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 Optoelectronic Properties of Single-Wall Carbon Nanotubes  
 Single-wall carbon nanotubes (SWCNTs), with their uniquely simple crystal 
structures and chirality-dependent electronic and vibrational states, pro-
vide an ideal laboratory for the exploration of novel 1D physics, as well as 
quantum engineered architectures for applications in optoelectronics. This 
article provides an overview of recent progress in optical studies of SWCNTs. 
In particular, recent progress in post-growth separation methods allows 
different species of SWCNTs to be sorted out in bulk quantities according to 
their diameters, chiralities, and electronic types, enabling studies of ( n , m )-
dependent properties using standard macroscopic characterization meas-
urements. Here, a review is presented of recent optical studies of samples 
enriched in ‘armchair’ ( n   =   m ) species, which are truly metallic nanotubes 
but show excitonic interband absorption. Furthermore, it is shown that 
intense ultrashort optical pulses can induce ultrafast bandgap oscillations in 
SWCNTs, via the generation of coherent phonons, which in turn modulate 
the transmission of a delayed probe pulse. Combined with pulse-shaping 
techniques, coherent phonon spectroscopy provides a powerful method for 
studying exciton-phonon coupling in SWCNTs in a chirality-selective manner. 
Finally, some of the basic properties of highly aligned SWCNT fi lms are 
highlighted, which are particularly well-suited for optoelectronic applications 
including terahertz polarizers with nearly perfect extinction ratios and broad-
band photodetectors. 
  1. Introduction 

 Single-wall carbon nanotubes (SWCNTs) [  1,2  ]  represent one of 
the most direct realizations of a one-dimensional (1D) elec-
tron system available for fundamental studies today, attracting 
much theoretical interest. [  3–14  ]  At the same time, they are one 
of the leading candidates to replace conventional semiconduc-
tors in future optoelectronics, unifying electronic and photonic 
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functions in nanoscale circuits. [  15–17  ]  Their 
unique physical, chemical, and mechanical 
properties have been extensively studied 
for the last two decades and reviewed 
elsewhere. [  18–22  ]  

 During the past decade, much progress 
has been made in the study of optical and 
optoelectronic properties of SWCNTs, ini-
tiated by the 2002 discovery of bandgap 
photoluminescence (PL) from individu-
ally suspended SWCNTs in aqueous solu-
tions at Rice University. [  23  ]  Such samples 
have opened up possibilities to perform 
spectroscopy of individual nanotubes of 
specifi c chiralities, instigating a fl urry of 
optical spectroscopic studies with stimu-
lating results: PL excitation (PLE) spec-
troscopy, [  24–35  ]  resonant Raman scattering 
(RRS) spectroscopy, [  36–58  ]  ultrafast optical 
spectroscopy, [  59–90  ]  micro- and nanospec-
troscopy, [  91–113  ]  and magneto-optical spec-
troscopy [  106,107  ,  114–124  ]  of individualized 
SWCNTs are currently under intense 
investigation, revealing some fundamental 
properties of 1D excitons and phonons. In 
addition, many groups have investigated 
the photoconductivity of various SWCNT 
device structures to assess their properties 
as photodetectors and solar cells. [  91  ,  98  ,  100  ,  102  ,  109  ,  125–154  ]  
 There have been many theoretical studies on the electronic, 

optical, and magnetic properties of SWCNTs, [  3  ,  155–186  ]  some of 
them preceding the discovery of this exotic 1D system in 1993. 
SWCNTs can be either semiconducting or metallic, depending 
on their geometrical characteristics (chiral angle). Their struc-
ture can be specifi ed by a pair of integers ( n , m ) describing the 
chiral vector  �Ch = n�a1 + m�a2  , which connects two crystallo-
graphically equivalent sites on a 2D graphene sheet. [  18–22  ]  The 
general rules are: i) ( n , n ) tubes (“armchair” tubes) are metals; 
ii) ( n , m ) tubes with  n   −   m   =  3 j  ( j : nonzero integer) are small-
gap ( ≈ 1 − 100 meV) semiconductors; and iii) all others are 
medium-gap ( ≈ 0.5–1 eV) semiconductors. The ( n , m ) indices of 
nanotubes in categories i) and ii) satisfy   ν    ≡  ( n   −   m ) mod 3  =  
0, whereas, for nanotubes in category iii),   ν    =   ± 1. Schematic 
dispersion relations and corresponding densities of states of: a) 
armchair ( n   =   m ) and b) semiconducting (  ν    =   ± 1) nanotubes are 
shown in  Figure    1  . It should be emphasized that, while arm-
chair ( n   =   m ) nanotubes are metallic (gapless), nonarmchair (or 
 n   ≠   m )   ν    =  0 tubes have small curvature-induced bandgaps (i.e., 
they are, in fact, narrow-gap semiconductors). [  3  ,  158  ]   

 SWCNTs come in different types, and raw product is gen-
erally a mixture of numerous chiral confi gurations. Electron 
im 4977wileyonlinelibrary.com
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     Figure  1 .     Schematic electronic energy-dispersion relations and densities 
of states of: a) metallic ( n   =   m ) and b) semiconducting (  ν    =   ± 1) single-
wall carbon nanotubes.  
diffraction is a powerful technique for the determination of 
atomic structure of individual nano-objects, as was demon-
strated in Iijima’s original work on multiwall [  187  ]  and single-
wall [  1  ]  carbon nanotubes. However, it is not suited for studying 
a large number of carbon nanotubes. Therefore, optical spec-
troscopy has emerged in the last decade as the most convenient 
means for determining the chirality indices ( n , m ) of SWCNTs 
in macroscopic ensembles of SWCNTs. There is now a well-
established correlation between optical transition energies, 
diameters, and ( n , m ) indices, as shown in  Figure    2  a. [  188  ]  RRS 
spectroscopy has served as the most commonly used tool for 
( n , m ) determination for both metallic and semiconducting 
SWCNTs for many years. [  189  ]  For semiconducting, or   ν    =   ± 1, 
SWCNTs, PLE spectroscopy [  24–35  ]  can provide accurate informa-
tion on the  E  11  and  E  22  energies from the emission and excita-
tion photon energies, respectively, as shown in Figure  2 b. One 
can also combine PLE and RRS spectroscopies to determine 
 E  33  and  E  44  in semiconducting nanotubes. [  190  ]  Furthermore, as 
detailed in Section 3, coherent phonon spectroscopy has sev-
eral advantages for simultaneously determining ( n , m ) indices 
and phonon frequencies for both semiconducting and metallic 
SWCNTs (see Figure  2 c). Finally, Section 4 presents how aligned 
SWCNT fi lms can be used to develop optoelectronic devices, 
ranging from state-of-the-art terahertz polarizers to large-area, 
broadband photodetectors.   

  2. Enrichment and Spectroscopy of Armchair 
Carbon Nanotubes 

 Because of their excellent electrical properties, metallic SWCNTs 
are considered to be promising candidates for a variety of 
future electronic applications such as nanocircuit interconnects 
and power transmission cables. In particular, ( n , n )-chirality, 
or ‘armchair,’ metallic nanotubes are theoretically predicted to 
be truly gapless and intrinsically insensitive to disorder, [  191–192  ]  
consistent with experimentally observed ballistic conduc-
tion behavior at the single-tube level. Unfortunately, progress 
towards creating such ballistic-conducting armchair devices in 
bulk quantities has been slowed by the inherent problem of 
nanotube synthesis, whereby both semiconducting and metallic 
nanotubes are produced. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
 Recent years have seen impressive progress in separating 
SWCNTs by type, diameter, and chirality. One of the most 
successful methods is the technique of density gradient 
bH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4977–4994
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     Figure  2 .     a) Sivarajan Chart for the electronic assignment of single-wall carbon nanotubes. Most experimental data is for SWCNT suspended in SDS. 
Each colored square represents a particular (n,m) species identifi ed by n (left axis) and m (bottom axis).  The color (yellow, green, and blue) of each 
square indicates its respective electronic type (medium-gap semiconductor, small-gap semiconductor, and metal).  For each (n,m) species, the radial 
breathing mode (RBM) frequency (in cm−1) and the E11 resonance wavelength (in nm) are indicated. For semiconducting [(n − m) mod 3 =  ± 1] 
nanotubes, the E22 resonance wavelength (in nm) is also shown.  The red circle in the bottom left corner of some entries represents isoradial (n,m) 
pairs of identical diameters; the pairs are matched with the number “i” inside the red circle.  Values for RBM frequency and E22 are taken from ref. [40] 
Values for E11 are taken from ref. [27] Reproduced with permission from ref. [188]. Copyright 2004, Ramesh Sivarajan. b) Typical PLE map for HiPco 
nanotubes suspended in aqueous SDS. c) Resonant coherent phonon spectroscopy map (see Section 3 for more details).  
ultracentrifugation (DGU), fi rst employed for SWCNT separa-
tion by Arnold and co-workers in 2005. [  193,194  ]  This technique 
has since been used by many groups to effectively produce sam-
ples of only metallic nanotubes and semiconducting nanotubes, 
respectively. [  56  ,  195–198  ]  The intrinsic differences in mass density 
of different-chirality nanotubes are primarily due to the varying 
diameter of the surfactant micelle and the binding affi nities of 
different types of nanotubes for the surfactant. The separation 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 4977–4994
is accomplished by subjecting surfactant-suspended SWCNTs 
in an aqueous suspension to travel through a mass density gra-
dient via ultracentrifugation ( ≈ 200 000 g  for 18 hours). Due to 
the variation in density of the gradient, different density nan-
otubes will migrate towards different regions of the gradient, 
under the applied force of the centrifuge versus the buoyant 
density of the nanotube, until an equilibrium is reached. At this 
point, the nanotubes are now suffi ciently separated in vertical 
4979wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Raman spectroscopic evidence, comparing before (left) and after (right) the density-gradient ultracentrifugation process, for the enrichment 
of: a) “metallic” (  ν    =  0) nanotubes, and in particular, b) armchair, or ( n , n ), carbon nanotubes. Adapted from Ref. [  56  ]   
distance in the gradient so that they may be extracted using 
simple fractionation techniques. 

 Hároz et al. have used DGU to prepare aqueous suspensions 
of nearly all metallic SWCNTs, [  56  ]  as evidenced through a variety 
of spectroscopy experiments, including PLE spectroscopy, 
absorption spectroscopy, and RRS spectroscopy (see  Figure    3  a). 
In particular, they used RRS spectroscopy of the radial breathing 
mode (RBM) phonons to quantitatively determine the chi-
rality distribution of these metal-enriched samples. [  56  ]  This 
allowed them to identify the chiralities of nanotubes that are 
present in an ensemble sample by tuning the excitation photon 
energy through the energies of the E 22  semiconducting and 
E 11  metallic interband transitions. There is clear evidence that 
the main species that are enriched are armchair SWCNTs. For 
example, let us take the 2 n   +   m   =  21 family (i.e., (10,1), (9,3), 
(8,5), and (7,7), where the (7,7) tube is the only truly metallic 
tube among them). The RRS data shown in Figure  3 b suggests 
that the relative abundance, refl ected in the relative peak inten-
sities, increases with increasing chiral angle,   α   (see Figure  2 a). 
This is truly striking considering the fact that the Raman inten-
sity actually tends to decrease with increasing   α   due to the 
decreasing electron-phonon coupling strength. [  199–201  ]   

 Hároz et al. further studied the absorption properties of a 
series of armchair-enriched SWCNT samples with different 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
diameter distributions, prepared using DGU, exhibiting dis-
tinct colors, as shown in  Figure    4  , right. [  202  ]  The starting mate-
rials were synthesized by CoMoCAT (average diameter,  d  avg   =  
0.83 nm), HiPco (batch no. 189.2,  d  avg   =  0.96 nm), HiPco (batch 
no. 188.2,  d  avg   =  1.1 nm), HiPco (batch no. 107,  d  avg   =  1.1 nm), 
laser ablation (NASA,  d  avg   =  1.38 nm), and arc-discharge ( d  avg   =  
1.5 nm). On the left of Figure  4  is a typical, as-produced SWCNT 
sample, which looks black because it contains a wide assort-
ment of metallic and semiconducting SWCNTs with different 
diameters, absorbing everywhere in the visible optical range.  

 The size-dependent colors of suspended colloidal particles 
have fascinated researchers, engineers, and artists for centuries, 
and it is now well accepted that there are two distinctly different 
coloration mechanisms. While quantum confi nement always 
plays a fundamental role, the coloration mechanism depends 
on whether the particles are metallic or semiconducting. For 
metallic nanoparticles, their colors are determined by the free-
carrier plasma resonance whose frequency depends on the 
electron density as well as the particle size and shape. [  203  ]  For 
semiconducting nanoparticles, the key parameter is the size-
dependent fundamental bandgap (i.e., the separation between 
the top of the valence band (highest occupied molecular orbital 
(HOMO)) and the bottom of the conduction band (lowest unoc-
cupied molecular orbital (LUMO))), which sensitively changes 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4977–4994
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     Figure  4 .     Pictures of armchair-enriched SWCNT suspensions. The black, “as-produced” vial on the left is typical of unsorted, SWCNT materials. On 
the right, various armchair-enriched samples with different diameters exhibit different, distinct colors. Adapted from Ref. [  202  ]   
with quantum confi nement (i.e., size). Here, a novel case exists 
for armchair SWCNTs, suspended in aqueous medium, for 
which the origin of their color does not depend on the plasma 
resonance even though the individual particles are metallic. 

 The 1D Coulomb interaction differs signifi cantly from 
systems with other dimensions. For example, the exciton 
binding energy becomes infi nite in an ideal 1D electron-hole 
system. [  204–206  ]  In addition, the Sommerfeld factor, the ratio 
of the exciton continuum to the free electron-hole pair above 
the band edge, has been shown to be less than 1 in 1D sys-
tems. [  207,208  ]  1D excitons in SWCNTs [  209  ]  seem to be even more 
peculiar. Early experimental PLE results (e.g., work by Weisman 
and Bachilo [  27  ] ) indicated that interband excitation energies are 
 higher  than those expected from band structure calculations 
based on simple tight-binding models. This blue shift is totally 
against our conventional wisdom that excitonic binding should 
red shift the excitation energy from the band edge. Ando’s pio-
neering theoretical work [  210,211  ]  indicates that there is a signifi -
cant blue shift from the single-particle bandgap (which is what 
tight-binding calculations yield) due to quasi-particle correc-
tions. This blue shift is expected to exceed the excitonic binding 
energy, and thus, the net effect is a blue shift. A number of 
more recent theoretical studies [  212–234  ]  not only confi rmed these 
predictions but also raised an array of new issues, questions, 
and predictions, including the intrinsic radiative lifetimes, 
the existence of “dark” excitons, and the stability of excitons 
in metallic carbon nanotubes. Two-photon PLE studies [  235,236  ]  
have successfully determined the exciton binding energies to 
be very large (300 − 500 meV). Furthermore, recent temperature-
dependent magneto-optical studies have provided new insight 
into the excitonic fi ne structure in SWCNTs, [  117–121  ]  including 
the direct measurement of dark-bright splitting values in indi-
vidual SWCNTs. [  106,107  ]  

 Although armchair SWCNTs are metallic in nature, the 
colors of their suspensions are not determined by their plas-
monic properties as in metallic nanoparticles, nor by their 
bandgaps (which are zero) as in semiconducting nanoparticles. 
Rather, they are determined by a unique combination of band 
structure and selection rules for optical transitions. [  202  ]  For arm-
chair SWCNTs, optical transitions between the linear bands are 
forbidden; [  168  ,  183  ]  the minimum energy required for absorption 
is the separation between the fi rst van Hove singularities, which 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4977–4994
is  not  the HOMO-LUMO separation. Near the resonant absorp-
tion energy, the optical transition is excitonic with a strongly 
suppressed continuum above the band edge, resulting in sharp 
absorption only in the vicinity of the excitonic optical transi-
tion. [  229  ,  237  ]  This strong and narrow absorption peak for each 
armchair explains the apparent colors of armchair-enriched 
suspensions when viewed in the context of subtractive color 
theory. [  202  ]  

 These metallically enriched SWCNT samples also provide an 
ideal system in which to study electron-phonon interactions and 
their consequences in Raman scattering spectra. [  238–241  ]  Of par-
ticular interest is the G-band, a Raman active optical phonon fea-
ture originating from the in-plane C − C stretching mode of  sp  2 -
hybridized carbon. In SWCNTs, the G-band is split in two, the 
G  +   and G  −   peaks, due to the curvature-induced inequality of the 
two bond-displacement directions. For   ν    =  0 tubes, the higher-
frequency mode (G  +  ) is a narrow Lorentzian peak, while the 
lower-frequency mode (G  −  ) is extremely broad. Earlier theoret-
ical studies treated this broad G  −   through a Breit − Wigner − Fano 
lineshape ascribed to the coupling of phonons with an elec-
tronic continuum [  242  ]  or low-frequency plasmons. [  243  ]  However, 
there is now accumulating consensus that the broad G  −   peak 
is a softened and broadened longitudinal optical (LO) phonon 
feature, arising from Kohn anomalies. [  49  ,  51  ,  238–241  ,  244  ]  Through 
either scenario, this broad G  −   feature has conventionally been 
known as a “metallic” feature, indicating the presence of 
metallic tubes in the sample under study. 

 Hároz et al. have carried out detailed wavelength-dependent 
Raman measurements on a macroscopic ensemble of SWCNTs 
enriched in armchair nanotubes produced via DGU. [  58  ]  Their 
G-band spectra clearly showed that the broad G  −   mode is absent 
for armchair nanotubes and only occurs for nonarmchair (i.e., 
 n   ≠   m ) “metallic” (or   ν    =  0) nanotubes. Namely, the conven-
tional method for identifying metallic nanotubes by observing 
a broad G  −   peak does not apply to armchair nanotubes. This 
supports an earlier conclusion based on a small number of 
single-tube measurements, [  55  ,  244  ]  as illustrated in  Figure    5   
(Right), and negates some claims that armchair nanotubes also 
show a broad G  −   feature. [  245,246  ]  Furthermore, this result fi rmly 
establishes a general correlation between G-band lineshape and 
nano tube structure due to the sampling of a statistically signifi -
cant number ( ≈ 10 10 ) of nanotubes.  
4981wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  5 .     (Left,Top) Raman intensity for armchair-enriched SWCNTs as a function of Raman shift and excitation wavelength for Family (2 n   +   m )  =  
27: a) radial breathing mode (RBM) region where two clear RBMs due to the (9,9) and (10,7) are observed; b) Corresponding G-band region where 
only the G  +   peak is observed when resonating primarily with the (9,9), and the appearance of the broad G  −   coincides with the maximum of the (10,7) 
RBM. (Left,Bottom) Selected resonant Raman spectra at 655 nm, 610 nm, 552 nm, and 500 nm, where resonance primarily occurs with (10,10), (9,9), 
(8,8), and (7,7), respectively. In each case, the G-band refl ects contribution mainly from the G  +   peak only. (Right) Resonant Raman spectrum for fi ve 
individual “metallic” nanotubes (  ν    =  0), the intrinsic response tends to show only the G  +   peak when the chiral angle approaches the armchair one. 
(Left) Adapted from Ref. [  58  ]  (Right) Reproduced with permission. [  50  ]  Copyright 2007, American Physical Society.  
 In Figure  5  (Top)(a), only two RBMs exist, arising from 
(9,9) and (10,7) nanotubes. The corresponding G-band 
[Figure  5  (Top)(b)] shows only a single G  +   peak centered at 
 ≈ 1590 cm  − 1  at the longest excitation wavelengths ( ≈ 610 nm) 
corresponding to the resonance of the (9,9) RBM. As the 
wavelength is decreased, a broad G  −   peak appears. This broad 
G  −   peak, centered at  ≈ 1550 cm  − 1 , reaches a maximum in 
intensity at  ≈ 587 nm, which coincides with the RBM reso-
nance maximum of the (10,7). The simultaneous appear-
ance of the G  −   peak with the Raman resonance maximum 
of the (10,7) and its absence with pure resonance with the 
(9,9) point out a clear correlation between ( n , m ) chirality and 
G-band lineshape. Namely, the broad G  −   peak appears only 
in the presence of nonarmchair   ν    =  0 nanotube species, and 
( n,n ) armchair species show only one single, narrow peak. 
Figure  5  (Bottom) shows selected Raman spectra of the (7,7), 
(8,8), (9,9), and (10,10) armchair families taken at 500, 552, 
610, and 655 nm excitations, respectively. These wavelengths 
are close to the general resonance maxima for each respective 
family. Data taken across a diameter range of 0.96 − 1.38 nm 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
shown here clearly demonstrates that the appearance and 
dominance of a single G  +   feature is a general result and indi-
cator for the predominance of armchair species in a SWCNT 
sample.  

  3. Ultrafast Bandgap Modulations in Carbon 
Nanotubes Via Coherent Lattice Vibrations 

 Because of the demand for higher-bandwidth communica-
tions, new schemes for high-speed optical modulations are 
being sought. Various switching schemes have been utilized to 
modify interband optical transitions in semiconductors at fre-
quencies as high as 10 12  s  − 1 , or THz. [  247–251  ]  Recently, Lim and 
co-workers [  78  ,  252  ]  proposed and demonstrated a novel scheme 
for SWCNTs in which an optical beam is modulated by another 
optical beam (i.e., “all-optical” modulations) by the mediation 
of phonons. Since the phonons involved have high frequencies 
(several THz), and their phase and amplitude can be controlled 
in an arbitrary fashion by appropriately choosing the photon 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4977–4994
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     Figure  6 .     a) Raw pump-probe time-domain data taken with a 2.1 eV probe. 
The inset was taken using a higher sampling rate and shows that both the 
RBM and G modes can be resolved in the CP oscillations. b) Raw pump-
probe time-domain data taken at an 800 nm center photon wavelength. 
The inset shows the region of the data taken between 0.3 and 6 ps, high-
lighting the CP contribution to the signal. c) CP oscillations excited and 
measured at fi ve different photon energies. The individual traces are offset 
for clarity. (a) Reproduced with permission. [  77  ]  Copyright 2006, Macmillan 
Publishers Ltd: Nature Physics. (b,c) See Ref. [78]  for more details.  
energy of the pump pulse for a given ( n , m ) chirality, [  253  ]  this 
scheme naturally leads to ultrafast THz modulations. 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4977–4994
 Specifi cally, in ultrafast pump-probe experiments, several 
groups have succeeded in real-time observations of lattice vibra-
tions, or coherent phonons (CPs), in SWCNTs. [  72  ,  77–78  ,  82–84  ,  86  ,  89  ]  
Both the RBM and G-mode CPs have been clearly observed in 
the time domain ( Figure    6  a), as fi rst evidenced by Gambetta 
et al. [  77  ]  In addition to revealing novel optical and electro-optical 
phenomena induced by the interplay of phonons and elec-
trons, CP spectroscopy has many advantages over conventional 
continuous-wave (CW) characterization methods for SWCNTs, 
including: i) easy tuning of the center wavelength of the pump 
pulse, ii) simultaneous excitation of multiple vibrational modes 
due to the broad spectrum of the exciting pulse, iii) no Rayleigh 
scattering background at low frequency, iv) no photolumines-
cence signal, and v) direct measurement of vibrational dynamics 
including its phase information and dephasing times.  

 Figure  6 b,c shows CP oscillations in SDS-suspended HiPco 
SWCNTs excited at different pump photon energies, reported 
by Lim et al. [  78  ]  The absolute amplitude of differential trans-
mission oscillations is  ≈ 10  − 4  near zero delay. Each trace in 
Figure  6 b shows fast oscillations with a slowly varying enve-
lope, or a beating pattern, indicating the coexistence of mul-
tiple, closely lying frequency components. The beating pattern 
sensitively changes with the wavelength of the pump, implying 
that the CP oscillations are dominated by RBMs that are reso-
nantly excited via interband transitions, as is the case in RRS 
spectroscopy. To determine the frequencies of the excited 
phonons, a fast Fourier transform (FFT) of the time-domain 
oscillations was taken to produce CP spectra, shown in Figure 
 2 c. Here, different ( n , m ) species show up as distinct peaks on 
this map, that is, a simultaneous function of excitation wave-
length and RBM phonon frequency, similar to RRS maps [  38  ]  
(see Figure  3 a) or PLE maps (see Figure  2 b). However, upon 
close examination, one fi nds noticeable differences between the 
CP data and CW RRS data. In particular, the CP spectra show 
a surprising double-peak dependence on the photon energy, 
which, as shown below, is a signature of RBM-CP-induced 
ultrafast bandgap modulations. 

 When the SWCNT lattice undergoes RBM oscillations, the 
diameter ( d  t ) periodically oscillates at frequency   ω   RBM . This 
causes the bandgap,  E  g , to also oscillate at   ω   RBM  (see  Figure    7  a) 
because  E  g  directly depends on the nanotube diameter (roughly 
 E  g   ∝   1/d  t ). As a result, interband transition energies oscillate 
in time, leading to ultrafast modulations of optical constants 
at   ω   RBM , which naturally leads to the oscillations in probe 
transmittance. Furthermore, these modulations imply that the 
absorption coeffi cient at fi xed probe photon energy is modu-
lated at   ω   RBM . Correspondingly, the photon energy dependence 
of the CP signal for each RBM shows a  derivative-like  behavior, à 
la modulation spectroscopy [  254  ]  (see Figure  7 b,c). This behavior 
can be modeled assuming that the CP signal intensity is pro-
portional to the absolute value of the convoluted integral of 
the fi rst derivative of a Lorentzian absorption line and a Gaus-
sian probe beam profi le. The results, shown as solid lines in 
Figure  7 b,c, successfully reproduce the observed double peaks. 
The symmetric double-peak feature also confi rms the excitonic 
nature of the absorption line (which will be modulated simi-
larly to the bandgap due to an unaffected binding energy), in 
contrast to the asymmetric shape expected from the 1D van 
Hove singularity. [  252  ]   
4983wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     a) Diagram showing time-dependent bandgap due to the RBM 
of coherent lattice oscillations representing van Hove singularities oscil-
lations. b,c) The photon energy dependence of the coherent phonon 
signal intensity (both contour and 2D plots) for the (12,1) tube with probe 
bandwidths of 25 nm (b) and 35 nm (c), together with theoretical curves 
(blue solid lines). See Ref. [  78  ]  for more details.  
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 As mentioned in Section 2, recent advancements in post-
growth separation techniques such as DGU allow researchers to 
84 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
study single-chirality samples. However, even when such tech-
niques are not available, CPs of particular chirality SWCNTs 
can be selectively excited using the technique of pulse-shaping, 
as fi rst demonstrated by Kim et al. [  83  ]  Using pre-designed trains 
of femtosecond optical pulses created through pulse-shaping, 
they selectively excited and probed RBM CPs of specifi c-chi-
rality SWCNT within an ensemble sample of many different 
chiralities. Such CP data provided chirality-specifi c information 
on light absorption, phonon generation, and  phonon-induced 
band structure modulations . In addition, by analyzing the probe 
wavelength dependence of the initial phase of the CPs for (11,3) 
SWCNTs, they proved that the nanotube diameter increases in 
response to ultrafast photoexcitation, which initiates coherent 
diameter oscillations. 

 The power of pulse-shaping is demonstrated in  Figure    8  . 
The left panel of Figure  8 a shows typical CPs without pulse 
shaping. As before, the time-domain beating profi les refl ect 
the simultaneous generation of several RBM frequencies, 
which are seen in the Fourier transform of the time-domain 
data in the right panel of Figure  8 a. By introducing pulse-
shaping, multiple pulses with different repetition rates are 
used to excite RBM oscillations, and, as shown in Figure  8 b–e, 
chirality selectivity is successfully obtained. With the appro-
priate repetition rate of the pulse trains, a single, specifi c-
chirality dominantly contributes to the signal, while other 
nanotubes are suppressed. For example, by choosing a pump 
repetition rate of 7.07 THz, only the (11,3) nanotubes can be 
excited, as seen in Figure  8 b. Similarly, with a pump repetition 
rate of 6.69 THz, the (10,5) nanotubes are selectively excited, 
as seen in Figure  8 c.  

 In this section, we have described an ultrafast optical process 
in which one optical beam initiates coherent bandgap oscilla-
tions in SWCNTs via coherent phonons, which in turn mod-
ulate the transmission of another optical beam, a promising 
scheme for ultrafast modulations and switching of optical 
beams. In addition, CP spectroscopy provides a useful tool 
for fundamental studies of phonon dynamics and electron-
phonon interactions in SWCNTs with an ultrashort time scale. 
For example, the excitonic nature of interband optical excita-
tion manifests itself in the detection process for the CP oscilla-
tions by the coupling with the broad spectrum of probe pulses. 
Furthermore, the expansion of the spectrum of femtosecond 
pulses into deep mid-infrared and visible ranges will allow one 
to explore large-diameter carbon nanotubes and metallic carbon 
nanotubes. Finally, the ability of CP measurements to trace the 
fi rst derivative of the excitonic absorption peaks of specifi c chi-
rality ( n , m ) will allow in-depth study of the lineshape of these 
resonances.  

  4. Optoelectronic Studies of Aligned Carbon 
Nanotube Films 

 As we illustrated in the previous sections, the 1D confi nement 
of electrons and phonons in SWCNTs make them an ideal 
material for fundamental studies as well as potential applica-
tions. For a long time, however, successful experiments were 
limited to individual nanotubes. Recently, different methods 
have been developed for achieving a high-degree of alignment 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4977–4994
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     Figure  8 .     a) Left: Time-domain transmission modulations due to coherent RBM vibrations in 
ensemble SWCNTs solution generated using standard pump-probe techniques without pulse-
shaping; Right: Fourier transformation of time-domain oscillations with chirality assigned 
peaks. b − f) Left: Time-domain coherent RBM oscillations selectively excited by multiple pulse 
trains via pulse shaping with corresponding repetition rates of 7.07 − 6.15 THz; Right: Fourier 
transformations of corresponding oscillations, with their dominant nanotube chirality ( n , m ) 
indicated. Reproduced with permission. [  83  ]  Copyright 2009, American Physical Society.  
of SWCNTs on macroscopic scales, ideal for various device 
applications taking advantage of their 1D properties. These 
methods include, for example, “soft lithography” techniques [  255  ]  
and “carpet” growth of vertically aligned SWCNTs by chem-
ical vapor deposition (CVD), [  256–259  ]  which have already been 
used for different applications such as large-scale electronic 
devices; [  260–262  ]  see review by Lan et al. [  263  ] , for example. How-
ever, systematic studies on their anisotropic optical properties 
are still lacking, except for some polarization-dependent absorp-
tion studies on vertically aligned SWCNTs, [  264  ]  stretch-aligned 
SWCNTs, [  265  ]  and SWCNTs in solution that are aligned in high 
magnetic fi elds. [  121  ,  123  ]  
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2012, 24, 4977–4994
 In this section, we review recent studies of 
the AC (or optical or dynamic) conductivity 
in the terahertz (THz) frequency range (Sec-
tion 4.1) and photovoltaic properties (Section 
4.2) of large-area, highly aligned, CVD-grown 
fi lms. These fi lms have been obtained by 
vertical growth from 1 to 2  μ m wide pads of 
catalyst (0.5 nm of Fe and 10 nm of Al 2 O 3 ) 
defi ned by optical lithography and depos-
ited using electron-beam evaporation, as 
illustrated in  Figure    9  a. SWCNTs were then 
grown in a hot-fi lament furnace by water 
assisted CVD, [  256–259  ]  as detailed in previous 
publications. [  266–270  ]  The length of the nano-
tubes was controlled by the exposure time 
and their average diameter was around 2.5 
to 3 nm. The highly aligned nanotubes were 
then transferred onto sapphire substrates (see 
Figure  9 b), producing homogeneous, cm 2 -
large fi lms (Figure  9 c) of highly  horizontally  
aligned SWCNTs, with thicknesses of  ≈ 2  μ m. 
For photoconductivity experiments,  ≈ 300  μ m 
long and  < 1  μ m thick individual lines were 
transferred on SiO 2  substrates using tweezers. 
Shadow masking techniques were then used 
to evaporate metallic electrodes (Au, Ti, and 
Pd) with a typical thickness of 50 nm and a 
channel length of 50  μ m. These fi lms present 
a very high degree of alignment on the micro-
scopic scale as can be seen on scanning elec-
tron microscope images (Figure  9 d) and very 
strong homogeneity at the macroscopic scale 
(Figure  9 e).  

  4.1. Anisotropic Terahertz Transmission: 
Toward SWCNTs Polarizers 

 Much information on fundamental interac-
tions in condensed matter, such as quantum 
confi nement, disorder or electron-electron 
interactions, can be obtained from meas-
urements of the AC conductivity   σ  (  ω  ). A 
number of detailed theoretical calculations 
have underlined the effect of 1D confi ne-
ment, in general or specifi cally in carbon 
nanotubes, taking into account disorder 
and interactions. [  271–276  ]  For example, metallic SWCNTs are 
expected to show a non Drude like behavior due to quantum 
fl uctuations in 1D as well as an   ω  / T  scaling of the conduc-
tivity in the Tomonaga − Luttinger liquid regime. As far as 
experimental studies are concerned, far-infrared and THz 
studies have produced contradicting results and interpreta-
tions. The most notable effect is the appearance of a broad 
absorption peak [  277  ]  around 4 THz (i.e., 135 cm  − 1  or 17 meV), 
assigned to a plasmon oscillation along the nanotube 
axis [  278,279  ]  or to the curvature-induced bandgaps in nonarm-
chair “metallic” SWCNTs, [  277  ,  280–282  ]  without leading to any 
consensus. [  283  ]  
4985wileyonlinelibrary.comheim
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     Figure  9 .     a) Schematic and SEM image of vertically grown SWCNT lines. b) Schematic of dry contact transfer of horizontally aligned SWCNTs onto 
the host substrate. c) Picture showing the 1 cm 2  fi lm on a transparent sapphire substrate and original growth substrate. d) SEM image at high mag-
nifi cation showing the excellent alignment after transfer. (e) Optical image of the sample with gaps showing the fi lm homogeneity. (f) Diagram of the 
measurement geometry showing the relative angle of the SWCNTs with respect to the THz polarization and the use of stacked fi lms to increase the 
extinction ratio. THz transmittance spectra (0.2 − 2.2 THz range) for two extreme cases: g) one-layer SWCNT fi lm with gaps corresponding to picture (e); 
h) three stacked layers without gaps; the red squares correspond to the SWCNT axis perpendicular the THz polarization and the blue dots to the 
parallel case. i,j) Degree of polarization (i), and extinction ratio (j) of the polarizers with different numbers of layers. Adapted from ref. [  270  ]  Copyright 
2012, American Chemical Society.  
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     Figure  10 .     Comparison between the performances of a commercial free-
standing wire-grid polarizer and a free-standing MWCNT sheet polarizer 
with optimized number of layers. a) The extinction ratios ( T  min  /T  max ), and 
b) the degree of polarization are both better for the CNT polarizer in 
the 0.6 − 2 THz range. Reproduced with permission. [  286  ]  Copyright 2011, 
American Chemical Society.   
 Some of the previous studies have been performed on 
partially aligned samples, demonstrating some anisotropy 
in the optical conductivity in the THz range. [  278  ,  284,285  ]  More 
recently, extreme anisotropy in the transmission has been 
reported for macroscopically aligned SWCNTs by Ren and co-
workers [  269,270  ]  (Figure  9 ) as well as for macroscopically aligned 
MWCNT fi lms by Kyoung et al. ( Figure    10  ). [  286  ]  Strikingly, both 
studies reported performances comparable to commercial, 
wire-grid polarizers and presented two main advantages: i) a 
much stronger mechanical robustness, and ii) a broader-band 
THz absorption. This second point makes CNTs particularly 
attractive since the polarization properties are driven by the 
inherent 1D character of the fi lm. Indeed, both SWCNT and 
MWCNT fi lms exhibit a degree of polarization (DOP) of 99.9% 
and an extinction ratio (ER) as high as 35 dB. It should be also 
noted that, in addition to these advantages, sample fabrica-
tion does not rely on complex top-down approaches such as 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 4977–4994
electron-beam lithography and chemical etching that are used 
to produce wire-grid polarizers.  

 Below, we will detail the work by Ren et al. on highly aligned 
SWCNT fi lms on sapphire using a terahertz time-domain 
spectroscopy (THz-TDS) system. [  269,270  ]  The experimental 
setup used a Ti:sapphire femtosecond laser to excite a ZnTe 
crystal to generate coherent THz radiation, which was detected 
using a photoconductive antenna. The generated beam was 
further polarized by a wire-grid polarizer before being focused 
onto the sample. The sample was then rotated by an angle 
  θ   between the CNT axis and the polarization of the incident 
beam, as illustrated in Figure  9 f. The CNT fi lm transmission 
at different values of   θ   was then deduced by subtracting the 
absorption from reference measurements performed on sap-
phire substrates obtained from the same wafers. Up to three 
layers were stacked in order to optimize the absorption at   θ    =  
0 (i.e., SWCNTs parallel to the polarization axis) and achieve a 
maximum ER (Figure  9 f). 

 It should be emphasized that no attenuation is observed 
when the SWCNTs are perpendicular to the polarization. The 
nematic order parameter was  ≈ 1, as detailed by Ren et al. [  269  ] , 
implying the intrinsic nature of the polarization dependence. 
Figure  9 g,h show the transmittance spectra between 0.2 and 
2.2 THz after Fourier transforming the time-domain data. For a 
fi lm with gaps between lines (i.e., line spacing is larger than the 
nanotube lengths, see Figure  9 e), the transmission is already 
very small ( T   =  0.2 − 0.4) for the parallel confi guration, whereas 
there is nearly complete transmission,  T   ≈  1 in the perpendic-
ular case (Figure  9 g). The decrease in transmission toward high 
frequencies is consistent with the fi nite-frequency absorption 
peak mentioned above. By stacking three layers fully covered 
with SWCNTs, the transmission drops down to 0 in the whole 
frequency range for the parallel confi guration and remains very 
close to 1 in the perpendicular one (Figure  9 h). 

 In order to further investigate the quality of these devices 
as polarizers, [  287  ]  the  DOP  and  ER , respectively defi ned as 
 DOP   =  ( T  �   −   T  || )/( T  �   −   T  || ) and  ER   =   T  || / T  �  were calculated 
(see Figure  9 i,j). Due to the enhanced absorption when stacking 
layers and the intrinsic nature of the polarization dependence, 
both the  DOP  and  ER  are strongly increasing in the whole fre-
quency range reaching values of  DOP   =  99.9% and  ER   �  33.4 dB 
in the 0.4 − 2.2 THz range. Such a range is already much broader 
than typical commercial far-infrared polarizers, as illustrated in 
Figure  10 , [  286  ]  and could be extended up to the mid-infrared [  89  ]  
and visible [  268  ]  to design ultrawide spectral absorbers.  

  4.2. Photocurrent Generation at the Film/Electrode Interface 

 One of the promising optoelectronic applications of SWCNTs 
is solar technology/photodetection. Much of the interest is 
driven by the fact that SWCNTs can absorb light in virtually the 
entire visible spectral range (see Sections 1 and 2), due to their 
diameter-dependent optical transitions between sub-bands. 
In addition, intraband absorption in the infrared and THz in 
metallic and doped semiconducting nanotubes (see Section 4.1) 
is promising for ultrabroadband detection. The photodetection 
properties of SWCNTs have been studied for single tubes, [  91  ,  98  ,  100  ,  
 102  ,  109  ,  125  ,  131  ,  137  ]  ensembles, [  126–129  ,  132–136  ,  139–141  ,  143,144  ,  146  ,  148  ,  150–154  ]  
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 and hybrid and composite structures. [  130  ,  138  ,  142  ,  145  ,  147  ,  149  ]  Clear 

photovoltaic signals have been identifi ed in clean SWCNT 
Schottky diodes, [  91  ,  131  ,  137  ]  p - n  junctions, [  100  ,  102  ,  109  ]  and even 
metallic nanotubes [  98  ]  at the single-tube level. However, for 
macroscopic SWCNT fi lms (either from single-wall or mul-
tiwall), various mechanisms have been proposed, including 
photodesorption, [  127–128  ]  bolometric effects, [  132  ,  140  ,  150  ]  and photo-
thermoelectric effects. [  148  ,  151–153  ]  The latter two effects have been 
observed in suspended fi lms, whereas the photocurrents gener-
ated at the electrode-CNT fi lm junctions have been assigned to 
photovoltaic effects at Schottky barrier junctions, [  136  ,  141  ,  143–146  ]  
similar to single-tube experiments, despite the presence of 
metallic nanotubes and complete randomness of CNT orien-
tations; one noticeable exception is the study by St-Antoine 
et al., [  153  ]  who interpreted their results in terms of photother-
moelectric effects between the CNT fi lm and metal electrodes. 

 Here, we describe our recent study of broadband photodetec-
tion using the highly aligned, ultralong SWCNT fi lms presented 
in the introduction of this section. [  288  ]  Because the nanotubes 
were ultralong ( > 300  μ m), it was possible to use shadow masking, 
which avoided accidental doping, alignment deterioration, and 
further densifi cation, which would have been introduced in 
standard photolithography processes. The samples were con-
tacted with the current either parallel (with the same SWCNTs 
spanning both electrodes) or perpendicular to the nano tube 
orientation (with the current entirely relying on tube-tube junc-
tions). We fi rst performed scanning photocurrent microscopy 
(SPCM), illustrated in  Figure    11  a, using 660 nm and 1350 nm 
laser diodes as light sources. The laser beam was highly focused 
( ≈ 1  μ m spot diameter) on the sample with a typical power of 
2 mW. The sample was kept in vacuum and scanned with two 
motorized stages along the focal plane axis. Sample positioning 
and laser focusing were achieved using a white-light source and 
a CCD camera, which were turned off during measurements. 
We then recorded  I ( V ) curves at each position, as well as the 
position-dependent open-circuit photovoltage ( V  OC ) or the short-
circuit photocurrent ( I  SC ) (Figure  11 b,c).  

 Figure  11  shows typical results for a device with two Au 
contacts with a current orientation parallel to the nanotube 
axis. Typical two-point  I ( V ) curves in the absence of light (not 
shown here) were linear and showed a resistance around 100  Ω  
(typical perpendicular resistance was a few k Ω  measured for 
a different device). Under illumination, no change in resist-
ance was observed but a strong photovoltage (or symmetrical 
photocurrent) was observed when the light was focused near 
the electrode edges, as shown in Figure  11 b. While a positive 
photovoltage ( V  OC   >  0) develops near the left electrode, a nega-
tive  V  OC  arises near the right electrode. The photovoltage starts 
developing as far as  ≈ 30  μ m under the electrode. Note that this 
behavior is entirely reproducible along the width of the sample. 

 As expected from the very high degree of alignment of the 
fi lm, the photosignal shows strong polarization dependence 
(Figure  11 c), with a signal intensity ratio of  ≈ 1/2, indicating the 
role of interband absorption in the measured signal. Moreover, 
the decay length of the signal when moving away from the elec-
trode goes down to less than 10  μ m when the photocurrent 
is collected perpendicular to the nanotube orientation on the 
same SWCNT fi lm (Figure  11 d). The amplitude is almost the 
same for both orientations (not shown here). We attribute this 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
photoinduced signal to a photo-thermolectric (PTE) effect, which 
relies on the metal-induced doping gradient present in the fi lm. 
Because of the doping gradient, the Seebeck coeffi cient in the 
channel is different from that under the electrode. When the 
light beam locally heats the fi lm, a temperature gradient arises, 
which leads to the generation of a voltage. Self-consistent calcu-
lations reproduce this behavior well. [  288  ]  This one is noticeably 
different from previously reported PTE effects in carbon nano-
tube fi lms; in particular as can be seen in Figure  11 f, random 
networks need to be suspended and annealed in order to pro-
duce a Seebeck gradient intrinsic to the CNT fi lm together with 
a heating by the laser giving rise to a local photovoltage; [  148  ]  
whereas the photoresponse is assigned to a difference in ther-
mopower between the fi lm and the electrode when the device is 
in direct contact with the substrate. [  152  ]    

  5. Summary and Outlook 

 We have reviewed some of the fascinating optical proper-
ties of single-wall carbon nanotubes that are promising for a 
variety of optoelectronic applications. During the last decade, 
various CW and ultrafast optical, magneto-optical, and tera-
hertz spectroscopy studies have revealed unusual properties 
of one-dimensional carriers, excitons, and phonons in semi-
conducting and metallic nanotubes. Progress in post-growth 
separation methods has made signifi cant impact on studies 
of ( n , m )-dependent properties. Recent studies have shown 
that armchair, or  n   =   m , nanotubes behave in a similar way to 
semiconducting nanotubes in terms of optical absorption, even 
though they electrical properties are drastically different. It has 
been shown, experimentally and theoretically, that coherent lat-
tice vibrations in the radial breathing mode induce bandgap 
oscillations in carbon nanotubes at THz frequencies, opening 
up possibilities for novel ultrafast optical modulation schemes. 
Finally, aligned nanotubes have a wide range of optoelectronic 
applications, and we have reviewed only two aspects, terahertz 
devices and photodetectors, in this article. 

 Semiconducting single-wall carbon nanotubes are attracting 
particularly strong attention for developing light-emitting and 
detecting devices, because they are direct-bandgap systems. In 
addition, their diameter-dependent bandgaps can be utilized 
for unique multiwavelength devices. However, there are many 
challenges facing researchers in this area because macroscopic 
samples of aligned nanotubes of single chirality are still not 
available. Furthermore, they have shown rather strong Auger 
recombination, which prevents the creation of large density of 
electron-hole pairs, or population inversion, a prerequisite for 
lasing. Research on the optical spectroscopy of carbon nano-
tubes has produced a vast literature over the past 10 years, but 
most of these studies have been carried out under weak excita-
tion in the quasi-equilibrium regime. In order to realize device-
operating conditions, it is important to investigate their optical 
properties under highly non-equilibrium conditions. Many 
new studies have been appearing in recent years, including 
studies on graphene, to probe and assess their performance 
characteristics as optoelectronic materials under device-oper-
ating conditions by strongly driving them far from equilib-
rium, either electrically or optically, and examine their optical 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 4977–4994
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     Figure  11 .     a) Schematic diagram of the scanning photocurrent measurement of highly aligned carbon nanotubes. b) Typical photoresponse at 1350 nm 
of a fi lm with Au contacts showing strong maxima at the electrode edges for both the short-circuit photocurrent  I  sc  (right axis, red line) and the open-
circuit photovoltage  V  oc  (left axis, blue line). c) Polarization dependence at 1350 nm of the photogenerated signal reaching a maximum when the 
polarization is parallel to the SWCNT axis. d) Comparison of the spatial dependence of the photocurrent showing that the signal starts appearing 
further from the electrode in parallel due to higher thermal conductivity; data are averaged along the width of the sample. e) Results obtained from 
a suspended, thin, random network of carbon nanotubes. The photo-thermoelectric voltage develops in the suspended part due to a strong thermal 
coupling to the substrate, which acts as a heat sink, and a doping gradient induced by preliminary current annealing. (e) Reproduced with permis-
sion. [  148  ]  Copyright 2009 American Chemical Society.  
properties in highly non-equilibrium situations. These results 
will form the knowledge base needed for preparing the next 
generation of solid-state devices as well as for understanding 
out-of-equilibrium properties of interacting, confi ned carriers at 
low dimensions. 
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