.5 0.0606
8 33,689 1651 (7,2) 42 0.0591
9 33,263 1636 (1,7 25 0.0583
10 33,027 1710 7,1) 2.8 0.0587
11 32,464 1627 (7,5) 3.8 0.0547
12 27,973 1612 (7.3) 4.6 0.0330
13 25,977 1612 (7.4 3.1 0.0237
14 25,973 1612 (7,1) 33 0.0212
15 22,881 119 (5.5) 39 0.0199
16 20,785 129 (5.3) 2.8 0.0191
17 19,877 121 4.1 2.6 0.0192
18 18,279 122 (8.3) 2.7 0.0217
19 16,701 128 6.5) 4.6 0.0180
20 16,721 127 (5.1) 2.8 0.0205
21 16,517 111 9.5) 3.0 0.0159
22 14,243 173 (6.5) 2.7 0.0131
23 13,671 142 (10,5) 2.7 0.0126
24 11,479 121 4.3) 3.6 0.0230
25 10,711 111 8.1 2.8 0.0231
26 10,103 143 (8.4) 29 0.0212
27 9407 129 5.2) 3.0 0.0180
28 9057 129 (4.3) 2.7 0.0362
29 8389 153 3.1 2.8 0.0215
30 8209 128 (6,1) 2.6 0.0205
31 7779 127 6.,3) 4.7 0.0181
32 7363 111 (7,1) 3.0 0.0141
33 6947 157 (7,3) 42 0.0197

the presently developed approach may be used in the
analysis of the optical absorption properties of the
vertically-aligned SWCNT bundles, with the exchange
interactions between the closest-neighbor nanotubes
taken into account.

Note that the mathematical procedure used for the
band assignment, with the results presented in Table 3,
may produce non-unique results. That is, the same spec-
tral band could be assigned to more than one set of the
m and n values. However, we made test calculations,
demonstrating that the results are indeed unique within
the presently used diameter distribution of the nanotubes.
A detailed numerical study was performed for the band
#30(8209cm™!, m=6,n=1,andd=2.6 nm). Varying m
and m in a broad range, we managed to obtain a band at
8213 cm~! for m=73, n=36, and d="7.9 nm. The nano-
tube diameter distribution was cut off at 10 nm in these
calculations. However, the intensity of this band should

be close to zero, due to negligible concentration of such
thick tubes in the sample. Thus, we conclude that the
assignments of Table 3 are unique for the presently used
diameter distribution of the SWCNTs.

4.2. Analysis of the absorption spectrum of Fig. 6

The absorption spectrum shown in Fig. 6 corresponds
to an efficient light transmission by the vertically aligned
SWCNTs in the 20,000-40,000 cm™! spectral range,
with the light transmitted in the direction parallel to
the nanotube axis. To interpret these results, the earlier
developed theory [53] was modified, taking into account
the electronic state structure of the vertically aligned
SWCNT bundle, and used to calculate the transmission
spectrum of the SWCNT bundle. The presently reported
theoretical approaches were used in the numerical cal-
culations. The earlier developed FORTRAN code [57]
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was adapted to the present calculations, producing the
calculated transmission spectrum shown in Fig. 15.

The calculated transmission spectrum was obtained
by the superposition of two Gaussian bands (Fig. 15)
that are in acceptable agreement with Gaussian bands
describing the experimental absorption spectrum shown
in Fig. 6. Thus, the presently developed theoretical
approach is acceptable for the analysis of the transmis-
sion spectra of bundles of vertically aligned SWCNTs,
using the light parallel to the nanotube axis.

To explain the presence of the two bands in the trans-
mission spectrum, we should refer to the density of states
distribution of Fig. 13, with the two strong peaks located
in the 10,000-20,000 cm™! energy range, both contribut-
ing to the emission propagating along the nanotube axis.

4.2.1. The superemission divergence

The SE beam divergence was measured using the
method developed earlier [23]. All of the measurements
were carried out for the T1 sample for the emission
at 5257cm~!'. The measured beam divergence was
3.9 x 1073 and 5.2 x 10~* rad, along the 0.02 and 0.2 cm
edges of the sample, respectively. The limiting beam
divergence was estimated using

_)»
T nd

where A is the SE wavelength and d is the geometri-
cal size of the SE beam at the output face of the sample.
The calculated values are 7.6 x 10~*and 7.6 x 102 rad,
with the experimental values exceeding the theoretic
estimates by the factor of 3.8 and 6.8, respectively, as
commonly occurs for the superemission. Thus, the max-
imum beam divergence was ca. 3.9 x 1073 rad for the
T1 sample.

(20)

5. Discussion

We report that the vertically aligned SWCNTSs have
very interesting optical properties. We recorded the
superemission of the nanotube bundle upon laser excita-
tion. The superemission spectrum has narrow emission
bands; we presume that the emission bandwidth may be
reduced still further by producing nanotubes with more
homogeneous properties. We found that the bundle of
the VA SWCNTs, the T1 sample, has high superemis-
sion energy and power density in the direction parallel
to the nanotube axis, with the emission exiting through
the 0.02 cm x 0.2 cm faces.

The superemission properties of the VA SWCNTs
may be compared with those obtained for the VA single-
and multi-wall carbon nanotubes [54-56]. Nojeh et al.

[54-56] found that such nanotubes may be used as light
concentrators, i.e. directing the excitation light normal
to the nanotube axis, high-density radiation exits at the
ends of the nanotube. These effects are similar to what
we observed earlier in metal nanolayers [18].

The results presently obtained for the vertically
aligned SWCNTs are the first step to building a
nanolaser. Lin et al. [57] investigated nanoscale opti-
cal devices for classical and quantum photonics. They
discussed random lasers, where lasing relies on random
multiple scattering. Presently we have a well-organized
system, analyzed using the theoretical methods based on
the SSH theory successfully applied by Prylutsky et al.
[12] to the optical spectra of SWCNTs. We modified
their approach, by including the exchange interaction
between the closest-neighbor nanotubes. The methods
developed describe the optical spectra of the vertically
aligned SWCNTSs with an acceptable accuracy. Note that
calculated state density diagram has a specific structure,
quite different from that reported by Prylutsky et al.
[12]. Most probably, these differences result from the
exchange interactions between the VA SWCNTs, closely
packed in our samples.

As it was mentioned above, the emission spectra and
the excited state dynamics of the isolated SWCNTSs were
extensively studied earlier [28—46]. Taking into account
that the photoemission quantum yield for the transition
between the quantum states |i) and |j) is given by:

('L'em,ij)_1
(Tem,ij)_l + knr(E)

@ij(L) = 21

where tem,ij_l is the inverse radiative lifetime of the
transition of interest and k,,(FE) is the nonradiative rate
constant describing the irreversible radiationless transi-
tions from the state | j). It has been found earlier [31-35]
for isolated SWCNTS that the relationship

(Tem.ij) " << knr(E) (22)

is satisfied for the high-energy excited states, while for
the low-energy excited states we have:

("f'fzm,ij)_1 < knr(E) (23)

The low-energy excited states are populated due to
the relaxation of the high-energy excited states, typically
induced by the exciton—phonon interaction. Presently
we reported the emission spectra of the VA bundles of
SWCNTs for the first time. The observed photoemission
apparently results from the cooperative effects operat-
ing in the samples studied. These cooperative effects
may be created by strong interactions between the SWC-
NTs organized into the VA bundle of macroscopic size.
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Therefore, we do not have the microscopic quantum sys-
tem any more, expecting different properties. The excited
state energy and dynamics in such macroscopic systems
may be dramatically different as compared to those of
isolated SWCNTs. Therefore, presently we are unable
to exactly determine the nature of the optical transitions
that are responsible for the observed superemission.

We address the reader to our previous publication [24]
for the detailed discussion of the methods presently used
to calculate the transmission spectra in the longitudinal
direction.

6. Conclusions

In the present study, we investigated the NIR supere-
mission in bundles of vertically aligned SWCNTs. We
report that superemission is generated in the direction of
the nanotube axis, when the pumping radiation is nor-
mal to it. At the 3 mJ/pulse of the pumping laser energy,
we obtained the SE at 0.74 mJ/pulse in the direction of
the detector, corresponding to the total of 1.48 mJ/pulse.
The energy and the power density were, respectively,
18.5mJ cm™?/pulse and 1.2 x 103 W cm™?/pulse. These
results show that vertically aligned SWCNT bundles
should be a good active medium for laser and nanolaser
systems. The presently developed theoretical models
were successfully used to fit both absorption and emis-
sion spectra of the nanotube bundles. The divergence of
the superemission was quite low, thus we have effec-
tively obtained a single-pass laser, with the nanotube
bundle being an efficient radiation energy concentrator.
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