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Abstract. In the past five years photoluminescence (PL) of 3@/Nas gone from discovery to one of the
most actively researched areas, with broad impadi@bdsic science of SWNTSs, as well as the pronfise o
applications. The simplest free-carrier models of peréemiconducting SWNTSs in vacuum predict that
they have direct bandgaps and therefore should beeeatfiight absorbers and emitters. Experimentally,
isolating SWNTs from environmental interactions prosegial to observing this strong PL. The Coulomb
interaction enhanced by one-dimensional confinement egjuinat excitonic models be invoked to
understand PL features. Prepared properly, SWNTs anegsiPb emitters, with good quantum yield,
showing principal PL peaks with characteristic lineshegress 6,m) dependent emission and absorption
energies, as well as a rich absorption spectrum. Pletm@sged as an important characterization tool for
determining ,m) and 6,m) distributions, albeit with some limitations. Extring$actors, such as chemical
environment, temperature, electric and magnetic fldhtrinsic factors, such as phonons, are manifest
SWNT PL. Possible applications in sensing, biologicatkers, and optoelectronics are beginning to
emerge from current research in SWNT PL.



1. Introduction

The first report of photoluminescence (PL) in singldl@gacarbon nanotubes (SWNTSs) dates to
20072, and in the intervening half-decade there has beennsue progress including a great number of
fundamental studies of SWNT PL, the emergence of PL rdsthe basic characterization tools, and the
early exploration of PL related applications. The tepinctoluminescence” describes any process in which
light is absorbed by a medium, generating an excited statethan light of lower frequency is re-emitted
upon recombination to a ground state. In the curremtte@ated picture of SWNT PL, when a SWNT is
photo-excited, electron-hole pairs are created in fofrexcitons, which are subsequently annihilated with
the emission of photons. Of special interest for furetaal science is the strong, one dimensional
confinement with its consequences for PL charactesistiote SWNT represents a unique model system for
which the range of diameters and chiralities availdbteugh synthesis allows for a quasi-continuous
tuning of exciton confinement energy and symmetry. ThéNSVellso constitutes a bridge between bulk
crystals traditionally studied by physicists, and molextiaditionally studied by chemists, and as such its
optical properties can be understood in terms of eithem atarting point, and the methods of both
disciplines can be applied.

The aim of this chapter is to outline the PL relapedperties of SWNTs and how they are
presently understood. The number of publications is lamgg growing rapidly, and cannot be fully
explained in such a short review. Nonetheless, we Hopeltapter will provide a good starting point for
those interested in SWNT PL. Some important topicsrasged very briefly because they are covered in
detail in other chapters of this book. The chapter cansisthe following sections: Section Basic
Photoluminescence Spectroscopy of Isolated Nanotuba&s the basic description of optical processes in
SWNTs, including absorption, luminescence, photolustaece excitation, effects of sample preparation,
and excitonic effects . Section Fgectroscopic Properties of Nanotube Photoluminescepiasents the
spectral characteristics of SWNT PL including linewidtliseshapes, quantum efficiency, and phonon-
related features. Section £Hysical and chemical effectsfjives an overview of the effects on the PL of
various physical parameters such as temperature, sttaitic and magnetic fields, and chemical doping.
Finally, section 5 Applications” looks beyond the fundamental science to explore sontieeopossible
PL-related applications of SWNTs which are currently urggsloration. Finally, section 6 provides a
summary and outlook for the field of SWNT PL-relateccegsh in the next few years.

2. Basic Photoluminescence Spectroscopy of | solated Nanotubes

2.1 Model. In SWNTSs, the band structure is a series of one-diibeaksubbands arising from the
periodic boundary conditions imposed by wrapping the grapkleeet. The dominant “allowed” optical
electronic transitions connect bands with the samexinieese longitudinal transitions are labelggand
E,, (more generall¥g;, i=1,2,3...) in Fig. 1, and are allowed for light polarizeoha the nanotube axis. In
the simplest physical picture of PL, light absorptimrcurs atE;, and after some relaxation process,
recombination occurs &,;. A schematic of the band structure of an SWNT aerdPth process at this level
of approximation is shown in Fig. 1la. Absorption and eimisgnergies are intimately connected to the
nanotube diameter and chirality. The longitudinal tramisitican be described to leading order by:
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wherey,? (2.6-3.0 eV){,; andt,, are free parameters related the onsite energy ahe twpping integrals,
respectively, and is the lattice parameter (2.49, d is the nanotube diameter, afis the nanotube chiral
angle. For polarization perpendicular to the tube axisgitians are allowed between states belonging to
bands which differ by one in band index. For example, atreleis promoted from the highest valence
band ¢, in Fig.1a) to the second lowest conduction bamyl @n E;, transition. The large geometrical
anisotropy of carbon nanotubes, and consequently itsctliel environment, leads to a strong suppression
of transverse transitions (the “antenna effect”, séap@r 7)° Within a non-interacting picture, the



tranversekE;, (and E,;) transitions appear halfway in energy betwé&gn and E,,.. Experimentally, the
longitudinal and transverse configurations are most camhynmwobed. However, light propagation along
the tube axis will also give rise to interesting oaltitransitions. For example, chiral tubes will show
different responses to left and right circular polartrafor light propagation along the tube axis (“dichroic
effects”). Such transitions should also be weak duegtatienna effect.

Although non-interacting pictures are useful models, tleeteof the Coulomb interaction must be
taken into account to properly describe SWNT PL. In dingension, charged particles are compelled to
interact more strongly, and the peaked DOS, the reduced ctegming, and the reduced phase space are
all factors enhancing the effect of Coulomb interacfidris was already recognized in the earliest PL work
on SWNTS and it is PL experiments that have since provided thst direct evidence of these Coulomb
effects. Chapters 6 and 7 provide full treatments of exdiheory. In particular Fig. XX of Chapter 6
shows how the absorption spectrum evolves as the streéng@tulomb interaction is increaséd.

A basic description of interaction effects on peak pwms#tiis needed to understand PL data. First,
positions of the free-particlg; transitions are pushed apart by a self-energy renomtializterm. At the
same time, an electron and a hole will bind togetheetheir mutual Coulomb interaction, and these bound
excitonic states lie well below (~0.3 eV) the free péatistates, more or less counteracting the repulsive
self-energy correction. Each optical transition (&g.or E,;) and its related bands in the single particle
picture generates a set of exciton bands with its ovatten rules. The unbound (or “continuum”) states
still exist, but the oscillator strength shifts from free electron-hole pair to the optically allowed ground
state exciton. When using the notatigrin PL experiment now, one generally refers to the boundaipti
active excitonic bands.

Within the excitonic picture, experiment indicates thatiadion 1 and 2 remain a reasonable
approximation, but with a different set of parametersyfoy; , t; andt,,. This can be understood in part
because the exciton dispersion, though different from tigdesparticle dispersion, still must incorporate
the same graphene-related symmetries. Thus, measurefifel transition energies can provide evidence
for excitons in SWNTSs.

2.2 Absorption. Absorption is the fundamental first step to any PLssion. Historically, optical
absorption on SWNTs preceded PL measurements by seversf3mincipally because, regardless of
preparation, nanotubes can absorb light, while nanotubasomsgecially prepared to be good PL emitters.
These samples consisted of large ensembles of SWiNiiah would typically be bundled into ropes and
contain some level of impurities, for example catalgstdues and non-nanotube carbonaceous material. A
typical absorption spectrum from SWNTs as compared fghigis shown in Fig. 2x3Above 2.0 eV, the
spectrum is relatively featureless and generally sirtdlgraphite. At lower energies however, both spectra
differ significantly, with the SWNT sample showing thi@ead peaks labeled A, B and C (~0.1 to ~0.4 eV
FWHM). The origin of these peaks was associated withdiedt allowed transition in semiconducting
SWNTs (peak A, typically referred to &$;), the second allowed transition of the same semicdaimguc
SWNTs (peak B, oEy,), and the first peak in the JDOS of the metallic nareu(metallic according to
mod(n-m,3)=0). The corresponding transitions are labielé&ig. 1b.

Despite the fact that SWNTs have sharply peaked densistabés, the peaks found in the
absorption spectra are broad. Beyond lifetime broadesggral factors affect the absorption linewidth
for materials in general. Specifically for SWNTs, sanpleterogeneity is the dominant factor. An
ensemble of nanotubes most often consists of mangreliff speciesn(m), each with a different set of
absorption peaks, adding up to produce the broad peak rajl¢otifirst order a diameter distribution. In
addition, even if the sample consisted of only a singleotube species, interaction with the environment,
either through bundling or contact with other material, lmaraden spectral features. Fig. 2c illustrates how
bundling severely broadens the series of narrow absorptaks (~25 meV) obtained on ensembles of
individual SWNTSs.

2.3 Photoluminescence from isolated SWNTs. The breakthrough which began the era of PL
studies on SWNTs was at first one of purification, whsotated SWNTs could be separated from bundled
ones' The absorption spectra of the separated SWNTSs showied eesharp peaks (~25 meV), rather than
the broad peaks seen for bundles. (See Fig. 3a and Fign2stark contrast to bundle samples, these
separated SWNTSs in suspension also showed sharp fluoresaksimpéhe near infrared when excited with
laser illumination in the visible. Fig. 3a shows #mission spectrum, which has virtually identical energies
and similar linewidths (~25 meV) as the absorption spectitims led to the conclusion that the same



states are responsible for both processes and thdurtiieescence involves transitions between band
extrema in semiconductors (i.e. frdgy). Since this original work, many other recipes usingiety of
surfactants have been tested by several groups. Thissienply the dominant method to obtain PL spectra
from SWNTSs.

For basic studies and for many applications, it isuldefimmobilize the nanotubes. The addition
of PVP to the suspensions produced a solid with similarinescence efficiencies to the aqueous
suspension. There are also alternative methods ofirspladividual SWNTs that predate these methods.
One approach to isolating SWNTs from their surroungliaigd preventing bundling is to synthesize them
on textured substrates, for instance on a substratareattevith pillars or trenchesChemical vapor
deposition was found to be an effective method to producte samples, where large numbers of isolated
single SWNTSs bridging pillar to pillar can be synthediZ& Such nanotubes are surrounded only by gas
ambient — there is no surfactant or solvent to ictength the nanotube surface. In a first experiment with
such samples, laser illumination showed no NIR photaiestence from the flat surfaces known to have
abundant SWNT$But on pillars bridged by sparse networks of SWNTs, shaagspeere observed (Fig.
3b). Notably these peaks are substantially sharper (~&9) rnthan the micelle wrapped SWNTSs.
Wavelength dependent excitation confirmed that these peekth@rsamet;; transitions observed for
micelle wrapped SWNTs. Such SWNTs have spectral propdrtignany ways superior to the micelle
wrapped nanotubes (see Section 3.1 for details), ande siaglotube studi¥sare no more difficult than
ensemble studies. These freely suspended SWNTSs, aitlaér or some other gas ambient, are ideal for
spectroscopic studies, and they prove to be essentighdofundamental understanding of luminescent
processes in SWNTSs.

2.3 Photoluminescence excitation map. SWNTs have a unique, species-dependent optical
absorption spectrum. An alternative probe of the energd stmicture that is closely related to optical
absorption is photoluminescence excitation (PLE) spsctpy. In PLE the PL intensity is recorded while
the excitation wavelength is changed. A maximum in intensitipund whenever the excitation energy
passes through an absorption resonance from which relaxate PL emitting transition occurs. One can
build up a three-dimensional “map” showing luminescenngitg vs. emission and excitation wavelength.
An example of a PLE map is shown in Fig.'4@he intensity of luminescence is plotted on a colotesca
with the emission wavelength along the x-axis and eké&tation wavelength along the y-axis. This
particular PLE map is for rather large diameter nanatulb@d the excitation energy extends over a
relatively large range.

A PLE map obtained from an ensemble of SWNTs producéstrégiuing pattern of spots such as
in Fig. 4a, each representing a singtanj species. The so-called “fingerprint region” is visilh the
center of the plot. Each spot in this region comes fresonant absorption int, with emission ak;;, for
a given ,m) species of nanotubdé®The link between theE(,, E,,) spots on the photoluminescence
excitation map and their connection to specificmj represents a fundamental result in nanotube
photophysics and is discussed in detail in Chapt&LE mapping has already emerged as an important
method of identifying then(m) species in a given sample. Tliigsm) assignment provides an alternative
way to construct a “Kataura plot” (Fig. 4byyhich is complementary to Raman-derived plots. In such a
plot, E;; andE,, resonances are plotted versus the nanotube diameter.

That the PLE map showd,(n) dependent spots can be understood from the dispersion of
graphene and the cutting lines associated with e $pecies. Conceptually, for a linear dispersion with
no chiral angle dependence, an excitation map would shows @p s&ries of spots distributed along a
straight line with slope 2. Deviations from nonlineasitould not change the map qualitatively, but would
only putE,, at some constant factor away frén. The SWNT however, possesses a trigonal symmetry of
bonding similar to graphene, and therefore, the digperslation contains a term to reflect this distorti
away from a circle. A PLE map including trigonal wiagpeffects would fan out compared with the linear
case, with two sets of branches on either side ofltpe 2 median. Smafl-m points (near armchair) sit
close to the median line, and largem (towards zigzag) are farther away. The set of spelswbthe
median (smalkE,, energy for a givelk;;) belong to mod2 “family” (as defined by mod(n-m,3)=2), aral th
upper set to the mod1 family. This separation comes franfact that mod1l and mod2 families sample
opposite sides of energy contours. The effect of the triggagding term is amplified in PLE maps since
the E;; andE,; cutting lines sample opposite sides of the energy disperSxperimentally, the median
line is found to be around 1.7, and the deviation fRois attributed to self energy corrections to the gyer
dispersion.



The geometrical meaning of timem “family” is simple. Nanotubes with the samemvalue have
fairly similar chiral angles but varying diameter. Almet important grouping is the2m “family”, and this
family can also be seen on the Kataura plot (Fig. Bagh set of peaks peeling away from the central line
in the Kataura plot belongs to a single+tnfamily. The geometrical meaning of the+2n family is also
simple and arises from the projection of the chimdtor onto the first primitive lattice vector, ithe
projection of the chiral vector onto the zigzag liB®NTs belonging to a giveln+m family are fairly
similar in diameter, while the chiral angle varies.

Beyond €1, Ex) spots, a number of additional spectral features doemvin a PLE map. For
example, the vertical streakiness in the map results ff-resonance absorption, which is typically a
factor of ten or more weaker than on-resonance. Alsthe bottom right in Fig. 4a€500 nm), a second
“fingerprint” region appears as a kind of “echo” of thaffifingerprint region. This corresponds to resonant
excitation atEz; or E44 and emission ;. Like the first fingerprint, these resonances tamjld be used
for (n,m) assignment. Another kind of feature is the line lledb&, and also the much weaker line labelled
G'. These show resonant absorption at levels whiclagifeonon frequency abotg, in this case th& (or
G") phonon. Many such phonon echoes are now known,natigig both fromE;; and Ey, and will be
discussed in the next section. Importantly, pure Raman é&sasame phonon energy below the excitation
energy are often seen in PLE maps when laser excitatiased, particularly as combination modes (e.g.
2D+2G). Finally, the bright line along the top, where the timn wavelength and emission wavelength
are almost equal, is mostly an experimental artifactezhbyg the lack of rejection of the excitation source.
However, some real structure is visible here, origigafiom E;; absorption resonances, which are broader
than the rejection of the optical setup.

While PLE maps are qualitatively similar for SWNT gaes prepared with various methods,
detailed analysis can reveal some significant diffeeenFor example, Fig. 5 shows a map from SWNTSs in
free space with the SDS wrapped data of Ref. [12] plotiecdmparisort! One immediately sees the
same pattern of spots, and they can be related enreetdo the surfactant based assignment. The micelle
encapsulated emission peaks are slightly redshifted (28 meVerage foE; ;). This shift is explained by
dielectric screening produced by the solution surroundingahetube$.The magnitude of the shift can be
understood with reference to exciton models. However ibidrivial, since two effects opposite in sign
shift the energy peak position, namely the self energgtwinicreases the energy and the exciton binding
energy which decreases it. The overall redshift of aptiesonances was predicted theoretically. (See also
section 4 and Chapter 8 of this volume.)

Depending on the details of the sample preparation, fAaBs can evolve from well-resolved
peaks to broad unresolved features. In some cases, figggien observed from bundles was attributed to
non-radiative relaxation and blackbody emission emmmying transient heating.Recently, detailed
analysis of PLE maps revealed that excitons can tratsfar neighboring nanotubes and emit litht.
Structures closely related to individual, isolated SM¥Nare also likely to emit PL in some cases. For
example, preliminary PL experiments on double walled canamotubes (DWNTSs) have been performed,
though with quite different results®

2.4 Exciton Picture. In general, excitonic effects are important in low dimemasicystems and
similarly, excitons are expected to be important in SWMNT early experimental work alludes to their
importance?? and at the time some excitonic effects were alreaddigied® The excitonic picture is
discussed in full detail in Chapter 6 and 7.

One early line of evidence for the need to use exciimmesplain the PL data is the ratio problem.
1920The ratio ofE,./Ey; for linear energy dispersion within the simplest tigmdivig model is 2. In more
physical models of the single particle dispersion, “trigavalping” other trigonally symmetric terms and
diameter dependent curvature effects distort the shape dfigpersion and cause this ratio to deviate from
2. However, these distortions vanish in the limit of IzZ8Y&NT radius (i.e near tH&point of the graphene
dispersion). Thus the limit &,,/E;; for large diameter SWNTSs should go to 2. Extrapolatiogfthe PLE
mapping data, the ratio rather goes to 417.

The ratio problem can be understood if Coulomb intevacis included even in the simplest
model with linear dispersioff.While the electronic (single particle) bandgaps scalghly as I, the
Coulomb interaction has two contributions, excitonia a®lf-energy corrections. For large nanotube
diameters, excitonic corrections vanish but self-eneoggections present in graphene remains. These are
repulsive contributions which increase the values tfi Bp; andE,,, in such a manner that the average



ratio to become smaller than 2. The magnitude of théatien is determined by the strength of the
Coulomb interaction, and consequently is sensitive talitflectric constant.

More evidence for excitons in SWNT is provided by a twotph PLE experimen
Conventional PL is a one-photon (linear) process hadbsorption of a single photon causes the transition
from the ground state to an excited state. The emisioalso usually a single photon process.
Recombination occurs across the bandgap with the emiskasingle photon. However, at high excitation
power densities, two photon absorption (TPA) can occuanatappreciable rate. TPA and one photon
absorption (OPA) obey different selection rules. In emtional semiconductor materials, the difference
between OPA and SPA has been used to demonstrate exeiftfatis. Two groups have performed this
type of experiment on SWNTSs, showing that the TPA datadompatible with the single particle picture
of SWNT photoluminescence.

In one-dimension, excitonic states can be described bgiradsn-like Rydberg seriesg,d...) of
bands below the single particle bandgap. For SWNTSs, thiesents an oversimplification; nonetheless
this description provides some useful insights (For amomplete picture of excitonic states, see Chapter
6.). Excitonic states have definite parity with resptecta plane perpendicular to the tube axis. For
transitions polarized along the tube axis, which araliysdominant in SWNT photoluminescence, OPA
selection rules dictate that the initial and final stdtave opposite parity. In TPA such transitions have the
same parity. In the Rydberg model, OPA absorption extitedower lyings-like exciton, while TPA
excites thep-like excited exciton state. This simple model was initialked to describe TPA but proper
account of symmetries is required to reflect the clyrali SWNTs. Excitation with two photons will result
in an absorption peak higher than the one photon peakpiidtess of two photon absorption followed by
one photon photoluminescence emission in the excitmaoiore is illustrated schematically in Fig. 1b.

In contrast, the single particle picture has only ekioit@ into a continuum, and thus there is no
selection rule to separate one and two photon procedsesand two photon absorption should both take
place at the bandgap as measured by PL. A deviationeoftwb photon absorption peak from the
photoluminescence emission peak (or one photon abzonpeiak) is a signature of excitonic effects. This
is precisely what is observed in PL experiment as showFig 6¢. The absorption peak for the single
particle picture would sit along a line at twice thmisgsion wavelength. There is, however, an
approximately 0.3 eV shift, representing the differebesveen the one and two photon states. The exciton
binding energy can be estimated from this difference theitexact number is model dependent. In any
case, this represents a significant fraction the releict bandgap, and is much larger than found in bulk
semiconductors or two-dimensional confined semiconduetigrbstructures.
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3. Spectroscopic Properties of Nanotube Photoluminescence

3.1 Lineshape. As described in the previous section, the electronic B&Hongly peaked at the
band edge with the consequence of limited thermal broagleBiren if higher energy states can become
thermally occupied at finite temperature, the lower dgn&ir those states reduces their relative
contribution to the PL intensity. This reduced dimensitynahould be reflected in PL linewidths. Indeed,
air suspended SWNTs have emission linewidths at 300K dfasrnameV, significantly smaller than the
thermal energy of 25me¥/.The early reports from surfactant SWNTs showed brolaolemtzian peaks of
about 25 meV (FWHM}.For other preparation methods, broader linewidthsd#roof 50 meV have been
reported” The broader linewidth of these surfactant SWNTsomspared to air suspended SWNTs might
by due to inhomogenous surfactant coatings, bundling effectdue to damage or cutting due to the
relatively aggressive suspension process. More recewlsow linewidths have been obtained from
individual surfactant SWNTs

For air-suspended SWNTSs the lineshape is systematasglipmetric, with a sharper rise on low-
energy side and a more gradual fall-off at high energy TF° Some surfactant SWNTs with narrow PL
linewidth reproduce this shapéInterestingly, this shape qualitatively reproduces a 1D D6 the
connection of the lineshape to the DOS has not bgearately confirmed. Individual nanotubes prepared
by dryingzsa drop of dispersion on glass have a single tenlineshape with approximately 25 meV
linewidth:

It seems likely that the narrow linewidths are infiinClearly, lifetime broadening can be
excluded since PL radiative lifetime is estimated to beorofer of nanoseconds, which implies peV
linewidths. Since excitons in SWNTs are strongly bourl3 eV), excitonic effects are important even at
room temperature. One clue to the origin of the lidvg is the correlation between nanotube diameter



and emission linewidtf the linewidth is broader in smaller diameter nanotubean temperature. A
possibility is that this broadening originates from theh@spg time of excitons in the ground state due to
exciton-phonon scattering, i.e. if the dephasing timshizrter for smaller diameter SWNTs. The role of
exciton-phonon scattering is also apparent in temperdegendence of the linewidth, as described later in
this chapter.

The absorption linewidth and shape is largely determinedabijer relaxation. In contrast with
emission, PLE profile even from an individual nanotube show several resonances. However,Bhe
resonance is strongly dominant, with a Lorentzianshage of FWHM measuring about 40 meV. This
linewidth is consistent with lifetime broadening at timaescales (<1 ps) measured in photobleaching
experiments (Seehapter XX on fast optics). FOE»,, no significant systematic trend in linewidths as a
function of f,m) has yet been found.

3.2. Polarization. The optical response of SWNTSs is strongly affected bghtspe anisotropy,
with both absorption and emission of photons having engtrpolarization dependence. Anisotropic
scattering was first demonstrated in Raman spectrosmopydividual nanotubes.For surfactant SWNTS,
this result was reproduced soon after the discovery df IFig. 7 shows the polarization dependence of
both light absorption and PL emission. Both emissiorEatand absorption aE;, have a maximum
intensity for polarization parallel to the nanotube aXise intensity fits a cé6 polarization dependence,
and the polarization anisotropy was found to be ~20viisson, and ~10 in absorption. Considering the
enormous aspect ratio of these SWNTSs, the measuredtraply is actually quite small. However, those
nanotubes deviated at least slightly from perfect stmaggist and any bend necessarily reduces the
polarization anisotropy. Results of absorption anisotamgynow available on ensembles using post-growth
alignment schemes or vertically grown nanotube ferést

As discussed in section 2, perpendicular excitatimesexpected to be strongly suppressed due to
the antenna effeét. Still, PLE spectra reveal distinct absorption peaks different polarization
configurations. Anisotropy in the PL for micelle-suspend®d\S's was first reported and it was shown
that the degree of anisotropy was different for déffer fixed excitation wavelength. Polarized
photoluminescence excitation (PLE) spectroscopy (i.th tnable excitation wavelength) on ensembles
of smaller diameter nanotubes clearly showed crossipetambsorption peaks.In the cross-polarized
configuration, excitation is transversely polarized wispect to emission. Using data obtained from the
different configuration of polarization allows for ‘pure&omponents of parallel (longitudinal) and
perpendicularly (transverse) excitations to be extrackégure 8a shows a PLE map in the usual
longitudinal configuration, while Figure 8b shows th@ntverse PL excitation map revealing resonances
(horizontal arrows) attributed t8;, andE,; transitions. Those resonances appear close but aeesedtf
energy from the dominaii,, resonances. Within a non-interacting model, tranmsitivergies for the cross-
polarized condition are expected halfway betwegrakd E,. However, the resonances observed in Fig. 8
appear close toJk thus at considerably higher energy than predictionsméttsingle particle theory. This
result provides further evidence for excitons in SWNAdlue-shift of excitonic k. and &, transitions
relative to &, is expected theoretically by correlated-electron calicmia®? The amount of blue shift
depends on the strength of Coulomb interaction. Simpjlarllarge blue-shift of an excitonic absorption
peak for perpendicular polarization is expected on the lodisislculations that take into account the
depolarization effect (See Chapter’7New polarized PLE imaging results clearly resdise and other
features, including their (n,m) dependence, and can beiregla the context of these excitonic pictutes.

3.3 Quantum efficiency. The quantum efficiencyrjj is a parameter of great interest from the
point of view of basic physics as well as from thenpof view of photonic and optoelectronic applications.
It can be defined as the ratio of the number of photmnitted () to the number of photons absorbed
(Nab9, SO thatr=n<{nyps For SWNTs in a surfactant, early reports suggegte@i1%, but much higher
values have been measured recently. These numbeeserponly estimates since either or both photon
numbers e, andn,,y have not been measured directly.

For nanotubes in solution, the number of absorbed phatioasgiven energy is straightforward
and is measured simply by looking at the optical demdityre solution. Solutions with optical density of
order OD=0.1 are often used (corresponding to transmisHiB80%). Non-SWNT absorbers must be
negligible or accounted for in some way. Ideally, alloabed photons excite SWNTSs in the solution. If the
nanotubes were pristine and perfect, PL would not be tsghdom the metallic fraction (sg=0), and
would be a maximum for semiconductorsfmay. For bundles, or individual SWNTs that are defective,



short with end effects, kinked or otherwise imperféug, efficiency will be lower f</Ja9. IN ensemble
measurements one is averaging over a distribution, anthrsoonly determine a lower bound on the
intrinsic 77 of pristine SWNTs. Of course, SWNT PL is possible avéarge range of wavelengths, and the
detector must be sensitive to all possible emitterthénsample. One must also be careful to take into
account the collection efficiency of the optical sgste

It is more straightforward to determimgfor an individual SWNT of known diameter and length.
In that case, in terms of experimentally accessiblenpetexs,7=PA.S/ARAS: whereP,, A4 and S are
respectively the incident laser power, wavelength andaeat, and\ is the fraction of incident photons
absorbed by the nanotubi®, is the power emitted from the tubk,the emission peak wavelength, &&d
is the surface area of the SWNT. Like molecules, SWHBIE expected to be transparent to most incident
photons, so that A<<l. MeasurementsAofare not available at the single nanotube level, howeve
ensemble measurements yield an optical cross-sectidn6el0* nnf per carbon atorff, and with a
surface density of carbon atoms in graphene of 37 caxtoons/nm, the absorption coefficient of a SWNT
is estimated af=0.0059 (i.e. a SWNT absorbs one out of 169 incident phptwyith PL imaging and
spectroscopy, all parameters excApare determined and the SWNT quantum efficiency isnastd at
n=17%, a value significantly higher than previous repdrts.

A low 77 might be expected by comparison to similar materiats. éxample, in conjugated
polymers a lowr; is understood to arise from optically dark states, lwilzie lower in energy than the
optically bright state. However, in SWNTSs, these statesexpected to be just below the bright exciton
(about 1 meV below) and therefore only significaniaat temperatures (of order 10R9Loss of PL
intensity has been seen in this temperature riraye] recent temperature and magnetic field dependent
measurements strongly support this pictiire.

Three factors may cauggto be 6,m) dependent:E,, absorption ratess;; emission rates, and
relaxation process between the two states. Thesehanay intrinsic as well as extrinsic components.
Intrinsic aspects have begun to be investigated theotgticdP Within a non-excitonic model, optical
absorption ak,; is found to depend strongly on chiral angle while the diamdependence is weak. For
emission akE;; the dominant dependence is in diameter. On this basimtétsities would be greater for
smaller diameter nanotubes of the mod2 family, withseioh from near zigzag angle SWNTs being most
intense. In contrast, there is a virtual absencegofas from near zigzag SWNTs in PLE maps, however
(n,m) distributions are not likely to be uniform. The phorrefaxation process fror,, to E;; results in
lower ;7 for mod2 and near zig-zag SWNTSs. This is because¢h@éomod2 family with its smalleg,,/E;;
ratio, interband splitting becomes less than the bOGnpn energy, closing a relaxation pathway and so
dramatically slowing relaxation ,; (see also Chapter 8).

A relaxation picture involving a process where tiajg excitons are created was used to explain
weak PL in near-zigzag SWNTThis extra decay channel should be possible in mod1 nasotabe
which Ex»>2E;;, but not for mod2 nanotubes. Independent experimental evidércexample larger
absorption linewidths for shorter decay times, has ebbgen obtained.

3.4 Photoluminescence Imaging. SWNTs are often grown to millimeter lengths or morkisT
means that despite their nanometer scale diametersartbeyacroscopic objects and they can produce an
extended, resolvable optical image in the far field.

PL imaging of individual nanotubes in the far field hagrb reported for detection with near
infrared 2D detectors and laser illuminatiori>**as well as white light illuminatiof?. A PL image of a
single SWNT suspended over a trench is shown in Fig. ifla te corresponding PL spectrum shown in
Fig. 9b. Spatially resolved spectroscopy shows that for indivichenotubes in surfactant gels, PL
linewidths are usually ~30 meV, but occasionally only /Y, in line with air suspended nanotuf&sn
extended images, small spectral shifts (~2 meV) have kegmrted from end-to-end of a single such
nanotube. Such shifts and broadening have been interpretyths of the different environmental effects
along the length of the nanotube. On freely suspended S\WWNiFsle most nanotubes had fixed emission
wavelengths, small shifts in emission were seen in s@netubes, possibly attributable to changes in the
local environment along the lengths of the single niavex. Large spectral shifts were also seen and
attributed to i6,m) changes.

PL imaging with deep sub-micron resolution is also possikieag scanning probe near field
techniques (se€hapter XX on new techniquesy For SDS wrapped SWNTs on mica, “hotspots”, ~20
meV shifts and significant linewidth variations have bebseoved with ~15 nm resolution on micron



length nanotube¥. These are presumably all environmental effectdaelto the micelle wrapping. Such
methods have also been used to detect and spatiallyer@smotubes directly on glass.

3.5 Time Dependence. Ultrafast optical studies (from ps tps timescales) give detailed
information about the dynamics of the PL process aedcavered in detail ilChapter XX. Here we
discuss only very slow (ms to ks timescale) fluctutationPL intensity which are sometimes observed.
The experimental results are quite diverse and dependpanireental conditions. For SWNTs suspended
above a substrate, stable PL is obtained, and thisnistgnes the case in solution. Time-dependent PL can
be caused by high excitation intensities, temperatureufitions, fluctuations in ambient environment, pH
changes, gas ambient changes and other effects. Factantf coated SWNTs deposited on substrates,
random fluctuations of PL intensity (blinking) and/or Ravelength (spectral diffusion) have been seen,
especially at low temperatures (See Fig. 10). Presymidielse random fluctuations are the consequence of
local defects on the nanotube or in its immediate sndiog, and these defects change the nanotube
environment dynamically by trapping and releasing chargetbuatral excitations. Blinking was observed
even at room temperature in similar samples, and expl#ieeshme wa$®

In contrast, the vast majority of air suspended SWNTw steady luminescence at low excitation
power. However, some do show slow intensity variatioms$ gradual dimming®> This phenomena is
associated with the “pushing down” of suspended SWNTSs ligatigtinduced forces and was first seen by
global Raman imaginé In that case, SEM observation of the nanotubes shipldsses of Raman
intensities confirmed that they collapsed down ontcsthEstrate.

3.6 Phonons. Optical processes described so far in this chaptedviedosolely electron-hole
excitations. This is reasonable for a first descniptimce they represent the by far the strongest resesan
in the PLE map. There are however a number of additiseaker features, some of them which can be
assigned to phonon-assisted processes. These appatgliites of the maik;; andE,, resonances. In one
spectacular example, several phonon sidebands includingsesrare observed in low temperature PLE
on individual SWNTS$! Fig. 11 shows an example of & phonon sidebantf. The excitation energies
have been offset by the correspondifigemission energy to highlight the common phonon feafthiere
is a clear peak around 200 meV ab&yewhich corresponds to the energy of tBdand phonon. This is
described as an exciton-phonon complex and theory preatiiEtshe strength of this sideband is much
greater within an excitonic picture, and it would not isible in a non-excitonic picturg.

Phonon sidebands are not limitedgq excitons, but also originate in other exciton bands ssich a
E,>. An experimental demonstration of the relation of Bh sideband to phonons was provided by
comparing PL of SWNTs made from different carbon ise3° A slight spectral shift occurs whérC is
used ngstead ofC. The spectral weight of this sideband is of order #va percent, in agreement with
theory.

4, Physical and chemical effects.

4.1 External environment. All atoms in SWNTSs are surface atoms, and furthernsMéNTs are
miniscule, so SWNT physical and chemical propertiesluding PL, depend greatly on the immediate
surroundings. Effects of the environment are seen whéileeluminescent nanotubes are in a surfactant
solution - whether neutral or ionic - or a solid matsuspended in air or other ambient gas or in direct
contact with a substrate or even contacting other narsotube

One way the environment can affect the nanotube propddidy changing its electrostatic
surrounding. This may occur simply by dielectric screeninghmugh the transfer of electric charge. The
effect of dielectric screening on the PLE map was d&smlisn section 2.3, and the theory is discussed in
detail in Ch. 6. Briefly, the electron-hole dipole prodiity photon absorption will displace surrounding
charges, effectively reducing the Coulomb interactiomveen the electron and hole. Theory predicts that
increased dielectric screening (i.e. weaker interarteads to a redshift &;; andE,, transitions, because
the self energy correction (redshift with increasiaogesning) is generally greater than the exciton binding
energy (blueshift with increasing screening). Simpldirsgaelationships have been found for the exciton
binding energy as a function of dielectric constant. ¥ighows the difference (of order 10 meVEn and
E,, energies for air ambient as compared to surfastaaotions. Sensitivity to ambient is also shown ig. Fi
12 where shifts ifE,; are attributed to molecular adsorption and desorptioh@SWNT>!



In environments where charge transfer occurs to the BVéNects on the PL are more severe.
For SWNTSs in an ionic solution, changing the pH affects dharge state of the nanotube, leading to the
suppression of both light emission and absorptidrhis can be understood because the addition of charges
shifts the Fermi energy from the mid-gap region toveard ultimately into the conduction or valence band.
Light absorption in SWNTSs is strongly resonant, and edstdtic doping removes or adds electron from
those resonant states and light absorption is nedgssgppressed. In contrast with light absorption, which
is usually only sensitive to state filling, light enmitss can also be very sensitive to the presence of depant
as reactive centers. Indeept-dependent PL studies show that the PL intensity dinesisthile
absorption is largely unchanged (Fig. 13). Within theiliative lifetime (estimated at nE); excitons can
diffuse towards these reactive centers, where PL is badnoy non-radiative decay. A small number of
charges can also quench PL through non-radiative Augembigation>”> These two processes are faster
(taking only ~10 ps) than radiative decay rates andftirerdramatically lower PL intensities. The charge
state can also be changed through capacitive gating, liebani section 4.2.

The surrounding matrix, especially solids, can inducenstiaian SWNT and so alter PL emission.
An isotropic strain produces predominantly a radial streéss dong nanotube which can be viewed
primarily as uniaxial stress on the graphene sheehia TB model, the anisotropic distortion of the
graphene sheet results solely in a shift of the FernmitgoFor a metallic nanotube, this leads to the
opening of a gap, while for semiconducting nanotubes toaeadre oE;; and a reduction d,, energies
for themodi1family, and to an opposite shift fanod2with a diameter independent cé5sinctional form
(see Chapter 6f This effect was observed in PL for SWNTs frozen in @ matrix where the strain
results in large shift¥ The large axial strain produced by mismatch of the theexpdnsion coefficients
was estimated at 0.5% corresponding to a stress ofeéb BRcontrast, PL experiments in liquid with
hydrostatic pressures up to 1 GPa were found to dedeeasrdE,, energies, irrespective of the famify.
This was attributed to a higher-order effect beyondgtlaphene-electron model. Recently, uniaxial strains
have been applied, stretching individual SWNTSs resulting mllsshifts in PL peak positioff.

4.2 External physical parameters. The previous section showed that temperature can be ubestily to
affect the strain on the nanotube in a matrix. In suctpkssnintrinsic temperature effects are mixed with
strain effects and the two contributions must be disghtd. For freely suspended SWNTs, matrix effects
are minimized, and experiments have been carried out dothie ingle nanotube level, with PL spectra
obtained from 4K to 700R"** At low temperatures, the ambient must be controlfecksthe condensation

of atmospheric gases causes a quenching of SWNT PLL4&hows single SWNT data with changes in
emission energy and linewidth as well as the emergdrasddional peaks near 5K. Not shown here,
intensity changes, shifts in absorption peak positionttamémergence of many unseen peaks also occur at
low temperature.

The E;; PL emission peaks blueshift from 300K down to low tempeeatwith a species
dependent magnitude ranging from almost zero to ~-50ueMi&. i$ an order of magnitude less than
conventional bulk semiconductors, and is important in egftins such as lasers, where heating can shift
the bandgap and consequently reduce gain and efficiency. Taisdeell fit theoretically by a TB model
which includes only electron-phonon interaction, not exdit effects>’ The model predicts a family
pattern for the shift, and for some species of mmd2 family, the bandgap shows a more complex
dependence, with a redshift at temperatures below 100K .efgetature dependence of Bjl species is
predicted by a “Vina’-type equation which including two pbo-related effects (see Chapter 6). A more
complete experimental study measuring the temperature diapsn of the PL for many,fm) has not yet
been reported.

Interestingly, at high temperatures a sudden shift in Rk pesition has been found to occur (a
“bandgap shift transition§°® This abrupt blueshift (~30 meV) on heating, which can fallkee over a
few degrees, is larger than that the entire redshift whaturs between 5K and room temperature. As
described in section 4.2, this effect is not thoughbddntrinsic, but rather interpreted as a result of the
outgassing of atmospheric adsorbates from the SWNTcsurfa

The linewidth and the intensity of the PL peak can glennsight into the PL mechanism. In
several reports on individual SWNTs and SWNT ensemtieslinewidth narrows linearly from 300K to
4K, while the integrated intensity increases modeslyemperature is reduced from 300K to leveling off
and ultimately decreasing from about 50K to 4K. The teatpee dependence of the linewidth in Fig. 14
shows a linear drop from 9 meV to 2 meV between 3D 4K. Sub-meV linewidths have also been
reported at low temperature for nanotubes in contadt aisubstrat® It should be noted that in such
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samples blinking and spectral diffusion was also obseswggjesting that extrinsic factors are important,
such as substrate induced or on-tube defects. It is wiotthg that Raman features often have narrow
linewidths overlapping the SWNT PL emission range, ané carst be taken in assigning spectral features
to radiative recombination.

Time-resolved PL decay experiments are essential corepterto CW PL data, especially to help
explain the trends observed in emission intensity areidth. Detailed discussion of time resolved data
can be found irChapter XX on fast optics). Briefly, for single SWNTs, a mono-ax@atial decay is
observed with timescales from order 10 ps to 100 ps. Vatjabif timescale is a sign of sample
inhomogeneity’® In SWNT ensembles, this tube-to-tube variation in yeates leads to multiple
exponential decay curves. A detailed temperature study @drigeimescale component (~100 ps) shows a
fivefold increase of the decay time from 300K and satmatind decrease below 56KThis result
correlates exactly with the emission intensity, aralgs consistent with the temperature dependence of the
linewidth. The mechanisms responsible for the high andtémperature behavior are competing radiative
and non-radiative channels of the bright and dark exctaiess Above 50K, excitons in the lowest energy
dark states are thermally excited to the bright excitiate; therefore, the most significant and relevant
decay channel at elevated temperatures is through the brgiton state. For the bright state alone, both
radiative and non-radiative processes compete, wittattez being phonon mediated. At low temperature,
the dark exciton state becomes an effective non-radiatiannel for exciton decay, as excitons trapped in
those states can no longer be thermally excitedetdtight state. These experiments allow for an estimate
of (¥ meV for the dark-bright exciton splitting (see Chaft.

Since the dark exciton-bright exciton energy splittirg small, weak symmetry breaking
perturbations can significantly change SWNT PL, eithealtering the band ordering, or by changing state
mixing. Brightening of PL intensities is observed wihnégh magnetic fields (>1 T) are applied along the
SWNT axis, providing the most direct evidence of lavergy dark excitons in SWNTE:°%This effect
and its physical origin is described in detail in Chapter 18 @xistence of dark excitons has been
proposed to reduce SWNT PL quantum efficiencies, howewveauke of the small splitting this effect
appears minimal at room temperattite.

An electric field also affects PL, by breaking the sysiny or by changing the SWNT charge state.
A suspended SWNT can be electrically connected in a maadield effect transistor (FET) configuration
(see Chapters 14 and 15). In such a device, the capaditipéng to the conductive substrate allows for
charge to be drawn in and out of the nanotube, and in @dddi measuring electrical conductivity, PL
spectra can be acquired. Fig. 15 shows that the Phsityepeaks at negative gate voltages, while the
spectral shape remains qualitatively uncharfg@the peak corresponds to the onset of hole conduction. It
was also found that electric current suppresses Phsitye The analysis is based on a free-electron and
free-hole picture, and must be revised in the lighhefexcitonic picture. In analogy with pH dependent
studies, we might expect that excess charge in electrobyatiogped nanotubes should also lead to a
suppression of the luminescence, most likely throughréegtion of new Auger process decay channels.

5. Applications

5.1 Nanotube research. The advance of research in any materials systémtinsately linked to the ability

to evaluate the outcome of synthesis and fabricaiidhile other methods, either direct like TEM, or
indirect, like resonant Raman spectroscopy can provrdetsral information, the PLE mapping method
has emerged as arguably the most effective way to deermm) distributions for semiconducting
SWNTs. Other methods can provide similar data, and &g more direct, but PLE mapping is rapid,
relatively economical, and reliable, and can be usdbdeaensemble or even down to the single nanotube
level. PLE mapping systems are already available cantiadly.

The weaknesses of PLE mapping are discussed in detail ineCtapBriefly, first, metallic
nanotubes are not seen in PLE maps. Estimating theveeitundance of a given,in) species within a
sample is a delicate undertaking if one does not simplytcoanotubes. There is not yet a generally
accepted calibration as to the relative brightnesglifiérent species. Selection effects are possible,
especially in solution, as there may be extrinsic enwrental effects which preferentially weaken the
luminescence of certain species. If SWNTs are not iselated, it is already clear that energy transfer
between nearby isolated nanotubes or within bundles cam,8cand this must be species dependent.
Defects should reduce luminescence efficiency with tdmindance or effect being likely,if)) dependent.
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Despite its weaknesses, PLE mapping remains a vesgtief method of estimatingn,(m) distributions,
especially when comparing relative abundances of keptes.

5.2Wider applications. SWNTs are prime candidates for sensing applicatimesause interactions
with the surface are a basis for sensing and for SWhi\fary carbon atom is on the surface and can
potentially contribute. As described in section 4, lightssion in SWNTs is affected in several ways when
the local environment changes. Potentially, the seitgiof SWNT PL to the local environment could be
used for sensing in a broad range of applications. éptksent, the challenge is to carefully characterize
SWNT PL sensing, and determine whether or not thisl loh sensing is competitive with existing
technologies.

One can foresee that SWNT sensors based on lighttidetemould have several advantages
including ease of implementation (relative to electrob&sed sensing), flexibility in the choice of
embedding matrix (either free in solution or fixed on astualte), the potential for ultra-high packing
density, and chemical specificity (through attachmentaoious functional groups). That SWNTs emit in
the near-infrared may appear to be a drawback. Howeegsgtdr sensitivity in the near-IR has improved
significantly in recent years, and sensitive camerashacoming less and less expensive. In addition, IR
emission is desirable in specific applications wherenaission background is present in the visible range.

A specific sensing application is fluorescent dye lalgelmbiological systems. Biological activities
from the organism-level to the molecular level agfivian be monitored by imaging PL from dyes. Dyes
must be bio-compatible with the subject, alive or ant] should show strong PL in a fixed band. Some dye
molecules (or “fluorophores”) are not benign and for examnmpay be toxic to a cell under investigation.
The main weakness of common fluorophores is theiritbétysto photobleaching, meaning they can
degrade under photoexcitation. SWNTs are very promisindluasophores and are actively being
investigated in this context. There is no evidencdiokimg or photobleaching in SWNTs after prolonged
exposure to excitation at high intensifySWNTSs also have a reasonably high quantum effici#hapd
many distinct species (and thus potentially many disfinorophores) emit in the portion of the near
infrared band which is largely transparent in biomateriAbsorption by liquid water limits the usefulness
of larger diameter nanotubes for this application. It iseqouibssible that SWNTSs, at least in small quantities
may be benign in biological systems. For example, itleas demonstrated that cell division can occur in
cells incorporating luminescent nanotubeslowever, much more research will be required to determine
what effects SWNTs have on biological systems, goodadr and what SWNT concentration would be
required to cause such effects. It is presently unglbat health risks (or benefits) SWNTs might pose, if
any.

Electronic applications of SWNTs are promising irgkupart because of their remarkable current
carrying capacity. Since the discovery of PL in SWNimderest has grown in their optoelectronic
properties. In electroluminescence (EL) light emissiocuos with purely electrical excitation, as opposed
to optical excitation in PL, as for example at the int@faf ap-n junction, by impact excitation, and by the
creation of hot carrief§:®’ Likewise, light absorption by SWNTs can give riseetectrical signals, with
photoconductivity?® ®® and bolometry? now being actively explored. Thus applications arisen fileL
alone, but also by characterizing SWNT luminescenceahradrption, PL data motivates and assists in the
development of nanotube based optoelectronic devices.

6. Conclusion

The field of SWNT PL is in a rapid growth phase. Bafgatures of SWNT PL have been
uncovered, and explained in this chapter, but there idyvastre which is only beginning to be
investigated. Preparing SWNTs such that they emit Rillatas an early challenge, but now surfactant-
liquid, surfactant-solid and air-suspended preparationswade established and successful. PL from
SWNTSs has such remarkable attributesras)(dependence, high quantum efficiency, strong polarization
dependence, subF linewidths and characteristic lineshapes. The meth&®lLBf mapping has emerged as
a popular method forn(m) assignment, and features in the PLE map bey®ndand E,, are being
systematically explored. Not just spectroscopy, but Rlsanaging is growing in importance. The effect of
the dielectric environment, charge transfer, temperasitrain, electric field, magnetic field and similar
effects have all been explored to some extent, butmatdomprehensive way. Over the past couple of
years, the excitonic origin of SWNT PL has been exploxéehsively, with large bandgap renormalization
and exciton binding effects seen and the role of éaditons being uncovered. The SWNT is a model
system for one-dimensional exciton physics. The exptoradf systematic trends in PL as a function of
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(n,m) is becoming even more important, and is especialgrésting because changimgng) allows one to
“tune” diameter and chirality.

As has been the case for more established matesinsy, it is likely that much of the future
work on SWNT PL will relate to improvements in sampleparation. Until recently the SWNT has
usually been viewed as an ideal, perfect lattice, in aeqéyffeatureless background. It is of course
expected, and already there is considerable evidenceWHdT L is sensitive to many of the real-world
deviations from this idealized picture. We can expect stesyatic understanding, experimental and
theoretical of how deviations from ideality affect SWIRL. For example, dopant densities, adsorbates,
defects, end effects, chemical functionalization surdace effects remain to be systematically studied and
the mechanisms underlying their effects remain to bg flhborated. The collective effects on PL of
combinations of SWNTs either in bundles, crossing,uimctions or as shells of DWNTs will be an
important area of SWNT PL work in future years. We can e&xpetter and better SWNT samples for PL,
and in return PL will likely only grow in importance asmethod of characterizing SWNT samples. Of
course, there have already been surprises with almest experiment and there is likely almost as much
that is unpredictable in the road ahead.

It has largely been fundamental scientific interest tlzest Ieen driving research into SWNT PL.
However, SWNT PL studies have uncovered diverse phenowtdnh could be exploited technologically.
New applications in biology, medicine, photonics anaelgictronics appear to hold promise as we look to
the future, and we expect these applications to incrdgginge applied research in SWNT optics in the
future.
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Figure 1. Optical processes in SWNTSs. (a) The band structureptical transitions in a simplified single
particle picture and its corresponding density of stafight absorption &E,, is shown with an upward-
pointing arrow and light emission Bt; is shown with a downward-pointing arrow. The thin jatjgerows
illustrate relaxation fronk,, to E; 3. (b) A simplified picture of the exciton band structure aptical
transition. One photon processes are shown as an(by two-photon process is shown with two gray
upward-pointing arrows. The ground state representswnastate, that is, with no excitons.
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Figure 15. Electric field dependence of PL for a suspended SWNThanatube field effect transistor. (a)
PL spectra taken at various gate voltages. (b) PL inyevesisus gate voltage showing a maximum at a flat
band condition as illustrated in the inset. (From [&].)
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