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Low-level covalent functionalization of single-wall carbon nanotubes intro-
duces structural defects that are accompanied by new photoluminescent elec-
tronic states. Localization of excitons at the defect sites gives rise to a wide
range of associated new photophysical phenomena and optical functionality
to probe, understand, and harness. Here, we review recent progress in chem-
istry, electronic structure, spectroscopy, and quantum light emission prop-
erties of these intriguing defects and provide some perspective on potential
future areas for research in this rapidly developing area of nanotube studies.
Current approaches to chemical introduction of photoluminescent defects and
synthetic modification of molecular dopants for tuning of emission properties
are described. Spectroscopic probes paired with quantum chemistry modeling
of the defect states are outlined as an efficient route toward understanding the
defect electronic structure. Exciton localization at defects and its consequences
for photoluminescence response are also discussed. Such spatial localization
of the electronic wavefunction is especially important for introducing new
functionality, including expanded possibilities for imaging and sensing appli-
cations. We focus on localization as a route for achieving room-temperature
single photon emission, important for optical-based quantum information
processing. Conditions required for quantum light emission, its demonstra-
tion at room temperature, and tunability to telecom wavelengths are shown.
We conclude with a discussion of some critical challenges that remain for
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understanding and controlling covalent defects in nanotube materials in the
areas of chemistry, photophysics, quantum optics, and electro-optic device

integration.
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It is difficult to imagine anyone working on carbon nanotubes (CNTs) who has
not been influenced or inspired by Millie Dresselhaus. While our most direct
interactions with Millie were typically through her exceptional leadership and
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contributions to Raman spectroscopy of CNTs, she also made many important
contributions related to their photoluminescence (PL). These two important
optical responses are linked through the nanotube exciton resonances. This
brings to mind the first WONTON meeting in 2005, in which Millie kicked
oft our discussions by asking two questions that can be paraphrased as: Do exci-
tons exist in nanotubes? Do we need excitons? The answer to both of course is
yes. Excitons, or bound states of electron—hole pairs, are the fundamental basis
for the rich array of optical behaviors found in CNTs. Our ongoing challenge,
however, remains to productively harness these behaviors. A key development
towards this end is the covalent introduction of defects, which introduce new
photophysical response to explore. Through the associated exciton localiza-
tion, PL is enhanced and new functionality emerges, with great promise for
advancing photonic applications of these materials.

1. Introduction

Single-wall carbon nanotubes (SWCNTs) embody unique structural char-
acteristics,! can serve as semiconducting or metallic elements in nanoscale
electronics,? and act as near-infrared light emitters.® As multifunctional nano-
materials, they thus hold significant applications potential. In roles as light
emitters or in optoelectronic devices, however, a significant barrier to their
development has been the finding of photoluminescence (PL) quantum yields
typically limited to 1% or lower in solution-phase environments,*® and at best
rising to ~10%.%” Overcoming this limitation requires modifying the fun-
damental exciton photophysics of SWCNTs, with strategies being provided
by considering the evolution of the excitons generated through photoexcita-
tion.®? One critical property is that excitons in the 1D environment of the
carbon nanotube (CNT) are highly mobile.!® As a result, exciton diffusion
drives efficient interaction with quenching sites distributed along the nanotube
length that act to promote rapid non-radiative relaxation.*!! Furthermore,
the band-edge (E;;) exciton produces a manifold of states in which emission
from the lowest energy state (lying ~10meV lower in energy than the bright
emitting state) is formally forbidden.!? It is estimated that ~90% of excitations
result in excitons populating this dark state,® setting an upper bound of ~10%
as an intrinsic limit to PL quantum yield. Routes to overcoming both extrinsic
and intrinsic limitations will therefore include improvements in nanotube qual-
ity, approaches to optimizing the exciton environment,'31® limiting diffusive
transport of excitons, and ultimately will also require strategies for conversion
of dark states into emitting states.
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Fig. 1. (a)PL excitation map for unfunctionalized (5,4) CNTs in 1% aqueous sodium
deoxycholate. Ejj emission wavelength at 840 nm. (b) PL excitation map for (5,4)
CNTs functionalized with 4-bromobenzene. Defect-state Ej| emission wavelength at
1015 nm.

Recent developments in modification of SWCNT optical properties through
their covalent functionalization are providing possible answers to the diffusive
transport and dark-state conversion problems. Molecular attachment to gen-
erate local defect sites in the SWCNT structure is found to create new pho-
toluminescent states (designated here as Ej),'®17 with energies significantly
red-shifted (by ~100—300 meV) from the normal SWCNT E;; emission (see
Fig. 1). Notably, this red-shifted emission is generated at significantly higher
quantum yields (potentially as high as 30%).16-18 As will be outlined in this chap-
ter, these results indicate that modification of electronic structure at covalent
defect sites clearly alters the exciton physics, with exciton localization at defects
serving as the origin of new behaviors, while the improved quantum yields must
entail some degree of dark-state conversion. It is important to recognize that
covalent introduction of photoluminescent defects imparts properties that are
significantly different, and brings distinct advantages, in comparison to other
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types of photoluminescent defects in SWCNTs. As a prominent example, charge
doping to produce trions results in much weaker PL,'*2! while covalent defects
are naturally more chemically stable and are open to a broad range of synthetic
tunability towards control of emission properties.

Covalent defects thus present significant new opportunities for expand-
ing SWCNT functionalization chemistry, for exploring a wide range of new
photophysics arising from the defects, and for introducing new functionality
that emerges only as a direct consequence of exciton localization. This chapter
begins with a review of progress in chemistry of the covalent dopants, provides
a description of experimental and theoretical efforts towards understanding
the electronic structure that arises at the defect sites, and provides an out-
line of the origin of defect-state emission in diffusive trapping of excitons,
with discussion of several behaviors supporting this idea of exciton localiza-
tion. Localization is then presented as a source of new SWCNT functionality,
with a particular emphasis on the potential of covalently introduced defect states
to act as quantum emitters at room temperature and at telecom wavelengths.
The discussion finishes with an overview of open questions and outlook for
future work.

2. Functionalization Chemistry

2.1. Oxygen-based defects

Recognition of the potential for covalent defect states to efficiently enhance
SWCNT PL properties was initiated by Ghosh ez 2/.'¢ In their work, SWCNT
functionalization with oxygen groups was demonstrated by exposing aqueous
surfactant suspensions of SWCNTs to ozone, either by direct bubbling or via
injection of ozonated water, with the latter providing more control over reac-
tion extent. Ozonide formation was directly followed by light illumination to
promote formation of the stable oxygen adduct. While the reaction mecha-
nism is not yet well understood, its dependence on wavelength suggests pho-
toactivation of an initial adduct as a critical step, with the role of SWCNT
photoexcitation remaining an open question. Chemical access to the SWCNT
surface was found to be maintained by surfactant coatings of sodium dode-
cyl or tridecyl benzene sulfonate, %18
ing provided by sodium deoxycholate (DOC) prevents functionalization.
Optimization of defect-state PL intensities requires ensuring that functional-
ization only occurs at a low level, with over-functionalization resulting in loss
of defect-state and E;; PL, as well as bleaching of the SWCNT absorbance
spectrum. At low levels of functionalization, the SWCNT absorption spectrum

while the more protective surface coat-
2224
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Fig. 2. Examples of SWCNT functionalization agents: (a) epoxide-/ oriented along
the SWCNT axis,'® (b) ether-d oriented perpendicular to the SWCNT axis,'®
(c) 4-methoxybenzene,!” (d) multipoint binding aryl diazonium reagent,3? and
(e) =(CH;); COOH.38

is not significantly impacted.!® Ghosh ¢t a/. demonstrated ozonation of 10 dif-
terent SWCNT chiralities, with Ej| energy shifts from Ej; ranging from 106 to
214 meV as the SWCNT diameter decreases.!® In the specific case of the (6,5)
structure, the defect-state spectrum is dominated by emission at 1120 nm,
with weaker features appearing at greater red-shifts (at ~1200—1300 nm).
Modeling of possible chemical functionality arising from SWCNT ozonation
indicates that ether groups are the likely origin of the primary Ef, emission
feature, with epoxides likely responsible for the more red-shifted states (see
Figs. 2(a) and 2(b)).1%22

Alternative approaches to oxygen functionalization have also been explored.
A solid-state route, in which SWCNTs deposited on a substrate are exposed
to reactive oxygen species generated by electron-beam bombardment of SiO,
or Al O3, effectively introduces oxygen functionality while also improving
emission stability.?® Interestingly, the solid-state functionalization incorporates
a more balanced population of ether and epoxide groups. While the epox-
ide is thermodynamically less favored than ether,!6:22
matrix that encapsulates the nanotubes in this process may stabilize and thus
increase the population of epoxide groups. Notably, the solid-state approach is
fully compatible with optoelectronic device fabrication methods. Air-suspended
SWCNTs directly exposed to ozone are also known to exhibit enhanced
PL,%% while photo-oxidation of lipid wrapping groups may lead to SWCNT

the resultant solid-state
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functionalization following formation of lipidhydroperoxides.?” Finally, small
diameter SWCNTs are susceptible to accidental oxygen functionalization dur-
ing typical solution-phase processing, due to the high-degree of curvature and
built-in strain of their sidewalls.?

2.2. sp3 defects

Greater control and tunability of defect-state emission properties are being
realized through introduction of so-called sp® defects into the SWCNT sp? lat-
tice. While suggested theoretically,>>3°
experimentally through use of aryl diazonium reagents (Fig. 2(c)) in the work
of Piao et al.!” The ability to introduce bright emitting states through reac-
tive diazonium reagents contrasts with early diazonium functionalization of
SWCNTs, where defects were introduced at high concentrations and known
to bleach optical properties.?! Such behavior again underscores the importance
of low-level functionalization to generate defect-state emission. As with oxygen
defects, defect density can be controlled by either limiting the concentration of
reactive species,!” or by capping the nanotube surface with a protective layer (by
using DOC, for example) once a desired defect density is achieved.?%2* Esti-
mated quantum yields for sp® defect-state emission are as high as 30% and can
reportedly be a factor of 10 greater than that found for oxygen defects (depend-
ing on aryl species). Such high yields are an indicator that dark diffusive exciton
states are likely being converted to the emissive localized defect states. Ej, red-
shifts from Ej; range from ~100meV to as high as 250 meV, depending on
SWCNT diameter.!” Significantly, red-shifts can be tuned through aryl syn-
thetic modification, with substitution of more electron-withdrawing groups
generating larger shifts. This behavior highlights the significant potential to
control emissive properties of defects via synthetic modification of the func-
tionalization agents. Beyond simple mono-aryl structures, Shiraki ez a/. have
introduced more complex diazonium agents capable of multipoint binding
(Fig. 2(d)).??

Expansion of sp3 defect functionality is possible through reductive alky-

such a strategy was first demonstrated

lation of SWCNTs,33-35 which can also introduce photoluminescent defect
states.3%37 Alkyl and aryl halides provide additional strategies for introduc-

,38:32 with fluorene substitution of

ing more complex structures (Fig. 2(e))
alkyl hydrogens demonstrated as one effective route to enhancing electron-
withdrawing character of dopants for greater red-shifting of PL.33 Both alkyl
bromide and alkyl halide reagents are also capable of introducing true diva-
lent binding species, for which attachment at two adjacent carbon sites can
result.?®3 Alkyl carboxylation has also been demonstrated as an effective route

to introducing trion states of the sp® defects.*’
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2.3. Photochemical Control

As indicated by the role of light in promoting the SWCNT ozonation chem-
istry,!¢ photochemistry can play an important role in controlling introduc-
tion of the covalent defects. Light has also been shown to effectively acceler-
ate the diazonium reaction chemistry.*! Resonant excitation of the SWCNT
exciton transitions can promote aryl defect introduction, likely through a
photothermal mechanism. The enhancement of the aryl-diazonium reaction
rates through sample illumination is also an important route to function-
alization of large-diameter SWCNTs, whose decreased curvature may oth-
erwise limit reactivity.*> Photothermal control has also proven effective in
isomerization of diazoether reagents to drive transformation from an inert
to reactive form.*3 Such photoisomerization provides an additional route to
adding new functionality while introducing the advantage of photoswitchable
chemistry.

2.4. Chemical tuning of spectrval features

A wide range of SWCNT functionalization agents are thus available for intro-
ducing photoluminescent defect states (Fig. 2), with significant potential for
further development. While synthetic variability can yield progressively tunable
changes in defect-state emission wavelengths, it is also found that different
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Fig. 3. (a) PL spectrum of 4-methoxybenzene functionalized (6,5) SWCNTs in 1%
DOC. (b) PL spectra of unfunctionalized (6,5) SWCNTs (black trace), and #-butyl
(red and blue trace) functionalized (6,5) SWCNTs in 1% aqueous sodium dodecyl
benzene sulfonate (SDBS), showing both Ef| and more strongly redshifted E;| defect-
state emission bands. (b) adapted with permission from Ref. 39. Copyright 2016, The
Royal Society of Chemistry.
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molecular structures can generate entirely different emission bands. As exam-
ples, emission induced by simple aryl and alkyl binding can be dominated by
a single band occurring at moderate red-shifts from Ej; (Fig. 3(a)).}”>3% More
complex species, however, will generate two emission bands at moderate (Ej;)
and strongly (E|| ) red-shifted positions (Fig. 3(b)), with relative intensity of
the two defect bands depending on specifics of dopant structure.2-37>3% Such
diversity in spectral behaviors provides a route to expand the wavelength range
of defect-state emission, but represents a challenge for establishing uniformity
of response required for applications. An understanding of the underlying basis
for such tunability and variability in spectral behaviors is required for their con-
trol and can be established through an evaluation of how defect-state elec-
tronic structure is determined by dopant molecular structure and binding to
the SWCNT surface.

3. Defect-Site Electronic Structure

The new optical behavior of the covalently introduced emitting states raises
several questions about their origin and nature, which include the need to
confirm exciton localization at defect sites, understand the localization mech-
anism, identify the chemical functionality linked to a given spectroscopic
behavior, and determine the associated electronic structure. To address the
latter points, a successful strategy has been to pair low-temperature spec-
troscopic studies with electronic structure modeling of the emergent defect
states.?2-4*

3.1. Spectroscopic probing of defect-state electvonic structure

Recent low-temperature, single-tube PL spectroscopy studies performed on
oxygen-22 and aryl-functionalized SWCNTs** show that the defect states
indeed emit sharp, isolated spectral lines at the positions of the prominent
defect band observed in room-temperature (1) ensemble PL spectra. In addi-
tion to these sharp peaks, which provide direct confirmation of localization
of excitons to quantum dot (QD)-like states, the low-7 single tube spectra
revealed many interesting features that are buried in ensemble room-7 PL
spectra. These features shine the first light onto the chemical nature of the
defects and their electronic fine structure.

In Fig. 4, low-T emission spectra of individual (6,5) SWCNTs functional-
ized with oxygen?? and 4-methoxy benzene** are compared side by side. While
a single sharp isolated peak is observed in the 980 £ 30 nm range of the low-T'
PL spectra of individual pristine (6,5) SWCNTs for the emission of the Ej;
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Fig. 4. Low-temperature PL spectra of individual oxygen (a) and aryl defects (¢) in
(6,5) SWCNTs. (b) Histogram showing PL peak distribution of oxygen defects (red
bars) and Gaussian fit (blue curve). (d) Average of 60 low-temperature PL spectra of
individual aryl-functionalized SWCNTs (black) and room-temperature PL spectrum
of aryl-functionalized SWCNTs in solution (green). Adapted with permission from
Refs. 22 and 44. Copyright 2014 and 2017, respectively, American Chemical Society.

band edge exciton, the spectra of both types of functionalized SWCNTs show
sharp emission peaks distributed in the 1000-1300 nm spectral range. In some
SWCNTs (1st and 2nd spectra of Fig. 4(a) and 6th and 9th spectra of Fig. 4(c)),
sharp emission peaks from the Ej; band can also be observed together with the
defect-state emission. Interestingly, in those cases the Ej; emission appears split
into 2—-3 peaks, indicating that introduction of aryl and oxygen defects not only
introduces deep trap states but also splits the Ej; transition.

While PL spectra of individual oxygen and aryl-functionalized SWCNTs
appear very similar, the distribution of the defect-state emission peaks differs
significantly. In (6,5) SWCNTs, the PL peaks of individual oxygen defects
group into two inhomogeneously broadened distributions centered at 1120
and 1250 nm, with a FWHM of ~60 nm (Fig. 4(b)), suggesting that oxy-
gen functionalization creates at least two different types of deep trap states.
On the other hand, an average of more than 60 PL spectra of individual
aryl-functionalized (6,5) SWCNTs (Fig. 4(d)), shows defect emission peaks
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distributed continuously in the 1000-1300 nm spectral range. This spectral
diversity indicates that aryl functionalization leads to significantly more differ-
ent types of deep trap states than in the case of oxygen functionalization. These
findings can be understood through quantum chemical modeling of the defect
states.

3.2. Ounantum chemistry modeling

Modeling-wise, atomistic quantum chemical simulations, such as methodolo-
gies based on density functional theory (DFT), are currently able to provide
semiquantitative estimates of alteration of electronic structure in pristine carbon
nanotubes caused by chemical functionalization. Here the researcher faces two
challenges: The first fundamental problem is that the underlying precise geome-
tries and conformations of binding sites are unknown for specific spectroscopic
data. Consequently, investigations of multiple chemically viable binding config-
urations and establishing relationships between calculated electronic structure
features and experimental spectra significantly broaden theoretical studies and
bring an uncertainty to theory/experiment comparisons.

Secondly, conceptually, one needs to adopt either periodic boundary condi-
tions or a finite size model of the tube. In the former, considering the numer-
ically tractable small unit cell size containing the chemical defect will lead to
spurious interactions between periodic replicas and effectively represents the
case of very large and perfectly ordered defect concentration, a situation well
beyond the experimental conditions. Moreover, modeling of external pertur-
bations such as dielectric medium or solvent effects is not straightforward in
this case. Here, periodic boundary condition modeling via the solution of the
Bethe-Salpeter equation by adding self-energy corrections (GW) to the DFT
has been widely successful for the case of pristine tubes,***” but has rarely been
used to model chemical functionalization. Alternatively, one may use a finite
tube segment as an input to electronic structure simulations,*®*” thus adapting
methodologies previously developed for molecular materials. This approach has
a number of advantages, such as freedom of simulating any desirable geometry
of a tube functionalized with one or a few defects. Beyond addressing real-
istic defect concentration, it is conceptually simple to account for electron—
phonon coupling, local disorder, external field, and dielectric environment
effects. However, unsaturated chemical bonds at the open tube ends have to
be capped with hydrogen atoms and methylene (CH;) groups to remove mid-
gap states caused by dangling bonds.>® Moreover, long tube segments typically
exceeding 10 nm should be used in the simulations to avoid artifact effects
of quantum confinement. Stated differently, the length of nanotube segments
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must be chosen to be significantly larger than the diameter of the tube and
characteristic exciton sizes (about 5 nm). Such limitations necessitate simulat-
ing systems with 1000 or more atoms, which inevitably imposes restrictions on
the DFT model and basis set used for finite systems.

In the following examples, simulations were performed with finite tube
segments 10-12 nm in length, typically containing over 1000 atoms and ter-
minated with hydrogen atoms at all edge positions to passivate dangling
bonds. As a model, quantum chemistry hybrid DFT models such as B3LYP or
CAM-B3LYP functionals were applied and coupled with the STO-3G basis
set. Hybrid DFT is important due to reduction of self-interaction errors and
its ability to account for excitonic effects,”! whereas use of a small basis set
allows one to reduce numerical expense without significant impact on accu-
racy.%? Furthermore, the dielectric environment of solvents can be introduced
via polarized continuum models, without noticeable increase in numerical
expense. DFT simulations provide energies and geometric structures for the
ground state, whereas time-dependent DFT (TD-DFT) modeling assesses the
same quantities for electronically excited states and evaluates spectroscopic
properties.

These calculations provide an explanation for several of the defect-state
experimental findings noted in Section 3.1.22%*%32 In the case of oxygen
functionalization of (6,5) SWCNTs, DFT calculations reveal that out of five
possible configurations for oxygen functionalization (ozone-1, ozone-d, ether-1,
ether-d, and epoxide-l, where -1/-d represent C-O-C bond aligned paral-
lel /perpendicular to the (6,5) tube axis), only ether-1, ether-d, and epoxide-I
(Fig. 5(a)) are stable and create defects with the lowest emission states at 1023,
1100, and 1284 nm (Fig. 5(b)). The experimentally observed distributions
centered at 1120 and 1250 nm are in excellent agreement with the calculated
transitions for ether-d and epoxide-l. In addition, a more careful analysis of
experimental data based on peak distribution as a function of energy shift from
the Ej; transition reveals a small peak distribution centered at the ether-1 tran-
sition.??

With aryl functionalization, the bound aryl group is accompanied by a reac-
tive electron located on a nearby SWCNT carbon atom.3%4%52 The excess elec-
tron site can capture a proton or an OH group, leading to two carbon atoms on
the SWCNT surface formally adopting sp® hybridization. The bound proton or
OH group can be located either adjacent to the site of the initial aryl addition
(“ortho”) or three carbon atoms away (para). As a result, aryl functionaliza-
tion can lead to six distinct configurations, labeled as Paral.30, OrthoL-30,
Orthol.90, Paral.90, OrthoL.30, and Paral.-30 (“£+30” and “90” stands for
the approximate angle between aryl-H;/OH arrangement and the (6,5) tube
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Fig. 5. (a) Three stable binding configurations on (6,5) SWCNTs for oxygen func-
tional groups: ether-1, ether-d, and epoxide-l, where -1(-d) represent O-C-O bond
direction aligned parallel(perpendicular) to the tube axis. (b) Optical transitions for
pristine (unfunctionalized, black) (6,5) SWCNTs, ether-1 (green), ether-d (blue), and
epoxide-l (red) configurations, with the lowest energy states at 980, 1023, 1100, and
1284 nm, respectively. (c) Side view of aryl-H defect (left) and six distinct aryl-H bind-
ing configurations (right) on (6,5) structure. (d) Lowest energy emitting transitions
of six configurations marked in the same notation as in (c). Adapted with permission
from Refs. 22 and 44. Copyright 2014 and 2017, respectively, American Chemical
Society.

axis) (Fig. 5(c)). In contrast to the case of oxygen functionalization, DFT cal-
culations for (6,5) aryl-H functionalization show that all six configurations are
equally likely to occur, with the lowest emissive states at 1005, 1019, 1153,
1239, 1338, and 1393 nm (Fig. 5(d)). Because multiple transitions fall within
the possible inhomogeneous distribution of each other, it becomes impossible
to assign a specific experimentally observed peak to a particular transition, as
in the oxygen case. However, qualitative agreement between the spread of cal-
culated transitions and the observed spectral range in which the PL peaks are
distributed suggests that the existence of six distinct chemical configurations is
the root cause of the spectral diversity. In addition to explaining the spectral
peak distribution, the calculations also show that symmetry breaking, resulting
from the introduction of defects, in both cases leads to brightening of the dark
states located near Ejj, thus providing an explanation for the observation of
splittings in the Ej; transitions (Fig. 5(b)).
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Fig. 6. The spatial distributions of transition densities for Ejj (pristine tube), Ef;
(ether-d defect), and EJ] (epoxide-1) electronic states on (6,5) structure. The electrons
and holes are represented in red and blue, respectively. While E11 excitons in pristine
CNTs are delocalized, Ej, and E{| excitons exhibit increasing localization with an
increase of trapping energy. Adapted with permission from Ref. 22. Copyright 2014,
American Chemical Society.

Further insight into the distribution of the excitonic wavefunction over
the nanotube can be achieved by examining the orbital delocalization of the
transition densities associated with their parent electronic states.??*%52 Impor-
tantly, for all defect-state cases considered, their excited state wavefunctions
are distributed over some surface of the nanotube through the m-conjugated
orbital network. The atoms of the molecular adduct do not directly partici-
pate; however, the defect presence perturbs the mt-electrons locally, leading to
formation of new low-lying electronic states. Moreover, it is observed that an
increased trapping energy is always concomitant with increased exciton local-
ization. Thus, deeper traps correspond to more localized states (as illustrated
in Fig. 6) with reduced oscillator strength, in line with physical intuition.

3.3. Reovganization enevgy: Role and evaluation

An important consequence of localization of the excited state excitonic wave-
function is modification of electron—phonon coupling. Owing to a relatively
rigid structure and delocalized states, electron—phonon coupling in pristine
SWCNTs is relatively weak compared to molecular materials, which neverthe-
less is well determined experimentally and captured via simulation.®3 Localiza-
tion of electronic states due to defects significantly amplifies changes of the
ni-electron density in the excited state as compared to that in the ground state,
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Fig.7. Reorganization energy is related to the displacement between potential energy
surfaces, where ground (G), trapped exciton (X—), and free exciton (X) refer to dif-
ferent electronic states. “Configuration coordinate” 7 (horizontal axis) denotes the
deformation (reorganization) of the SWCNT geometry. The reorganization energy
(\) is dominated by displacement of nuclear coordinates. The red curve for a trapped
exciton (X™’) delocalized over two defect sites illustrates change in reorganization
energy due to defect concentration. Adapted with permission from Ref. 54. Copyright
2016, American Chemical Society.

which leads in turn to increased electron—phonon (or electron—vibrational) cou-
pling strength. Consequently, geometries of the ground and defect-introduced
electronic states become different, and excited state structural deformation can
be characterized with a so-called reorganization energy, dominated by displace-
ments of nuclear coordinates (graphically depicted in Fig. 7). This vibronic
relaxation of excited states has profound consequences on the carrier dynamics
involving trapping and de-trapping of excitons at the defect sites.’* In partic-
ular, this phenomenon may appear as a substantial mismatch between opti-
cal energy gap and thermally determined de-trapping energy (line bc, Fig. 7).
Here, the optical gap is defined as a difference in emission energies between the
native exciton (line ab, Fig. 7) and defect trap states (line cd, Fig. 7), whereas
the defect de-trapping energy is related to a capacity of the exciton to escape
the trap thermally, and can be determined by application of the van’t Hoft
equation.!®%* Experimentally determined reorganization energies in a series
of fluorescent aryl defects incorporated in semiconducting SWCNTs can be as
large as 100 meV, and are strongly dependent on the defect density.>* These
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experimental findings agree well with the results of DFT simulations, which
allow one to map the observed trends into dopant-dependent vibrational reor-

ganization energy in the molecular picture.®*

4. Exciton Localization at Defect Sites

The low-T spectroscopic results, paired with DFT theory, thus directly imply
a mechanism for defect-state emission in which initial optical excitation of
E;) excitons is followed by their diffusive transport to and trapping at
covalently introduced defect sites. Theoretical modeling indicates exciton tran-
sition density becomes localized to a 3-5-nm region centered on the defect
sites, with deeper traps expected to generate a higher degree of localization
(Fig. 6).2%*%52 Upon trapping, the exciton takes on the electronic structure
associated with the particular defect and emits accordingly (Fig. 8). The struc-
ture and functionality of the molecular dopant, as well as its binding config-
uration or orientation at the nanotube surface are both important factors in
determining defect-state emission wavelengths. A critical aspect of this model
is thus the concept of exciton localization. It is the ultimate origin of the basic
photophysics of the SWCNT defects, while also being an essential feature for
introducing new SWCNT functionality. With the critical role played by local-
ization, it is valuable to consider the range of experimental evidence supporting
this behavior.

h 4

Fig. 8. Depiction of defect-state excitation and emission processes. Optical excitation
creates a band-edge (Ejy) exciton (e~ /4™1) that freely diffuses until trapped at the aryl
defect site (130 meV trapping potential as shown). The localized exciton then emits
according to the electronic structure of the specific defect.
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4.1. Photoluminescence imaging of exciton localization

The most direct evidence for exciton localization at defect sites comes
from correlated simultaneous 2-color PL imaging of individual functionalized
SWCNTs.?? In this approach, Ej; and Ej, PL is imaged at their respective
emission wavelengths on separate imaging channels and subsequently com-
bined into a single positionally correlated image. An example of such an image
is shown in Fig. 9(a) for a methoxybenzen-functionalized (6,5) SWCNT. In the
PLimage, E;; emission (shown in green) is observed over continuous stretches
of the nanotube. In contrast, defect-state emission (Ej,, shown in red) appears
at highly localized positions on the nanotube. The 2D spatial distribution of
the defect-site emission spots (Fig. 9(b)) indicates that their emission extent
is within the 210-nm resolution of the imaging instrumentation.? Such local-
ization behavior has been confirmed for both oxygen and sp® aryl defects.?
Notably, a comparison of the spatial distribution of Ej; and Ej| PL intensi-
ties (Fig. 9(c)) shows that, wherever an emitting defect site exists, it corresponds
to a significant decrease in Ejj intensity at the same location. This behavior is a
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Fig. 9. (a) PL image of a single (6,5) SWCNT functionalized with 4-methoxyben-
zene. Ey) emission (at 985 nm) in green, with localized defect-state (at 1120 nm, Ej; )
emission in red, showing two separate defect sites. (b) Transverse (y) and axial (x) 2D
Gaussian imaging widths of defect-site PL spots obtained from PL images of (6,5)
SWCNTs functionalized with 4-methoxybenzene (red points) and 4-bromobenzene
(blue points). The black dashed line indicates a direct y = x correlation. (¢) PL intensity
distribution along the length (as indicated by the white dashed arrow) of the SWCNT
in (a) for E11 (green) and Ef (red) emission. Adapted with permission from Ref. 23.
Copyright 2015, The Royal Society of Chemistry.



August 31,2018 18:33 Handbook of Carbon Nanomaterials —Vol. 10— 9.75in x 6.5in b3211-v10-ch12 2nd Reading page 18

18 8. K. Doorn, H. Htoon & S. Tretiak

strong indicator that the Ej; exciton is being converted to the trap state of the
defect site. Moreover, the Ej; intensity distribution around the defect site can
be analyzed within a model of 1D exciton diffusion. The fall-offin Ej; intensity
around the defect site can be fit to diffusive behavior with an average exciton
diffusion length of 200 nm.?? Such a value agrees well with expectations for
exciton diffusion lengths in unfunctionalized SWCNTs.? Taken together, the
direct PL imaging results strongly support the idea of diffusive exciton trapping
at the covalently introduced defect sites.

4.2. Intrinsic spectval chavactevistics of localized excitons

Low-T single-tube PL spectroscopy provides another clear evidence of exci-
ton localization, namely, sharp isolated PL peaks characteristic of 0D quantum

Theory
O Experiment

PL Intensity (arb. u)

1
Energy (eV)

Fig. 10. High-resolution PL spectra of three individual aryl-functionalized, PFO-Bpy
wrapped (6,5) SWCNTs (black circles) and calculated spectra (blue lines) based on
coupling between localized acoustic phonon and defect-bound excitons. The spectra
are shown in a semi-log plot to show the acoustic phonon side band clearly. Adapted
with permission from Ref. 44. Copyright 2017, American Chemical Society.
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dots. Oxygen defect states emit PL peaks with an average FWHM of
6.38 + 3.46meV with a minimum FWHM of 3meV.?2 The sharpest
spectral lines, with FWHM of 270 neV, were observed on aryl defect states
of SWCNTs wrapped in PFO-BPy.** More interestingly, PL peaks of both
aryl and oxygen defects exhibit a peculiar asymmetric broadening that can also
be observed in emission of Ej; band-edge excitons.?®8 Specifically, sharp PL
peaks are broadened only on the low energy side. Strength and shape of the
low energy band vary from one peak to another. When the low energy band
is weak and separated from the main peak by a small energy gap of a few
meV, the main peak appears symmetric and exhibits the narrowest linewidths
(Fig. 10, bottom). Sometimes, multiple weak peaks were observed in the low-
energy band, together with a weaker high energy side peak (Fig. 10, top).
These line shapes were also observed in the case of Ej; band-edge excitons
when the SWCNTs were well isolated from the environment by wrapping in
PFO-BPy.%” The work on Ej; band-edge excitons explained these line shapes in
terms of coupling between excitons localized in a shallow potential fluctuation
and 1D acoustic phonons experiencing varying degrees of confinement. Fol-
lowing this work, the asymmetrically broadened peaks of Fig. 10 are explained
as the result of coupling between 1D free acoustic phonons and a defect-bound
localized exciton. The peculiar line shapes of Fig. 10 are explained using a
model that considers the interplay between defect-bound excitons and local-
ized acoustic phonons.**57 The model reproduces all the key features of the
spectral lines when the confinement length for the acoustic phonons is varied
between 5 and 28 nm, while keeping the exciton confinement length between
3.4 and 3.6 nm and the acoustic-phonon barrier height of 1.3-1.5 meV nearly
constant. The exciton confinement length of 3.4-3.6nm is in good agree-
ment with the ~2.7—3.9 nm orbital distribution of the transition densities for
the four lowest energy aryl-H configurations found by quantum chemistry

computation.*+>2

4.3. Stability of exciton localization

Localized excitons of various material systems enable many technologies,
ranging from next-generation photovoltaic cells and low-threshold lasers to
quantum light sources. All of these applications hinge upon the ability of a
localized exciton to maintain its quantum mechanical characteristics. Material
systems with a shallow confinement potential (e.g., InGaAs QDs, 2D transi-
tion metal dichalcogenides) can maintain exciton localization only at cryogenic
temperatures.’*°! Due to their confinement potentials being hundreds of meV
deep, the SWCNT defect states can maintain exciton localization up to room
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T'. This point is evident in recent room-7" single photon generation experi-
ments (see Section 5.2). In addition to the depth of the trap potential, spectral
isolation from other nearby states is also very important. For example, in the
case of InGaAs QDs,*%° while QDs emit sharp isolated spectral peaks at low
excitation powers, PL peaks of multiexciton states, as well as the emission tail
of the band-edge exciton, rise up as backgrounds that reduce the single photon
purity. Pump-dependent low-T" PL spectra of SWCNT aryl as well as oxygen
defects show that defect-state emission spectra are free of such background
emission over more than two orders of magnitude variation in pump power
(Fig. 11(a)). A plot of the integrated PL intensities of the Ej; band-edge exci-
ton and defect-state emission bands (Fig. 11(b)) show that while the intensity of
the defect-state emission band strongly saturates and quenches at high pump
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Fig. 11. (a) Pump dependent PL spectra of an individual aryl-functionalized (6,5)
SWCNT, showing that the defect band remains spectrally isolated from the band-edge
emission for more than 2 orders of magnitude variation in pump power. (b) Integrated
PL intensity of defect emission band (blue circles) and band-edge exciton band (black
triangles) plotted as a function of pump power. The defect and band-edge emission
bands are marked in (a) with yellow bands. Adapted with permission from Ref. 44.
Copyright 2017, American Chemical Society.
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fluence, the E;; emission band shows only a moderate saturation. A similar
nonlinear behavior has also been observed for single tubes as well as in ensem-
bles for oxygen defects.??%?> While the quenching of the defect-state PL may
indicate photoinduced damage, strong saturation of the defect-state PL can be
attributed to rapid ground-state depletion of the local states caused by an etfi-
cient accumulation of photogenerated free excitons into the sparse local states
through 1D diffusional migration of excitons along the nanotube axis.®> These
findings suggest that defect-states may be able to assist in achieving population
inversion, necessary for lasing, which has been hampered in intrinsic SWCNTs
owing to rapid exciton—exciton annihilation processes.

4.4. Relaxation dynamics
4.4.1. Diffusive trapping

The short PL lifetimes (~10—50 ps), typically observed for Ej; exciton relax-
ation, are understood as a consequence of exciton diffusion,*® which allows
rapid access to quenching centers (including nanotube ends) to provide an
efficient means of nonradiative relaxation. Similarly, the presence of covalently
bonded defect sites will provide centers for removal of Ej; exciton popula-
tion. Thus, if the defect density were to increase, the Ej; exciton lifetime is
expected to decrease as a consequence of diffusive trapping. Hartmann ez al.?*
have demonstrated this behavior by measuring PL lifetimes for a series of (6,5)
SWCNTs in which the defect density was controllably increased (see Fig. 12(a)).
In agreement with expectations, the results showed that the E; lifetime rapidly
decreases as the defect density increases (Fig. 12(b)).2* These results add sup-
port for the picture of diffusive trapping as a populating mechanism for the Ej;
defect states.

It is important to note that the E;; PL decay is usually biexponential, and
the above discussion concerns the behavior of the faster component of the
decay, which has been attributed to non-radiative relaxation of the bright Ej;
exciton state.®37%% A significantly weaker (~few percent) slow decay component
(~150—200 ps) is interpreted as the relaxation time for the lower-lying dark
exciton state.®3¢ Interestingly, the dark-state decay times (Fig. 12(b)) also
become shorter as the defect density is increased. As with the bright exciton,
this result indicates that the dark Ej; exciton also undergoes diffusive trapping
at the defect sites. This is an important result in that dark-state trapping is a
prerequisite for conversion of dark excitons into bright emitting defect states
as a route to boosting quantum yields. While the PL lifetime results do not
definitively show conversion of dark-to-bright states, they at least show that
this first step in the conversion process does occur.
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Fig. 12. (a) PL spectra of 3,5-dichlorobenzene-functionalized (6,5) SWCNTs as
defect density is increased (green to red). All spectra normalized to Ej) intensity at
985 nm. (b) Short (1, black points) and long (1, red points) lifetime components
of E11 PL decay, plotted as a function of relative defect density as represented in
graph (a). Adapted with permission from Ref. 24. Copyright 2016, American Chemical
Society.

4.4.2. Localized exciton dynamics

Examples of defect-state PL decay curves for functionalized (5,4) and (7,5)
SWCNTs are shown in Fig. 13. As for the Ej; exciton, the defect-state decays
are also found to be biexponential, but with two significant differences. The
defect-state lifetime components are closer in time scale (with short (t}) and
long (1) components of 215 and 608 ps, respectively, for (5,4) and 24 and
82 ps, respectively, for (7,5)).>* Additionally, the weights of the components
are more similar: 30% (70%) for the short (long) component for (5,4) and
56% (44%) for the respective components of the (7,5) defect-state decay. This
behavior is consistent with defect-state population relaxing from two discrete
electronic levels. This is in agreement with the theory results discussed above,
which indicated that the defect-state excitons can also exist as either bright or
dark states. Miyauchi ez al. also found that T'-dependent spectra for oxygen-
functionalized SWCNTs could be understood by invoking a dark defect state
lying at lower energy than the bright emissive state.!8

Because the two decay components are similar in time scale and amplitude,
it is not possible to assign either component to decay of a specific state. Instead,
the rate at which the ratio of the populations in the two states changes can be
considered on characteristic time scales (see Fig. 14). At long time scales, fast
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Fig. 13. (a) E11 (832 nm, green) and Ej; (1,014 nm, red) PL decay curves for 3,5-
dichlorobenzene-functionalized (5,4) SWCNTs. (b) Ejp (1035 nm, green) and Ef)
(1,190 nm, red) PL decay curves for 4-methoxybenzene-functionalized (7,5) SWC-
NTs. Short (t5) and long (t[") lifetime components of the biexponential defect-state
(Ef,) decays are highlighted in each case. Adapted with permission from Ref. 24.
Copyright 2016, American Chemical Society.
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Fig. 14. (a) Energy level schematic for Ef; manifold of dark (D(3)*) and bright
(B(4)*) localized exciton states, with decay rates (k1 and k) for relaxation to the
ground state and population exchange (43 and k4 ) between the bright and dark defect
states. (b) Illustration of how population redistribution process (t¥) and population
relaxation to the ground state (tf°) translate to varying ratio of dark state (p3(#)) and
bright state (p4(¢)) populations after initial photoexcitation. Assumed model parame-

ters are given as inset to plot and are similar to typical expectations for functionalized
(5,4) SWCNTs. 24
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processes (governed by t¥') will effectively be complete. The relative populations
after this point remain constant, even while the overall defect-state manifold
will decay to the ground state. At shorter times, the initial populations must
then evolve to these long-time “steady-state” ratios. This process is considered
to be one of population redistribution, and has a time scale of t}. Given this
result, T/ must then reflect the time scale for decay of the defect-state manifold
to the ground state. With the long lifetime component being that for ultimate
population decay, the remaining discussion focuses on its behavior.

Inspection of defect-state decay in Fig. 13, in comparison to that for Ej;
excitons, clearly shows that defect-state lifetimes are longer (typically by a factor
of 5-10).18:2% Such extension of relaxation times is expected as a direct conse-
quence of exciton localization,'®2* which will prevent the diffusive quenching
inherent to the Ej; decays. The extended PL lifetimes thus serve as another
confirmation of exciton localization at defects. Miyauchi et a/. also find that
the enhanced radiative recombination resulting from such localization plays a
significant role in yielding the enhanced quantum yields found for the defect
states. !

Also apparent in Fig. 13 is a strong SWCNT chirality dependence in
observed defect-state lifetimes. In general, as the nanotube diameter is
increased, the PL lifetime is found to decrease,?* which can be understood as
a consequence of the structural dependence of the defect-state emission ener-
gies. As seen in Fig. 15, PL decay times increase significantly as the defect-state
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Fig. 15. Plot of long defect-state (Ej;) PL decay component (t) as a function of
emission energy for (5,4) (black), (6,4) (red), (7,3) (green), (6,5) (blue), and (7,5)
(orange) SWCNTs. Adapted with permission from Ref. 24. Copyright 2016, American
Chemical Society.
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emission energy increases. This behavior is indicative of a multiphonon relax-
ation mechanism, in which larger energy gaps will require an increased number
of phonon interactions to bring the system to the ground state, and thus entail
longer relaxation times. Multiphonon decay time scales on the order of 100s
of picoseconds to nanoseconds had been predicted in early theoretical work,%”
but the behavior was previously masked by the high rate of diffusive exciton
quenching processes. When localization effects are accounted for in determin-
ing the associated exciton—phonon coupling, theoretical decay rates are found

to be in close agreement with those found experimentally.?*54:67

5. New Functionality Through Defects

5.1. Multifunctionality for sensing and imaging

Beyond introducing new SWCNT photophysics, exciton localization at defects
is an essential part of using defects to impart new functionality. Interest in
SWCNTs as photoluminescent imaging agents originates in their near-infrared
PL falling within a window of transparency in biological environments.®® Of
particular interest offered by defect-state PL is the ability to do imaging based
on Ej; excitation and using Ej, emission for detection. This approach avoids
the biological auto-fluorescence that can plague imaging based on excitation at
visible wavelengths, while harnessing the strong Ej; absorption cross-section.
The result is a marked increase in imaging contrast.!®%® An alternative imag-
ing approach can be based on recently discovered photon upconversion.3-6%70
Akizuki ez al. have demonstrated that the covalent defect states can be populated
through direct excitation at the Ej; transition energy.® Thermal detrapping of
the trapped exciton creates Ej; excitons that subsequently emit at higher energy
than the original excitation (photon upconversion). Demonstration that the
upconversion intensity increases as the temperature increases further supports
the idea of thermal detrapping from defect states as the origin of the Ej; emis-
sion.% The upconversion functionality is thus a direct consequence of initial
exciton formation and localization at the defect sites. With both excitation and
emission wavelengths in the near-infrared (with emission this time on the high-
energy side of excitation) high contrast imaging is again demonstrated.®®>”°
Exciton localization at defect sites also introduces the potential for multi-
functionality. Localization forces a more direct interaction between the exciton
and whatever other functionality may be built into the molecular structure
of the chemical dopant. As examples of using this strategy towards sensing
applications, analyte binding at, or analyte-driven chemical modification of
the defect site can change its emitting properties.”!»”> This concept has been
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demonstrated as an effective route to SWCNT-based pH sensing, in which
defect-site binding of protons can shift Ej; emission wavelengths.”! Addition-
ally, saccharide binding to boronic acid functionality of phenylboronic acid-
bound defect sites can also shift Ef; emission wavelengths, effectively demon-
strating molecular recognition at defect sites as a novel route to glucose and
fructose sensing.”?

5.2. Room tempevaturve quantum emitters

Quantum emitters, materials capable of single photon emission, are of grow-
ing interest for optically-based approaches to quantum information processing,
security, and computing, quantum photonics, and ultrasensitive metrology and
sensing applications.??>7377% Of particular interest are systems capable of opera-
tion at room temperature and emitting at telecom wavelengths (1.3-1.5 pm) to
facilitate integration into fiber-based photonic information networks. Pairing
of these characteristics in a single material, however, has remained an elusive
goal. Room-T response has been attained in color-center materials such as
diamond and silicon carbide, but is limited to short wavelength emission in
these materials due to their large band gaps.®®74+7?
gle photon emission has been demonstrated in III-V semiconducting QDs,
but only at cryogenic temperatures.’® Interestingly, localized defect states in

Telecom wavelength sin-

low-dimensional materials, including transition metal dichalcogenides®! and
hexagonal boron nitride,”” are showing some promise as single photon emit-
ters, but again are constrained by temperature and /or wavelength range. With
the ability to deterministically introduce covalent defects into SWCNTs, paired
with tunability of emission wavelengths based on changes with nanotube diam-
eter’® and their natural suitability for integration into electro-optic devices,?
SWCNTs hold significant potential for development as functional single photon

sources.

5.2.1. Antibunching in absence of defects

Single photon emission (SPE) requires a quantum mechanical two level system,
yet the 1D nature of SWCNTs conflicts with this major requirement. SPE, how-
ever, becomes possible in SWCNTs due to trapping of excitons to 0D local-
ized states and the strong exciton—exciton interaction of 1D systems. When
SWCNTs are deposited on substrates (e.g., glass), small morphological vari-
ations of the substrate together with a non-uniform coverage of surfactant
molecules or wrapping polymer give rise to microscopic variation in local dielec-
tric environments and hence in the electronic potential of the exciton along
the length of the SWCNT. As a result, excitons with sufficiently low kinetic
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energy can get trapped in local potential minima. Evidence of such uninten-
tional exciton localization was reported early in optical studies of SWCNTs.”?
The spatial extent of unintentional localizations®® and depth of their poten-
tial wells®! have since been determined systematically. In 2008, Hogele et al.
performed Hanbury-Brown—Twiss experiments on such localized states and
demonstrated SPE in SWCNTs for the first time.8? However, because the
trapping potentials of such unintentionally localized excitons are very shal-
low, SPE was realized only at cryogenic temperatures. Moreover, the SPE suf-
fers from random intensity and emission energy fluctuations, as well as pho-
tobleaching that results from temporal fluctuations of the dielectric environ-
ment, thus limiting SWCNT promise as a material for SPE. Recently, Hof-
mann ¢t al. have shown that localized exciton states formed on CVD-grown
SWCNTs suspended across a SiO; void are capable of bright SPE free of
blinking and spectral diffusion.®® They also demonstrated ultranarrow spec-
tral linewidths (<40 peV) and long PL lifetimes (> 3 ns) indicative of long-
lived quantum coherence, which is highly desirable for indistinguishable single
photon generation. While this system brings a significant advance in SWCNT-
based quantum light generation, its operation is still confined to cryogenic
temperatures.

Because SWCNT excitons are confined to 1D, they can collide when they are
created close to one another. When two excitons collide, only one survives, with
the energy of the other transformed to heat. This process, known as exciton—
exciton annihilation (EEA), can in principle lead to a saturation such that mul-
tiple excitons created in a SWCNT annihilate one another non-radiatively until
only a single exciton remains to emit a single photon in one excitation cycle.
Since this scenario does not rely upon exciton localization, it opens an inter-
esting alternative route for room-7 single photon generation. Recent reports,
however, show that this effect only results in partial SPE, with room-T single
photon purity typically lower than 50% (i.e., g2(0) > 0.5)8%85 and best results
(42(0) ~ 0.28) coming from long, suspended, high-quality CVD grown SWC-
NTs displaying very long exciton diffusion lengths (~1 pum).8¢ By correlating
the highest single photon purity that can be obtained from a SWCNT with its
exciton diffusion lengths, Ma et al. showed that attaining SPE in this scheme
is highly dependent on a delicate balance between exciton diffusion and EEA
processes,®* with high-purity SPE only possible by limiting exciton creation to
a few hundred nanometer region. Similarly, Ishii ¢z al. concluded that highly
localized exciton generation would be required to obtain room-7 SPE in as-
produced SWCNTs.8¢ Therefore, while a proof-of-principle demonstration of
room-7T SPE may be possible, it is unlikely to extend this scheme toward effec-
tive electrically driven single photon generation. Ma et al. further postulated
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that EEA processes, working hand in hand with exciton localization capable of

surviving to room-7', could lead to room-T single photon generation.?*

5.2.2. Defects as route to room-T single photon emission

As noted above, exciton localization is an essential aspect of attaining room-
temperature single photon emission in SWCNTs. Localization provides the
required single emitter exhibiting quasi-two-level behavior, with the potential
to survive at room 7'. While localization can occur at shallow accidental traps,
sustained trapping at room 7T requires deep traps (much greater than kg7 at
room-T', or 26 meV). The trapping states introduced by covalent functionaliza-
tion exhibit exactly the characteristics required. Ether and epoxide defects have
been shown to provide trapping potentials of 100—300 meVin (6,5) SWCNTs,
with the latter providing emission wavelengths at the edge of the telecom O
band (1,300 nm).??

By exploiting the PL stability afforded through the solid-state functional-
ization process described in Section 2.1,2> Ma et al. were able to make the first
demonstration of room-7" SPE from SWCNTs by accessing the oxygen defect-
state PL.” SPE was demonstrated using a Hanbury-Brown—Twiss experi-
ment to measure the second-order photon correlation function, g?)(¢), for
the defect-state emission from cryogenic (4 K) to room (298 K) temperatures.
SPE is indicated when 4)(¢ = 0) approaches zero (indicating strong photon
antibunching), showing a vanishing probability of two or more photons being
emitted per excitation cycle. Values less than 0.5 are typically indicative of some
level of SPE, while values close to zero indicate higher single-photon purity,
defined as 1 — #)(0). As seen in Fig. 16(a), not surprisingly, at 4 K excellent
4(0) values of 0.04 can be obtained from ether defects.’” Good antibunching
is found across the T range, with values of 0.05 and 0.32 at 150 and 298 K,
respectively (with the latter obtained from an epoxide defect); see Fig.s 16(d)
and 16(g).%” Notably, in each of the examples, the defect state emission spec-
trum is found to consist of a single PL peak, indicating that emission is coming
from a single defect site. Multisite emission must be avoided to maintain SPE
functionality.

As the sample T is increased, the spectral linewidth increases from ~1 meV
obtained at 4 K to ~20 meV at room-T (Fig.s 16(b), 16(¢e), and 16(h)). Over
the same range, the E{| emission intensity rises to a peak at ~200 K then dimin-
ishes again at room-7'. The intensity behavior can be understood as a combina-
tion of two effects. Miyauchi ez al. suggest that the loss in intensity at cryogenic
T is a consequence of a dark defect state lying at lower energy than the emit-
ting state.!8 Intensity may be lost at higher T' due to the potential for thermal
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Fig. 16. Second-order photon correlation plots (4(2)(¢), top) showing photon anti-
bunching behavior, single-nanotube defect-state PL spectrum (middle), and plot of
defect-state PL intensity over time (bottom) taken at (a)—(c) 4 K, (d)—(f) 150K, and
(g)-(1) 298 K, for oxygen-functionalized (ether-4 and epoxide-/ emitting states) (6,5)
SWCNTs prepared in an SiO; matrix. Adapted with permission from Ref. 87. Copy-
right 2015, Macmillan Publishers Limited.

detrapping of the localized exciton.®” In parallel, PL lifetimes are also found
to decrease at higher T, also likely the result of detrapping, which increases in
efficiency with 7T as an additional non-radiative decay channel. This behavior
underscores the importance of confirming the existence of defect dark states
and further characterizing them. While PL stability over extended time peri-
ods is found to be near shot-noise limited at low 7T, at room-T" significant
instability sets in, including jumps in intensity and even blinking (Figs. 16(c),
16(f), and 16(i)).2*3” The improvements in stability and degree of antibunch-
ing found with a modest decrease in 7" can easily be attained through use of
readily available thermoelectric coolers. Alternatively, significant improvements
in stability can also be found by incorporating sp* aryl defects as the quantum
emitter.2342

DFT modeling of oxygen defect sites provides insight into the origin of
their PL instability. Such defects are accompanied by a permanent dipole that
significantly perturbs the local electrostatic environment of the trapped exciton
(see Fig. 17(c)) and can act as an antenna to the environment for promoting
charge-induced blinking.?® In contrast, aryl defects are expected to perturb
the electrostatic environment to a much lesser degree (Figs. 17(a) and 17(b)),
with the result being reduced blinking, in agreement with experimental PL
imaging assessments.?® By also integrating aryl-functionalized SWCNTs into
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Fig. 17. Calculated electrostatic potential maps associated with a localized exciton
trapped at (a) 4-methoxybenzene, (b) 4-bromobenzene, and (c) ether-4 function-
alization sites on a (6,5) SWCNT, and illustrating markedly increased perturbation
associated with the oxygen defect site in comparison to the aryl sp? defects. Adapted
with permission from Ref. 23. Copyright 2015, The Royal Society of Chemistry.

a low-polarity, low-charge environment, significant improvements in defect-
state PL stability should be achieved. In addition to improved photophysical
behavior, aryl and other sp? functionalization of SWCNTs has the benefit of
providing routes to synthetic tunability of properties and improved control
over extent of reaction,?®2%42 important in limiting defect sites to one per
tube for SPE needs. Furthermore, by using reactive diazonium reagents for
functionalization, it becomes quite feasible to incorporate defects into larger
diameter SWCNTs (having reduced reactivity due to decreased curvature) as a
route to achieving strong PL red-shifting for accessing the telecom C band (at
1500 nm).16:17:42

As demonstrated in dichlorobenzene-functionalized (6,5) SWCNTs
(Fig. 18), the expected advantages of the aryl sp® defects are indeed realized.
At room T, PL stability is now shot-noise limited (Fig. 18(c)).*> Control over
functionalization easily translates to single-site doping per tube, as evidenced
by a high probability of finding nanotubes with a single defect-state emission
peak (Fig. 18(a)). Strong antibunching, with 4(2(0) values of 0.01 are reliably
found (Fig. 18(b)).*? The importance of consistently obtaining nanotubes with
a single defect site is illustrated in Fig. 18(d), which shows an example of a tube
exhibiting three PL peaks (indicating 3 defect sites). The 42)(0) value for this
nanotube is 0.6 (Fig. 18(e)), close to the theoretical expectation of 0.66 for
the case of three independent emitters.
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Fig. 18. (a) PL spectrum and (b) corresponding second-order photon correlation
(4?)(1)) plot and (c) defect-state PL intensity over time for a single PFO-polymer
wrapped (6,5) SWCNT functionalized with 3,5-dichlorobenzene. (d) PL spectrum of
a single 4-methoxybenzene-functionalized (6,5) SWCNT showing emission features
from three distinct defect sites. (e) Corresponding second-order photon correlation
plot with 4(2)(0) value of 0.59, confirming photon emission arising from three defect
sites. All data taken at 298 K. (a)—(c) adapted with permission from Ref. 42. Copyright
2017, Macmillan Publishers Limited.

A significant advantage available with SWCNTs as SPEs is that emission
wavelengths are tunable by selecting SWCNTs of differing diameters.”® The
principal for structural tunability of defect-state PL is illustrated in Fig. 19(a),
which shows the energy level structure for band-edge and defect exciton states
for three SWCNT structures varying in diameter from 0.76 to 0.83 to 0.94 nm
(for (6,5),(7,5),and (10,3) structures, respectively). As the diameter increases,
the E;; emission energy decreases from 1.26 to 0.98 eV. In parallel, the defect-
state emission energy decreases as well. As seen in Fig. 19(b), defect states
in (6,5) will span wavelengths from 1140 to 1300 nm, (7,5) spans 1180 to
1330 nm (encompassing the telecom O band), and (10,3) emits from 1370
to 1580 nm (covering the telecom C band). As discussed above in Section 3,
the span of emission wavelengths for each chirality is too broad to originate
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Fig. 19. (a) Principle of SWCNT diameter-dependent tuning of defect-state emis-
sion wavelength. As diameter (d¢) increases from (6,5) (d¢ = 0.76nm) to (7,5)
(dy = 0.83nm) to (10,3) (4; = 0.94 nm), both band-edge (Ej11) and localized defect-
state ( E{ ) exciton emission wavelengths become progressively redshifted. (b) Example
defect-state spectra obtained from (6,5) (top), (7,5) (middle), and (10,3) (bottom)
SWCNTs, functionalized with 3,5-dichlorobenzene or 4-methoxybenzene, as per (a).
Broad range of emission wavelengths for each structure arises from multiple binding
configurations available to the aryl sp3 defect, as discussed in Section 3.#2-** Each
spectrum obtained from different single nanotubes at room temperature. Adapted
with permission from Ref. 42. Copyright 2017, Macmillan Publishers Limited.
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Fig. 20. Single-nanotube defect-state PL spectra (a) and (b), second-order photon
correlation plots (4?)(¢)), (¢) and (d) showing strong photon antibunching behavior,
and plot of defect-state PL intensity over time (¢) and (f) taken for a single (a) (7,5)
and (b) (10,3) SWCNT at room-temperature. Adapted with permission from Ref. 42.
Copyright 2017, Macmillan Publishers Limited.

from environmental effects alone, but instead arises from the range of bonding
configurations available from the aryl diazonium reaction chemistry used in the
functionalization process. Of particular interest is the ability to harness the vari-
ety of bonding configurations to produce strongly red-shifted states that allow
defect-state emission at telecom wavelengths with select nanotube diameters.
As already demonstrated for the (6,5) chirality, both (7,5) and (10,3) struc-
tures also exhibit the ability to support single defect sites per tube, with
each providing shot-noise limited PL stability at room T (Fig. 20).*> Most
importantly, the (7,5) SWCNTs reliably provide strong antibunching at wave-
lengths centered around 1300 nm, while the (10,3) SWCNTs display excel-
lent antibunching values at the heart of the most commonly used telecom
wavelength: 1,550 nm (Fig. 20).*? These outstanding characteristics have been
demonstrated across multiple chiralities, using different aryl dopants, and under
both surfactant and polymer wrapping conditions.*? This behavior places func-
tionalized SWCNTs as the only current material able to act as single-photon
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emitters at room 7" and at telecom wavelengths. Notably, SPE count rates are
~2—3 times higher than obtained from oxygen defect states, and when collec-
tion efficiency and detector sensitivity are accounted for, the defect state quan-
tum emitters can yield SPE count rates on the order of 10° to 10° photons per
second, approaching rates available with the most efficient emitters currently
under study.*?> Given this unique functionality of the SWCNT defect-state
emission, development of SWCNT defects as effective single-photon sources
will continue to be a promising direction for future efforts.

6. Future Directions

6.1. Opportunities in defect chemistry

There remain significant opportunities to explore, understand, and control
defect state behaviors introduced by covalent functionalization of SWCNTs.
Advances to date have harnessed relatively simple oxygen, aryl, and alkyl
dopant structures. There exists, however, a vast synthetic space for generating
more complex defect functionalities. Existing diazonium and reductive halide
chemistries can form the basis for expanding structural types.3?-3® Addition-
ally, adding new reactive species, such as diazo and diazoether,*? can form the
basis for new functionality, adding additional control over reactivity, tuning of
emission wavelengths, and defining multi-defect interactions through defined
defect placement. It will also be important to push beyond the predominantly
aqueous chemistry currently used for functionalization. Of particular impor-
tance is developing strategies for efficient functionalization of polymer-wrapped
SWCNTs suspended in organic solvents like toluene. Such a capability will
expand the potential for integrating functionalized SWCNTs into optical and
electronic device structures and enable their use in a diversity of forms and
matrices.

The concept and development of covalent defects as multifunctional light
emitters is in its infancy. The potential of engineered defects to act as bind-
ing sites or probes for enhanced sensing,”!72
emitter aspect of the defect states, holds potential for applications in quantum
metrology. Co-localization of catalytic functionality may lead to more efficient
photocatalysts. Addition of heavy metals for promoting spin-orbit coupling, or
induced generation of trions,*’ can add spin functionality to the defect sites as
a route to added dimensionality in information processing. Defect sites might
also be designed that enhance conversion of dark diffusive excitons to emitting
trap states as a means to further boost PL quantum yields.

when paired with the quantum
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6.2. Open questions in defect-state photophysics

Despite the recent advances in understanding the origins and behaviors of
defect-state PL, its photophysics remains wide open for exploration. Of tremen-
dous importance for further improvement of quantum yields is gaining an
improved mechanistic picture of exciton localization at defects, with a focus
on evaluating the extent to which dark excitons are converted to emitting
defect states and the role played by phonons and SWCNT chirality in that pro-
cess. Additionally, a deeper understanding is required of defect-state electronic
structure, particularly confirming the presence of localized dark excitons and

18,54 and

other exciton states (such as triplets), their relative energy ordering,
whether that ordering and interconversion of states can be controlled by selec-
tion of chirality, influence of the molecular dopant, or application of external
perturbations. A significant complement to electronic structure studies will be
the comprehensive determination of defect-state relaxation pathways, includ-
ing elucidation of mechanisms and dynamics of interconversion between states
and thermal detrapping. Concerning the goal of developing emitters of indis-
tinguishable photons, the intrinsic limits of defect-state PL lifetimes, spectral
linewidths, and dephasing mechanisms remain to be determined. Improved
understanding of many of these photophysical processes will feed directly into
design principles for new chemical structures of the molecular dopants.

Multiple quantum optical experiments are also necessary to achieve under-
standing and control of the quantum coherence properties of the defects.
Specifically, single-photon quantum interference experiments®® would be very
powerful for investigating the competition between spectral diffusion and
exciton—phonon coupling in defining the intrinsic linewidth of the defect emis-
sion. Ultimately, Hong—-Ou—Mandel experiments would be needed to demon-
strate single-photon indistinguishability. It is also important to perform these
experiments under resonant optical excitation to explore coherent generation
of indistinguishable single photons that fully inherit the coherent properties
of the excitation laser.3*! Such coherent single photons with highly superior
indistinguishability have been demonstrated in InGaAs self-assembled QDs>?>¢0
and could further enable quantum interference experiments, forming the basis
of linear optical quantum computation and distant entanglement schemes.

6.3. Strategies for manipulating defect-state PL

There is a significant potential for further enhancement of defect-state emis-
sion properties, including boosting effective quantum yields, narrowing of
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spectral linewidths, and manipulating emission directionality, through integra-
tion into photonic, plasmonic, and metamaterials structures.’? The principles
for such enhancement have already been demonstrated in a number of cases
for unfunctionalized SWCNTs, as well as on other low-dimensional optical
nanomaterials. Straightforward extension of these strategies for coupling to
functionalized SWCNTs should be feasible. Resonant confinement of light in
optical micro(nano) cavities to strengthen light-matter interactions has been
demonstrated to significantly narrow SWCNT emission linewidths, while also

4 and

boosting emission intensities in microdisks,’® photonic crystal cavities,”
in nanobeam dielectric and air-mode cavities.”® Fabry-Pérot cavities, in which
the optical emitter is placed between dielectric mirrors, have been significantly
improved in recent developments to allow efficient and tunable coupling of
SWCNT emission to cavity modes.”®?” Use of such cavity-integration strate-
gies with functionalized SWCNTs may be a productive route towards higher
single-photon emission count rates and line widths narrowed sufficiently to
attain photon indistinguishability for quantum information needs.

Coupling of SWCNTs to plasmonic nanoantennae can enhance radia-
tive emission rates and thus PL intensities.”®1%0 In particular, SWCNTs
incorporated at the vertices of bow-tie antenna structures have exhibited
quantum vyields of ~70% and ultranarrow linewidths (~20ueV) at 4 K.100
Strong light-matter coupling to generate exciton-polaritons has also been
demonstrated for CNTs integrated with plasmonic disk arrays.!?1:192 Tn addi-
tion to expanding the range of exotic photophysics obtainable from SWCNTs,
such integration may lead to polariton-based lasing that could be extended to
SWCNT defect states. Plasmonic nanodisc structures also can be designed to
promote directional light emission for enhanced photon capture.!03194 Such
emission directionality may also be obtained through integration to dielectric
antenna arrays.!0%.106

Integration of SWCNT defect states into photonic/plasmonic cavities is
the key to success of these strategies. Yet, to date, most of the experiments
mentioned above have relied upon single-basis fabrication or even random
hit or miss approaches to achieve coupling. The chance of success for such
an approach further decreases for defect states because one requires not only
that a nanotube, but also the single defect site in that nanotube, becomes
precisely aligned with the plasmonic/photonic cavity. Therefore, a determin-
istic approach capable of coupling defects to a cavity with precision and
repeatability is especially needed. Towards that goal, in addition to tradi-
tional microelectronic fabrication approaches, one must explore emerging
nanolithography approaches, including dip-pen nanolithography, self-assembly,
and 3D nanoprinting technologies. Furthermore, instead of relying solely on
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solution-based functionalization approaches, development of approaches for
deterministic placement of defects in prefabricated SWCNT-cavity coupled
structures is also necessary. This deterministic placement of defects needs to
be explored not only via covalent chemistry, but also via ion implantation
approaches.

6.4. Integrated opto-electvonic devices

A key need for quantum information applications is a photon source capable
of generating single photons “on demand”. Electroluminescent (EL) devices
are preferred in this case, as individual elements can be controllably addressed
and can be integrated into massively parallel devices. Due to their 1D nature,
SWCNTs are natural elements for integration into nanoelectronics and have
previously been established as EL emitters at both the single-tube leve]!07-108
and in thin-film devices.!%%>110 SWCNT EL devices are also now well posi-
tioned for direct integration into complex photonic circuitry. A number of
advances in their development have shown their direct pairing with optical
waveguides,'!! coupling to nanobeam photonic cavities,!!? and electrically
driven SPE at cryogenic temperatures observed through direct coupling to

Fig. 21. Schematics of electrically driven single photon sources integrated with bulls-
eye structure for collimated emission (a) and Si waveguide for further integration into
photonic/plasmonic integrated circuits (b). The red dot represents a deterministically
placed defect.
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ultrafast superconducting nanowire detectors.!!® Electrically driven exciton-
polariton devices have also been demonstrated.!!'* Demonstration of SWCNT
defects as EL emitters will be an important first step towards opening the full
potential afforded by EL device advances and integration to a range of pho-
tonic enhancement mechanisms (Fig. 21). The defect integration approach
mentioned in the previous section will also play a key role in achieving this
ultimate goal.

7. Conclusion

In this chapter, we have explored developments in generation, optical prop-
erties, and promising emergent functionalities of CNT defect states created
through low-level covalent functionalization of the nanotube sidewall. The
defect-state behaviors have great potential for overcoming the challenges pre-
sented by the intrinsic nature of the diffusive band-edge excitons, providing a
route to optimally harness the PL response of the nanotubes. While significant
advances have already been demonstrated in developing a range of molecular
dopants, there remains tremendous opportunity to devise innovative routes
for control of defect-state properties and to introduce additional functionality
through synthetic tunability of these agents. Defect alteration of the nanotube
electronic structure leads directly to the wavetunction localization phenomena
underlying the observed PL behaviors. Critical fundamental questions, how-
ever, remain to be addressed, including revealing the details of how diffusive
excitons are converted to the localized states and what is the ultimate fine
structure of the defects. The dynamics and mechanisms associated with all pro-
cesses remain open for study. The new defect-state functionalities are sure to
lead to novel application areas, with significant interest and opportunity for
development arising from their quantum emission behaviors at room 7" and
telecom wavelengths. Paired with emerging developments in the manipulation
of SWCNT PL emission via photonic and plasmonic arrays, with further inte-
gration to optoelectronic devices, SWCNT defects are poised to play a unique
role in quantum photonics.
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